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PREFACE

The discovery and application of semiconductors make up to one of
the most important advances in the history of science and technology,
leading us from the early steps of computation to the current processing
capabilities that could only be dreamed of not too long ago. Among the
new generation of semiconductors, metal halide perovskites have been
in the spotlight mostly due to the extraordinary performance achieved
in photovoltaics, with conversion efficiencies that reached over 22% in
less than a decade after the first device was reported in literature. Other
promising applications such as light emitting diodes, photodetectors
and lasers contribute to the increasing interest in the material. Some
of the main reasons for this success are the high absorption coefficients,
long carrier diffusion lengths and long carrier lifetimes, and also to
the possibility of low cost solution-based fabrication. However, these
convenient fabrication methods also imply in high density of defects in
the material, and the presence of defects is also related to the material
instability that still pose as one of the main challenges for reliable
commercial application.

At the same time as we must study the nature and activity of the
defects in order to improve material stability and performance, we also
seek to understand the apparent defect tolerance in metal halide per-
ovskites, that allowed for such impressive results achieved over the last

few years.
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Investigating defects in semiconductors usually require a combination
of experimental techniques with computational studies. This thesis ex-
plores the photoluminescence properties, that are very sensitive to the
presence of defects and provide a valuable tool for studying the material
photophysics. The charge carrier dynamics of lead halide perovskites
and how it’s affected by the nature and activity of defects is investi-
gated. Below, the contents of the following Chapters are summarized:

Chapter 1 defines basic concepts and figures of merit that will be
discussed in the following Chapters. It also presents an overview on
the structure and behavior of perovskite semiconductors, and some of
the challenges for its optimization and application.

Chapter 2 describes the methods for sample fabrication and the
optical spectroscopy techniques applied to the studies presented in this
thesis.

Chapter 3 investigates the nature of defects in lead halide per-
ovskites and their role on the carrier recombination dynamics. Differ-
ent types of trapping sites are identified and the association of electron
trapping to lattice deformation is shown, which could help explain the
remarkable defect tolerance in this material.

Chapter 4 presents reversible variations of the semiconductor be-
havior that are observed as a quenching or an enhancement of the
photoluminescence efficiency. The factors that regulate these photoin-
stabilities are discussed and related to the migration of ions under illu-
mination.

Chapter 5 discusses the effects of oxygen and moisture in the effi-
ciency and stability of the semiconductor and how these studies can help
us develop efficient methods for thin film passivation and encapsulation.
The surface treatment of perovskite thin films with polymer layers is
demonstrated, resulting in improved short and long term stability and
benefits to solar cell devices.

Chapter 6 briefly explores the properties of colloidal nanocrystals
and how they could provide an insight into fundamental properties of
metal halide perovskites.

Finally, Chapter 7 summarizes the conclusions taken from the

observations presented.
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1

INTRODUCTION

Lead halide perovskites have been of great interest mostly due to the
extraordinary performance achieved on photovoltaics, with conversion
efficiencies that have reached over 22% in less than a decade after the
first device was reported in literature. Other promising applications
such as light emitting diodes, photodetectors and lasers contribute to
the increasing interest in these materials. High absorption coefficients
and long carrier diffusion lengths are some of the reasons for its suc-
cess, but also the possibility of low cost solution-based fabrication. This
Chapter will give an overview of the material structural and optoelec-
tronic properties. It will also introduce some of the open questions and
problems regarding defects and instabilities in perovskites, and give a
brief theoretical background of recombination dynamics and how it can

be explored to answer such questions.

1.1 LEAD HALIDE PEROVSKITES

The name perovskite depicts a family of materials with a crystal structure character-
ized by a ABX3 formula, where A is a monovalent cation, X is a monovalent anion and
B is an cation in 6-fold coordination, generally a 2+ metal. Oxide perovskites (where
X=0) were the first of this family to attract great interest due to its magnetic and

ferroelectric properties. Halide perovskites (where X = Cl, Br or I) have been studied



for over a century now,! but their promising opto-electronic properties have only been
discovered in the 1990’s, by Mitzi and coworkers, which demonstrated the possibility
of application of halide perovskites as semiconductors on light emitting diodes (LEDs)
and thin film transistors.?~®

The interest in the material grew dramatically with the application in solar cells,
with power conversion efficiencies that increased from 3% to over 20% in less than a
decade.® This steep improvement is unprecedented and it was particularly impressive in
the case of a low cost material, processed by convenient solution based methods. Along-
side the progress in PVs, perovskites have also promising light emitting applications,
like LEDs”® and lasers.® '2 This success owes much to high absorption coefficients,
and long carrier lifetimes.!3 ' There is still room for improvement, as the current
power conversion efficiency record is still lower than the fundamental limit predicted by
Shockley and Queisser, which is around 31% for materials with a similar band-gap'5:17.
However, most of the research effort nowadays has turned from the pursuit of higher
efficiency to focus on other issues that hinder the commercial viability of perovskite

solar cells, in particular the material instability.!®

1.1.1 CRYSTAL STRUCTURE

The perovskite crystal structure was first reported for CaTiOg by the German min-
eralogist Gustav Rose and named after Russian mineralogist Count Lev Aleksevich von
Perovski.!® This type of material is characterized by a ABX3 formula and the lattice is
formed by corner sharing BXg octahedra and the A cation in the center, composing a
crystal structure such as shown in Figure 1.1.

In the case of the semiconducting metal halide perovskites, B is a metal and X is
either Cl, Br or I. Hybrid perovskites have an organic cation occupying the A site.

The crystal lattice has a pseudocubic symmetry. In the cubic structure, the BX
bonds that form the octahedra are present at a right angle and equal lengths and
a = b = c. However, the perovskite family includes variations, for example in tetragonal
(a = b # ¢) or orthorhombic (a # b # ¢) symmetry.

The main subjects for the studies in this thesis are methylamonium lead iodide
(MAPDI3) and methylamonium lead bromide (MAPbBr3), two of the most commonly
studied semiconducting perovskites. MAPbDI3; adopts a tetragonal crystal structure
at room temperature and undergoes a phase transition between 130K to 160K to an

orthorhombic structure. At higher temperatures, the lattice adopts a cubic symmetry,



Figure 1.1: a) Perovskite lattice structure; b)Perovskite unit cell.

with a phase transition around 330 K. MAPbBr3 adopts a cubic structure at room
temperature. The phase trasition from tetragonal to the cubic structure occurs around
240K .20

Metal halide perovskites are formed by ions bound predominantly by relatively weak
electrostatic interactions and this results in a soft nature of the lattice, that is subject
to instabilities and structural deformations depending on the morphology and environ-

mental conditions.2!=23

1.1.2 ELECTRONIC STRUCTURE

Metal halide perovskites, unless fabricated in confined configurations (such as col-
loidal nanocrystals or layered structures with dielectric confinement), are three dimen-
sional semiconductors and can be described with an electronic band structure, where the
valence band (VB) maximum and the conduction band (CB) minimum are separated
by an energy gap Eg. The band structure of a semiconductor can form either a direct
or indirect band-gap. In the direct case, the VB maximum and the CB minimum occur
at the same point in the Brillouin zone. The occupation of the bands follow the Fermi-
Dirac statistics, and the probability of occupation of a band of energy E by an electron,

at a certain temperature T is given by:

1
F(E) = 1+ e(E—Er)/ksT

(1.1)



where kp is the Boltzmann constant and Er is the Fermi level. In the ideal ground
state of an intrinsic semiconductor, at 0 K, the Fermi level lies exactly in the center
of the band-gap, i.e. the VB is completely filled and the CB is completely empty, as
illustrated in Figure 1.2.

CB

Figure 1.2: Occupation probability function of an intrinsic semiconductor in equilibrium in the
ground state, at 0 K.

Experimental data and density functional theory (DFT) calculations determined
that the most commonly studied lead halide perovskites are direct band-gap semicon-
ductors,?* despite the long carrier lifetimes in these materials that are similar to what
is expected of indirect band-gap semiconductors. There has been some evidence of a
slightly indirect gap in lead halide perovskites2%-26

of the bands.?7-28

The band structure of lead halide perovskites is dictated by the Pb-X lattice, where

, possibly induced by Rashba-splitting

an antibonding hybrid orbital between the s orbitals of Pb and p orbitals of X compose
the VB maximum, while the CB minimum is formed by a non-bonding hybrid state
between the p orbitals of Pb and the p orbitals of X.??:3% As a consequence to that, the
band-gap of the material can be tuned by changing the halide composition, from lead
iodide perovskites with band-gap around 1.6 eV to wider gaps around 2.4 eV in lead
bromides and 3 €V in lead chlorides, covering the whole visible range. Mixed halide
compositions result in intermediate band-gaps. Although the orbitals of the A site
cation do not contribute to the formation of the VB maximum and CB minimum, its
size and shape regulates the distances and angles of the metal halide lattice, afecting the

electronic structure and fine tuning the band-gap. For example, smaller cations result



in higher band-gaps, such as the case of CsPbBrgs, that has a band-gap around 10 meV
wider than MAPbBr3. Furthermore, differences in lattice distortions and crystalinity
resulting from variations in the fabrication methods also have an impact in the fine
electronic structure.?!-32

Impurities and lattice distortions can cause energetic disorder in the semiconductor
resulting in a distribution of electronic states at the band-edge. The distribution of these
states can be modeled as an exponential tail stretching from the conduction band, that
is commonly refered to as Urbach tail and described by33:

o(hv — Ey)
628]9(TU) (1.2)

where Ey; is the Urbach energy.

1.1.3 OPTICAL ABSORPTION

The absorption of a photon with energy equal or higher than F¢ induces the transi-
tion of an electron from the VB to the CB, resulting in a hole in the VB. In the dipole
approximation, the photon wavevector is negligible compared to the reciprocal space
unit of the crystal lattice, and only vertical transitions are optically allowed. In indirect
gap semiconductors, the conservation of momentum is maintained by additional absorp-
tion or emission of phonons. The resulting electron and hole have opposite momentum
and their respective kinetic energies depend on the curvature of the VB and CB, which
can also be represented by their effective masses (m*).>* When an absorbed photon has
hv > Eg, the excess energy is converted into kinetic energy.

For metal halide perovskites, the effective masses of electrons and holes are simi-

lar (m? ~ m}), so the excess energy is approximately equally balanced between the

e
two charge carriers. Immediately after the absorption, the photogenerated carriers
are out of equilibrium. In a few hundred femtoseconds, elastic and inelastic scatter-
ing re-distributes the momentum and establishes a thermal distribution of the carrier
population, normally with a higher tamperature than the lattice. This hot carrier
distribution relaxes by electron-phonon interaction, reaching the lattice temperature
in a few ps.?* After this first regime of relaxation, when the lattice and carriers are in
thermal equilibrium, the excess of photogenerated carriers return to the ground state by
radiative or non-radiative recombination processes, which occur at longer time scales,
up to tens or hundreds of nanoseconds in metal halide perovskites.

Figure 1.3 shows the absorption and photoluminescence (PL) spectra of MAPbIs,
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Figure 1.3: Absorption (dark blue) and photoluminescence (red) spectra of a 500nm thick poly-
crystalline film of MAPbI3 (a) and 300nm thick film of MAPbBr3 (b).

featuring a band-gap around 1.6 eV, and MAPDbBr3, with a band-gap around 2.4 eV.

1.1.4 EXCITONS

One striking feature in the lineshape of the absorption spectra, particularly in the
case of MAPDLBrj3, is the presence of a peak at the band-edge corresponding to the
absorption of excitonic states.?®

Excitons are quasi-particles resulting from the Coulomb interaction between an elec-
tron and hole pair, and can be regarded as a hydrogen atom system according to the
Wannier-Mott exciton model, delocalized over a certain Bohr radius.?® The binding en-
ergy (E;) of the exciton is essentially the energetic spacing between the excitonic state
and the edges of the VB and CB. Light absorption at the band-edge is regulated by Ej.
A series of hydrogen resonance lines affect the optical absorption of the semiconductor,

as can be described by Elliot’s equation®7-38:

a(v) c« =22

hv —on /By
n=1 1—e hv—Eq

where «(v) is the absorption coefficient for a certain frequency of light, n is a positive

2 |\ & 4an/E3 E 2m/Ey0(hv — E
Pew \NDTIVZ0 5(hy — B + —2) + = oA — Ea) (1.3)
n n

integer and pi., is the transition dipole moment.

Figure 1.4 shows the experimental absorption spectrum of MAPbBr3 and the fitted
result of Elliot’s equation. The dashed lines shows the individual contributions of the
band-to-band absorption without the effect of Coulombic interactions and the excitonic

resonance at the band-edge. Only one resonance level is considered here. The excitonic



effects in a 3D semiconductor increase the absorption cross section, resulting in higher
absorption coefficients across the whole absorption spectrum. This is made clear by
the increase of o from the band to band absorption coefficient without Coulombic
interactions (plotted as a light blue dashed line) to the a obtained from Equation 1.3
(solid dark blue line). This absorption enhancement is beneficial for PV applications,
maximizing the light harvesting properties. On the other hand, the bound electron
hole pairs require some additional energy to be dissociated and usually have higher

recombination rates, hampering charge extraction.
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Figure 1.4: Absorption spectrum of a MAPbBr3 thin film (data points) and the fit of equation 1.3
(solid line). The individual contributions of the excitonic absorption (red) and the band-to-band
absorption without Coulombic interactions (light blue) are plotted in dashed lines.

According to the model descibed by Saha,?® at thermodynamic equilibrium, the
populations of excitons and free carriers is dictated by E;, the excitation density, and
the temperature. The role of excitons in the photophysics of lead halide perovskites has
been long discussed, but except for nanocrystals or layered configurations presenting
some level of confinement, the values determined for the exciton binding energy in these
materials is low when compared for example to organic materials. Values for E, have
been reported from 2 meV to 60 meV, with lower values for lead iodide perovskites
compared to lead bromides.***3 As a consequence, most of the data analysis and the-
oretical models found in the literature neglect the population of excitons in the solar
cell operating regime at room temperature®®°, although their contribution to light

emission at certain conditions has been considered.*4%?



1.1.5 PHOTOLUMINESCENCE

After absorption of excitation light and thermalization of the photo-generated carri-
ers to the band-edges (Figure 1.5a), the system relaxes back to the ground state through
different mechanisms of electron-hole recombination. The energy resulting from the
transition of electrons back to the VB can be released as a photon in a radiative process

(Figure 1.5b). Alternatively, carriers can recombine non-radiatively.

hv

B 5] g

Figure 1.5: a) Thermalization of carriers after photoexcitation; Carrier decay to the ground state
by b) Radiative recombination, c) trap-assisted recombination and d) Auger recombination.

The main channels for non-radiative recombination are trap-assisted, when a carrier
is trapped in a localized intra-gap state and then recombines with a carrier of opposite
charge (Figure 1.5¢), and Auger recombination. In the Auger process, the energy of a
recombining electron-hole pair is transferred to a third carrier that is excited to higher
energy levels (Figure 1.5d). This excess energy is released as heat as the carrier relaxes
back to the band-edge. Being a three-body mechanism, Auger recombination becomes
relevant at high carrier densities. The radiative recombination of an electron and hole
pair can be directly observed as photoluminescence (PL), and for a direct band-gap
semiconductor with weak carrier-phonon coupling, Stokes shift is close to zero and the
energy of the emitted photons is centered right at the band-gap. The PL decays reflect
the combination of relaxation channels in the system, as they depend on the carrier
population in the excited state. The depopulation of the excited state can usually be

described by a rate equation:



% = —R(n) — km —yn? (1.4)
where R(n) is the radiative recombination rate, k; is the the rate constant of carrier
trapping and « is the third order rate constant that describes non radiative Auger re-
combination. The PL lifetimes are also related to the carrier diffusion lengths according

to:

Lolr) = <£~B<Z>>l/2

where Lp is the diffusion length, p is the carrier mobility, kp is the Boltzmann constant,

(1.5)

T is the temperature and e is the elementary charge. Ry is the total recombination
rate, related to the PL lifetime 7 by Ry = 1/7.13
Section 1.3 will describe in more detail the excited state dynamics of perovskites

and how the PL can provide valuable information on the material properties.

1.1.6 PHOTOVOLTAIC APPLICATION

The first succesful application of perovskites on photovoltaics (PVs) was reported
by Miyasaka and coworkers in 2009, achieving 3.8% of power conversion efficiency from
a dye-sensitized solar cell (DSSC) device in which MAPbI; was used as a sensitizer
on a TiO, scaffold.*® After significant improvement of performance reported over the
following years, Lee et al. reported in 2012 that, remarkably, after replacing the TiOs for
an inert AlO, scaffold, 10.9% efficiency was achieved.*” With improvement of fabrication
methods, the conversion efficiency approached 20% in the following couple of years,’
and has reached 22.1% up to the present day.

In general, solar cells are built on a transparent substrate covered with a transparent
conductive oxide (for example tin oxide or indium tin oxide). The photoactive material
is placed between the oxide electrode and a metallic electrode, with charge-selective
transport layers in between, and light comes through the transparent side (Figure
1.6a). The charge transport layers are usually wide band-gap materials whose band
alignment with respect to the absorber promote either electron or hole transfer (Figure
1.6b). The most common ETL and HTL materials are TiOo, 2,2’,7,7’-Tetrakis[N,N-
di(4-methoxyphenyl) amino]-9,9’-spirobifluorene (Spiro-OMeTAD), Phenyl-C61-butyric
acid methyl ester (PCBM), and poly(3,4-ethylenedioxythiophene)-polystyrene sulfonate
(PEDOT:PSS).
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Figure 1.6: Common solar cell architectures, in standard (a) or inverted (b) structure, depending
on the position of the electron transport layer (ETL) and the hole transport layer (HTL); b) Band
diagram illustrating the band alignment of the ETL and HTL with respect to the photoactive
semiconductor; c) Typical current density voltage curve of a solar cell.

For a semiconductor to be suitable for PV applications, it should first of all have
high absorption coefficients, preferably with a low band-gap, so that a thin layer of
material is able to efficiently capture sun light. As seen in Figure 1.3a, MAPDbI3 has a
strong absorption coefficient and a low band-gap, making it a good absorber that covers

13,48 10

most of the solar spectrum. Long carrier lifetimes, i.e., long diffusion lengths,
also desirable, as it allows for efficient charge extraction by the electrodes. Furthermore,
the maximum power conversion efficiency can only be achieved when the non-radiative
recombination of carriers is negligible, that is, when the radiative efficiency is 100%.49-50
The PLQY is therefore an important parameter to be optimized in photoactive materials

for PV applications®!.

Solar cell devices can be characterized by the current density (J) as a function of
voltage (V') between the two terminals (Figure 1.6c). The maximum power (P = J-V)
is reached at a voltage V,, and current density J,,,. The maximum current density
output is Js¢ and the maximum device photovoltage is the open circuit voltage (Voc),
corresponding to the point in which the current equals zero. The ratio between J,,, - Vy,
(marked as the orange dashed square in Figure 1.6¢) and Js¢ - Voo (blue dashed square
in Figure 1.6c) is the device fill factor (FF = -Z=Vm_) The efficiency (n) of the solar

Jsc-Voc
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cell is the ratio of power density output by the power density of incident light (Ps)52
and can be described by:

Jsc-Voc-FF

s

77:

6 varies with

The maximum V¢ achievable, as predicted by Shockley and Queisser,!
the band-gap of the material. The real Vo¢ is limited by the recombination channels.
When other channels compete with radiative recombination, the Vo decreases, making

this parameter closely related to the losses in the semiconductor.

1.2 CHALLENGES: DEFECTS AND

INSTABILITIES

Some of the key factors for the success of metal halide perovskites are also related
to issues that are yet to be solved before the material reaches the market. Metal halide
perovskites are ionic materials that can be fabricated using solution-based methods
close to room temperatures. Although these mild processing conditions are interesting
for low cost device fabrication and flexible applications, they might also result in a high
probability of defects.?® These defects and the relatively weak electrostatic interactions
that form the lattice are also related to high ion mobility and structural deformations.

As much as metal halide perovskites have shown impressive power conversion ef-
ficiency and high photoluminescence efficiency, one of the main challenges for a com-
mercial application of perovskites in devices is improving the stability of the material,
which suffers from the degradation of the material in the long term, but is also affected

by reversible changes of the photo and electrical behavior over varied time scales.

1.2.1 NATIVE CRYSTALLINE DEFECTS

Imperfections in crystalline solid materials can be divided into point defects or higher
dimensional defects like grain boundaries, line dislocations, rotations or large defective
volumes. Figure 1.7 illustrates the types of point defects in a unit cell of a crystal
lattice composed by two types of ions, that can be vacancies, interstitials, antisites or
impurities. For ionic crystals, these defects can either be neutral or charged, and include

pairs such as anti-sites (where an ion take another’s ideal position), Frenkel defects (a
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vacancy and an interstitial of the same ion) and Schottky defects (two vacancies of

oppositely charged ions).
[a] % [b] [d] EEEE
@,
.%.
O

Figure 1.7: Point defects in a crystalline solid. a) Ideal lattice; (b) vacancy; c) interstitial; d)
anti-site; e) Frenkel pair; f) Schottky pair; g) Substitutional impurity; h) Interstitial impurity.
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Native point defects are the most studied type of defects in lead halide perovskites.
In MAPDI;, for example, the possible types of defects are vacancies Vy;4, Vpp , and
V7, interstitials MA;, Pb; , and I; and anti-site Ip;a, Ipy, Pbara, Pbara, Pbr, MApy,
and MA;.

Detecting specific defects is a difficult task, but their presence and properties can
be predicted theoretically. Density Functional Theory (DFT) is commonly used to
calculate the defect formation energies (DFE). The DFEs are typically calculated from
the chemical energy required to form a defect from the constituting materials and the
energy associated to the exchange of electrons with the Fermi level of the system. The
defects with the lowest DFEs are the more stable ones, and therefore assumed to be the
the types present in higher densities. Varying the Fermi energy across the semiconductor
band-gap, from the maximum of the VB to the minimum of the CB, also varies the
DFE of a charged defect. When the DFEs of a defect at different charge state meet, it
defines the point at which the defect can change its charge state by acquiring electrons
or holes. When the energy state of a defect is located within the semiconductor band-
gap it can act as a trap site for a charge carrier. The trapped carrier can be detrapped
and return to the CB (in the case of an electron) or to the VB (in the case of a hole), or

it can recombine with a free carrier of opposite charge. This trap assisted recombination

is usually detrimental for the semiconductor performance as it limits the free carrier

12



lifetime.

Values for the density of trap states in polycrystalline MAPbI3 have been reported
in the literature varying around 10'5-10'6 ¢m=3.22°4 Such values are quite high when
compared to the trap densities in other semiconductors that are used for PV applications
with similar performance. For example polycrystalline Silicon (10'3-10'* ¢cm~3),%5 single
crystal Si (10% em™32),%6 CdTe (10'3-10'% cm—3),57 and CIGS (10'3 cm—3).58

The surprising high efficiency achieved in polyscrytalline MAPbI3 PV despite its
high defect density has prompted research efforts in trying to understand the nature of
trapping sites in this type of material and the reasons for this defect tolerance. One
explanation is that the majority of defects in the bulk of MAPDbI; have energy levels in
the conduction or valance bands or relatively close to those, making them shallow trap
states. The larger formation energies calculated for defects that can form deep trap
states imply these defects are probably not present in relevant densities.’® Chapter 3
will discuss the nature of trap states in MAPbI3 and MAPbBr3 and how the carrier

trapping and detrapping dynamics could contribute to the defect tolerance.

1.2.2 INSTABILITIES IN LEAD HALIDE PEROVSKITES

There has been a large variability in perovskite properties reported in the literature.
Transformations have been observed occurring in these materials, detected as transient
behaviors in electrical response, optical properties or structural characterization, as a
response to different stimuli. The inconsistencies in experimental observations are re-
lated to intrinsic instabilities in the material, mainly electronic and structural changes
occurring on different time scales and induced by the experimental conditions such as
light soaking, atmosphere, external bias and sample microstructure. These transforma-
tions can be divided into i. Irreversible material degradation; ii. Reversible changes
occurring in the presence of applied electric fields and charge transfer and iii. Reversible
photoinduced changes in bare perovskite samples. It is not in the scope of this work to
investigate the irreversible degradation mechanisms, but these will be briefly discussed
in Chapter 5. The instabilities present in working devices will also not be discussed,
as other works have been dedicated to that. This work focus instead on the reversible
photoinstabilities, and the transformations occuring on bare lead perovskite films on
inert substrates.

One particular characteristic of metal halide perovskites is the migration of ions
through the lattice.50 Much effort has dedicated to studying the ion mobility and their

13



effects on photocurrent hysteresis in perovskite solar cells.®’=%* The migration of ions is
also related to several unusual properties of metal halide perovskites like the photoin-

65-68 69,70 and switchable

duced phase segregation in mixed halides, photoinduced poling,
photovoltaic effect.” Todine, bromine and the A-site cation are generally considered as
the major migrating species.”?~™ In the case of MAPbI;, for example, iodine is reported

to be the most mobile ion, followed by MA and then Pb.

deQuilettes et al. reported the PL enhancement in MAPbI3 films in inert atmosphere
and has linked the phenomenon with the halide migration through the films.5” Mosconi
et al. proposed a photoinduced healing mechanism to explain the PL enhancement
observed as a result of Frenkel defect annihilation.”® That is, a Frenkel pair formed by an
iodide vacancy and an interstitial would recombine resulting in the healed crystal lattice.
Such process would be triggered by illumination, due to the lower energy barriers for the
halide migration in the photoexcited state. The opposite has also been observed, i.e. a
quenching process triggered by illumination. Chapter 4 will discuss these observations
and the parameters that regulate the different effects. Furthermore, it has been observed

76-79

that lead halide perovskites are extremely sensitive to the atmosphere, as will be

discussed in Chapter 5.

1.3 PHOTOLUMINESCENCE AS A PROBE FOR

DEFECTS

Monitoring the photoluminescence (PL) quantum efficiency and dynamics is an ef-
fective approach for gathering information about the opto-electronic properties of a
semiconductor.’? The PL decays usually are closely correlated to the carrier lifetime
in the material and it also reflects the density of trapping defects and non-radiative
channels. It is an alternative approach to probe the semiconductor properties and the
material stability without the presence of electrodes, applied electric fields and interfaces
that might have an effect on the material behavior. As this Section will show, the PL
dynamics are determined by a combination of parameters such as recombination rate
constants, trap state densities, and non-radiative recombination rates.®! This makes
the PL intensity extremely sensitive to small variations in the material properties that

normally can’t be perceived by other optical techniques.
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1.3.1 SHOCKLEY-READ-HALL RECOMBINATION

As mentioned in Section 1.2.1, defects in the lattice can create electronic states
between the VB and CB with the ability to trap electrons or holes. The trapped
carrier can either be released as a free carrier by thermal activation or recombine non-
radiatively with a free carrier of opposite charge. The Shockley-Read-Hall (SRH) model
for carrier recombination has generally been applied to doped semiconductors, such as
the case of silicon solar cells. In a highly doped semiconductor, the trapped carrier
immediately recombines with the excess carriers of the opposite charge and the excited
state dynamics are determined by the trapping lifetime of the minority carrier. Al-
though lead halide perovskites can be considered as only lightly doped semiconductors,
SRH recombination has been reported as the dominant decay path at low excitation
intensities.?4:82-84
The most commonly used description of this process is the SRH expression for the

rate of trap assisted recombination:

_ np
Rsru = Tn(p+pe) +7p (n+n4)

where n and p are the densities of electrons and holes, respectively, n; and p; are the
density of trapped electrons and holes, and 7, , = ﬁ is the lifetime of electron/hole
trapping, where [V; is the total density of available trap states and ,, ;, is the coefficient
for carrier recombination rate. When V; is much larger than the density of free carriers,
it can be consider that the trap assisted recombination is the dominant decay path for

carriers. The excited state decay can then be described by:
% = _BnNtn

In this regime, the relaxation of the system follows monomolecular dynamics, and
accordingly, the resulting PL dynamics is a monoexponential decay and the PL intensity

will have a linear dependence on the excitation intensity.

1.3.2 RECOMBINATION DYNAMICS

A system of rate equations adapted from the model reported by Stranks et al.®* was
used to simulate the evolution of populations of free electrons, free holes and trapped
carriers. For simplification, the model considers one single type of trap, as it takes

into account that in the presence of both holes and electrons traps, the more abundant
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type would have a dominant effect on the dynamics. Here it’s considered that the
electron traps are dominant based on experimental data.?* The rate equations for the

populations of free and trapped carriers are:

dn,

pra G — Bragnenn — kine(Ny —ng) — yneni (1.6)
dny, 2
o G — Bradaneny — Rinpng — yneny, (1.7)
dnt
ﬁ = k‘tne(Nt — nt) - Rtnhnt (18)

where n. is the population of free electrons, nj, the free holes and n; the trapped carriers,
G is the photogeneration rate, 5,.ad is the radiative recombination rate constant, -y is the
Auger recombination rate constant, k; is the trapping rate constant, N; is the density
of available traps, and G,, is the rate constant of recombination of a trapped electron

with a free hole. The PL intensity at a given time can be obtained by

Ipp = Braanenn (1.9)

When G = 0 and the initial electron and hole populations are set as the density
of absorbed photons right after a short pulse of excitation light, the PL decays can
be obtained from 1.9 and can be fitted to the experimental data. The steady state
conditions can be simulated setting the initial populations to zero and defining the
generation rate G as the absorbed photons over time according to the illumination

conditions.

1.3.3 TRAP FILLING

The PL intensity can be obtained as a function of the excitation intensity Ipump
from the steady-state solution of the three rate equations 1.6-1.8. As a consequence of
the two competing recombination paths (trap-assisted and bimolecular) the solution is
characterized by two different regimes.

At low excitation intensity, when N; >> n., the most likely recombination path for
electrons is through trapping, which is a monomolecular process. On the other hand,
the dynamics of holes will be determined by the recombination of free holes with trapped
electrons, which is a bimolecular process. In other words, the free electron density will

increase linearly with excitation intensity and the free hole density will increase with
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Figure 1.8: Simulated a) PLQY and b) PL dynamics.

the square root of the intensity. The steady-state PL intensity resulting from the the

density of free carriers will therefore scale superlinearly as
3/2

Ipp o< I32 (1.10)

At higher excitation intensities, as the density of photo-generated carriers reaches

the density of trap states, the radiative recombination of free electrons and holes be-

comes dominant. The free carrier recombination is a bimolecular process, thus the

steady state PL intensity transitions to a linear dependence on the excitation intensity.

Finally at even higher intensities, third order processes such as Auger and Auger-like

recombination start becoming relevant, resulting in a sublinear dependence on excitation

intensity.
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Figure 1.9: Simulated PLQY at excitation density 10'® cm™>, as a function of defect density.
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Figure 1.9 shows the PLQY at a fixed excitation density of 10'® cm™2 simulated for
different defect densities, illustrating the impact of defects on the PLQY in the region
where N; > n.. Although the maximum value of PLQY when N; < n. is shown as
100%, a metal halide perovskite thin film with 100% PLQY has not been reported to
date. In reality there are several non-radiative paths that are not taken into account in
this simplified picture, as well as the role of interface recombination and photoinduced
creation of additional loss channels.

As a consequence to the trap limited behavior of the excited state dynamics, the
PL efficiency and lifetimes are very sensitive to the presence of defects. Not only does
this allows us to probe the quality of different samples by probing the PL properties, it
also allows us to monitor structural instabilities in the films that result in variations in

defect composition and therefore fluctuation of PL efficiency.
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2

METHODS

2.1 SAMPLE FABRICATION

This work contemplates lead halide perovskites of different compositions, namely
MAPDI3, MAPbBr3 and CsPbBrs. The samples studied in this work were solution de-
posited polycrystalline thin films. The quality of the films and the absence of precursor
residues could be asserted by X-Ray Diffraction (XRD) measurements.

Lead(IT) bromide (PbBry, 98%), N,N-dimethylformamide (DMF, anhydrous,
99.8%), Chlorobenzene (anhydrous, 99.8%), and dimethyl sulfoxide (DMSO,
anhydrous, 99.9%) were purchased from Sigma-Aldrich; methylammonium bromide
(MABr) and methylammonium iodide (MAI) were purchased from Dyesol; and lead
(I1) iodide (Pbls, 99.9985%, CAS No. 10101-63-0) was purchased from Alfa Aesar. All
chemicals were used without any further purification. Glass substrates were cleaned in
acetone and isopropyl alcohol (IPA) for 10 minutes by sonication. The cleaned glass
substrates were treated with Oxygen plasma for 10 minutes before any further
deposition. All samples were prepared inside gloveboxes under Ny atmosphere. The

methods for preparing the samples are described below.

MAPDLBr; thin films:

The film deposition was based on a Nanocrystal-Pinning technique reported by Cho
et al.85 The films were spin-coated in two steps (500 rpm for 7 seconds, then 3000
rpm for 90 seconds). A precursor solution of MABr and PbBry (molar ratio 1.05:1)
in DMSO was spin-coated onto the clean glass substrate. After 60 seconds, 300 nl of
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chlorobenzene was dropped on the spinning sample. The samples were then annealed
at 90°C for 10 minutes.

MAPDI; thin films:

The deposition was performed with quenching of the precursor solution with toluene
as an antisolvent during spin coating, based on the procedure reported by Xiao et al.®8
A 1.45 M precursor solution of Pbl;:MAI:DMSO in a molar ratio of 1:1:1 was prepared
in DMF. This solution was spin coated onto the glass substrate at 4000 rpm, with an
acceleration of 4000 rpm/s, for 15 s. After 6 seconds, toluene was dropped onto spinning

sample. The samples were then annealed at 100°C for 10 minutes.

Isolated, micrometer sized, MAPbBr; crystallites:

MAPDBrj3 crystals were formed by adding 150 pl of a solution of MABr and PbBrs
in DMF (molar ratio 1:1, 30 wt% concentrated) to a solution of an antisolvent, in this
case 3 ml of chlorobenzene. After injection of the precursor solution, micrometer-sized
crystals precipitate instantaneously. The crystals were then deposited on clean glass

substrates, and left to dry at room temperature.

2.2 STEADY STATE CHARACTERIZATION

2.2.1 ABSORPTION

Absorption measurements on thin films or solutions in quartz cuvettes were per-
formed using a spectrophotometer (Perkin Elmer Lambda 1050). The obtained values

for absorbance allows us to estimate the density of photogenerated carriers as:

_ P )\pump
" RR-h-c-A-5(Apump)

0 (21)

where A,ump is the wavelength of the excitation light, P the incident power, RR the
repetition rate, A the area of the illuminated spot, h the Planck constant™ and ¢ the
speed of light. The term ¢(Apymp) is the penetration depth of the excitation light at the
wavelength used, and can be obtained from the absorption measurements according to

Lambert-Beer law:

*h = 6.626070040 - 10~ 34J - s
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IT = (IO — IR) . e—du()\) (2.2)

S(Apump) = a()‘pump)il (2.3)

where I is the intensity of the incident light, I the intensity of transmitted light, Ir
the intensity of reflected light, « is the absorption coefficient for a given wavelength and

d is the sample thickness.

2.2.2 PHOTOLUMINESCENCE

Most of the steady state Photoluminescence (PL) spectra reported in this thesis,
as well as the evolution of steady state PL intensities over time were acquired with a
fiber coupled spectrometer (Ocean Optics Maya Pro 2000) that operates with a silicon
photodetector array. Infrared sensitive spectra reported in Chapter 5 were recorded
with a spectrograph coupled to a nitrogen cooled photomultiplier tube. The excitation
source was provided by various lasers, specified for each experiment reported.

A software with a graphic interface was built using Python for communicating with
the spectrometer and acquiring spectra and recording the emission of the samples over

time.

Photoluminescence quantum yields (PLQY)

Relative PL quantum yield (PLQY) was obtained from the measured integrated PL

at varying excitation intensities and plotted as:

Ipr,
I

pump

RelativePLQY = (2.4)

Absolute values of PLQY were obtained from measurements performed in an in-
tegrating sphere (Labsphere). The wavelength dependent response of the system was
calibrated using a certified tungsten lamp (Labsphere). Excitation was provided by CW
diode lasers and spectra acquired through an optical fiber coupled from the sphere to a
spectrometer (Ocean Optics Maya Pro 2000). PLQY values were calculated employing
the method proposed by de Mello et al.®", as

P.—(1—A)- P,

PLQY = L

(2.5)
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where L, is the integrated intensity of the excitation light in the empty sphere, P, is
the integrated intensity of the diffuse PL when the sample is placed outside of the laser
beam path and P, is the intensity of the PL when the sample is directly hit by the laser.
A is calculated as
L.
A=1- I, (2.6)
where L. and L is the integrated intensity of the excitation light when the sample is

directly in or outside of the beam path, respectively.

2.2.3 CONFOCAL MICROSCOPY

A home built microscope in confocal configuration allows for transmission and PL
maps with sub-micrometer resolution and a maximum range of 50pm. The excitation
source is provided by a supercontinuum laser (SuperK Extreme, NKT Photonics), and
the output is tuned by an acousto-optic modulator (SuperK Select, NKT Photonics).
The signal is collected in transmission geometry and focused into a fiber coupled to a
photodiode and a Lock-in amplifier. The sample can be mounted in a nitrogen flow

chamber and is scanned on a piezoelectric translation stage.

2.3 TIME RESOLVED PHOTOLUMINESCENCE

Time-resolved PL measurements were performed using a femtosecond laser source
and either a streak camera detection system (Hamamatsu C5680) or a Time Correlated
Single Photon Counting (TCSPC) setup. Two femtosecond laser sources were used:

1. Unamplified tunable Ti:Sapphire laser (Coherent Chameleon Ultra II, temporal
and spectral bandwidths of ~140 fs and ~5 nm, respectively), operating at 80 MHz.
An acousto-optical modulating pulse picker (APE Pulse Select) was employed for con-
trolling the repetition rate of excitation according to the lifetimes of the emission of the
samples.

2. Q-switched Ti:Sapphire based regenerative amplifier (Coherent RegA 9000) op-
erating at 250kHz seeded by a mode-locked Ti:Sapphire oscillator (Coherent Micra-18)
operating at 80 MHz, providing pulses of ~100 fs.

The photoluminescence is collected in reflection geometry, at a right angle from the

excitation line and focused onto a spectrometer coupled to the detection system, which
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can be either a Streak Camera or a TCSPC system.
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Figure 2.1: Simplified diagram of the experimental setup for time resolved PL experiments.

Time Correlated Single Photon Counting (TCSPC)

The principle of TCSPC is the repetitive illumination of the sample with a pulsed
laser and the detection of a single photon for each pulse of excitation. The delay times
between the detected photon and the reference signal is measured electronically and
the photon counts as a function of time delay build up a histogram of the PL decay.
To achieve reliable counting, the intensity of the detected signal must be attenuated so
that the rate of detected photons per excitation pulse is kept below 5%.

For TCSPC measurements performed in this work, the detection system was a In-
GaAs photodiode coupled to a nitrogen cooled photomultiplier tube, and the time

correlated counting provides a time resolution of ~ 1 ns.

Streak camera detection

For better time resolution and sensitive detection in the visible (400 - 800 nm) region,

a Streak Camera (Hamamatsu C5680) was used. The principle of a Streak Camera
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is the conversion of light into electrons and the time dependent spatial deflection of
these electrons. After wavelength dispersion by the spectrograph, the collected light
is focused onto the photocathode of the streak tube and converted into a number of
electrons proportional to the intensity of the light. The electrons are accelerated against
a phosphor screen. During acceleration, a variable voltage is applied, deflecting the
electrons at angles according to the time of arrival. The image on the phosphor screen is
taken by a CCD camera, with the temporal dispersion on the y axis and the wavelength
dispersion on the x axis.

The electron deflection can be obtained with either a linear voltage sweep module,
resulting in time resolution of up to ~300 ps, or with a high speed sinusoidal voltage

module that provides time resolution up to 2 ps.

2.4 TRANSIENT ABSORPTION

Transient absorption (TA) dynamics can be measured in the so called pump-probe
configuration. In this type of technique, the sample is excited by a short laser pulse
and probed by a second short pulse that arrived with a certain time delay with respect
to the excitation. The changes to the probe beam induced by the photoexcitation can
be time resolved by scanning the time delay between the pulses, with a maximum time
resolution that is determined by the pulse duration.

In the experiments reported in this thesis we use TA spectroscopy to obtain the
dynamics of the excited state of the semiconductor by measuring the decay of the

photo-bleach that results from the photo-excitation.

Experimental setup

An amplified Ti:sapphire laser (Quantronix Integra-C) generates pulses of ~ 100 fs
centered at 800 nm. A broadband white light probe is generated by focusing the pulses
into a thin sapphire plate. The fundamental output from the amplifier can be converted
to 400 nm by Second Harmonic Generation (SHG) or alternative wavelengths in a Non-
linear Optical Parametric Amplifier (NOPA). The pump beam is spatially delayed with
a mechanical stage providing temporal resolution of ~ 150 fs and range of 1 ns. Alter-
natively, longer time range can be achieved with pump light provided by a Q-switched
Nd:YVO, laser (Innolas Picolo) which is electronically triggered and synchronised to
the Ti:sapphire laser via an electronic delay. The pump pulses have a width of ~700 ps
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Figure 2.2: Simplified diagram of the experimental setup used for Transient Absorption.

FWHM. Including jitter, and the system has a combined time resolution and jitter of
approximately 200 ps. After interaction with the sample, a home-built prism spectrom-
eter disperses the probe light on to a fast CCD array, enabling broadband shot-to-shot

detection.

In the measurements presented in this thesis the TA dynamics were obtained using
the Q-switched Nd:YVOQy laser in order to measure the long lifetimes of the carriers in
the range up to 1 ms. The excitation wavelength was 532 nm (obtained by SHG of the
fundamental output of the Nd:YVO4 laser) for MAPbI3 samples and 355 nm (obtained
by Third Harmonic Generation) for MAPbBr; samples.
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2.5 ATMOSPHERE AND TEMPERATURE

CONTROL

The experiments reported in this work required careful control of the atmosphere
and temperature to which the samples were exposed. Measurements in vacuum were
performed under active pumping and pressure bellow 10~° mbar. Dry atmosphere was
obtained from a cylinder of dry air (Nordival, purity 5.5). Temperature control was
achieved using liquid nitrogen and a cold finger cryostat (Oxford Instruments), where

the sample is kept in vacuum (pressure bellow 10~° mbar).
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3

NATURE OF DEFECTS AND THEIR ROLE
IN RECOMBINATION DYNAMICS

The high density of defects that is inherent to solution processed ma-
terials doesn’t seem to impose a strong restriction to the efficiency
achieved from metal halide perovskite devices. The native carrier trap-
ping sites present in these materials have been a matter of discussion in
the field, and how they affect the dynamics of charge carriers may be
related to some of the unusual characteristics of metal halide semicon-
ductors and their impressive performance. This Chapter investigates
the nature of the defects in these materials and their impact on the
carrier dynamics, combining spectroscopic measurements with theoret-
ical predictions. The contents of Section 3.1 have been adapted from
Meggiolaro et al. (2018).*

3.1 DEFECTS IN MAPDbDI;

Defect tolerance in semiconductors is usually understood as either a low density of
defects reuslting from high defect formation energies (DFE) or as the low impact of the

presence of defects on the carrier diffusion lengths and lifetimes®?. It has been indicated

*[88] Meggiolaro, D. et al. “Iodine chemistry determines the defect tolerance of lead-halide per-
ovskites”. Energy & Environmental Science, 11, 3, pp. 702-713. (2018)
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by several studies that native defects in MAPbI3 would introduce only shallow states,
explaining their low impact on performance®®-2%-°1,

Adinolfi et al. reported a distribution of bulk trap states in MAPbDI; (single crystal)
reaching energy levels around 0.2-0.3 eV above the valence band (VB) and below the
conduction band (CB)?2. Several groups have carried out first-principles investigations

59,90.91,93.94 a1 seem to

on the nature of the defects that originate these trap states
agree on the predominance of shallow states. On the other hand, the presence of
deep traps formed by iodine interstitials has also been reported®. In this Section it is
briefly discussed the identification of defects in MAPbI3 by first-principles calculations.
Associated to the results of the computational studies, the impact of such defects on

the carrier dynamics is investigated by spectroscopic measurements.

3.1.1 THE ROLE OF IODINE OXIDATION STATE IN CARRIER
TRAPPING

First-principles calculations were performed by Dr. Daniele Meggiolaro and Prof.
Filippo de Angelis from CNR-ISTM in Perugia, Italy. The density and properties of
native defects were predicted using large supercell calculations, based on hybrid DFT,
including dispersion corrections and spin—orbit coupling.

Figure 3.1 shows the DFE diagram versus the Fermi energy for MAPbI3 showing the
most stable defects in stoichiometric conditions. Solid lines indicate the stable charge
states of a given defect, while the blue dashed lines indicate the metastable neutral
state of I;. The energy of positive defects increases by increasing Er while the energy
of negative defects decreases, and that of neutral defects is stable with respect to Ep.
EF ranges from the top of the valence band (Er=0) to the bottom of the conduction
band (Er=1.58 e€V). The native Fermi level is indicated by the vertical black dashed
line at 0.65 eV. The thermodynamic ionization levels are determined by the crossing of
the lines representing different charge states of a given defect in Figure 3.1a. Figure
3.1b shows the thermodynamic ionization levels for the most stable defects represented
in Figure 3.1a, referenced to Ep=0.

It was found that despite the high density expected of Pb- and MA-related defects,
only Vp, and I; exhibit charge transitions within the band gap, making these defects
possible carrier trapping sites. However, due to small capture cross-sections and high
activation energies, the trapping activity of Vpy is strongly quenched.®® This indicates

that interstitial iodine is the only stable and active trap source among native point
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Figure 3.1: a) Defect formation energy (DFE) diagram versus the Fermi energy (Er) for MAPbI3
showing the most stable defects in stoichiometric (iodine-medium) conditions; b) Thermodynamic
ionization levels for the most stable defects calculated in a) referenced to the VB corresponding to
Er=0. Data provided by Dr. Daniele Meggiolaro and Prof. Filippo de Angelis. Adapted from:
(88]

defects. However, it results from the redox chemistry of iodine that these interstitials
are amphoteric sites which can trap electrons through the +/0 ionization level placed
at 0.57 below the CB edge and holes through the 0/- level at 0.29 eV below the VB.

3.1.2 LATTICE DEFORMATION AND SLOW ELECTRON
DETRAPPING

Having established that interstitial iodine is the most relevant trapping site in
MAPDI;3, the properties of this defect were studied.

Figure 3.2 shows the calculated most stable geometrical structures of interstitial
iodine in its positive (a), neutral (b) and negative (c) charge states, and their respective
I-T distances. Relevant iodine atoms involved in the trapping/detrapping processes are
highlighted in yellow. For I;r the average of the two I-I bond lengths is reported. The
energy versus structural coordinates of I; versus the root mean square displacement
(RMSD) of the relevant iodine atoms with respect to their position in I". The energies
for the positive species are referenced to the VB maximum, while those of the negative

species are referred to the CB minimum, simulating the energetics after photoexcitation
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Figure 3.2: a) Local geometrical structures of interstitial iodine in its positive (a), neutral (b)
and negative (c) charge states. d) Configuration diagrams of interstitial iodine in its positive (red),
neutral (black) and negative (blue) charge states versus the root mean square displacement (RMSD)
of the highlighted iodine atoms with respect to their position in 1. Data provided by Dr. Daniele
Meggiolaro and Prof. Filippo de Angelis. Adapted from: [88]

(before recombination). The separate positive/neutral and negative/neutral energies
have the same reference, thus they can be compared, while the positive/negative energies
cannot be directly compared. The points are calculated values while the solid lines are
an interpolation to guide to the eye.

According to the model proposed, hole trapping by I, is associated with a very small
geometrical rearrangement and no energy barriers. Therefore, hole trapping, detrapping
and trap-assited recombination is expected to be relatively fast, characterizing a possibly
efficient deactivation channel for photogenerated charge carriers. Electron trapping by

Ij results in a rearrangement of the lattice through a small energy barrier, and release
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of the trapped carrier by thermal activation or trap-assited recombination requires
a significantly larger barrier to be overcome. Consequently, the lifetimes of trapped
electrons are expected to be very long, in agreement to the trapping and recombination

dynamics reported by Leijtens et al.?*
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Figure 3.3: PL dynamics (dark blue) corresponding to the integrated band-edge emission centered
at 780 nm, and the Transient Absorption dynamics (red) probed at the photo-bleach band at 770
nm, of a MAPbI3 thin film

Combined with the calculations, the recombination dynamics of MAPbI3 were inves-
tigated by photoluminescence (PL) and Transient Absorption (TA). Figure 3.3 shows
the TA dynamics of a MAPDbI3 thin film probed at the peak of the photo-bleach at
770 nm and PL dynamics of the band-edge emission measured at similar illumination
conditions. It was observed that the photo-bleach (PB) dynamics has two components,
a short living decay and a very long one of tens of microseconds, which has no emissive
analogue, thus corresponding to a non-radiative decay process.

Figure 3.4 shows the PL decays taken at different excitation densities and temper-
atures. The decays at the lowest excitation density show one fast component that can

196, The recombination at the lower

be assigned to trapping dynamics and a long tai
excitation densities are strongly dependent on the trapping behavior, so they were
compared as a function of temperature, as shown in Figure 3.5a. A gradual change
could be noticed in the relative contribution of the two components. The temperature
dependence of the TA dynamics (Figure 3.5b) shows a similar trend. Despite being
taken at high excitation intensities, TA is more sensitive to the population of the non-
emissive states. The relative contribution of the fast and slow components to the TA

signal were compared, and it was observed that while the fast component decreases
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Figure 3.4: PL dynamics of a MAPbI3 thin film at different excitation intensities at a) 190 K, b)
300 K and c) 360 K.
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Figure 3.5: PL dynamics of a MAPbI; thin film at different temperatures; b) TA dynamics of
MAPbI; at different temperatures; c¢) AT/T of the fast component and d) AT/T of the long
lifetime component as a function of temperature. TA dynamics measured by Dr. Alex Barker

with increasing temperature (Figure 3.5¢), the signal corresponding to the slow com-
ponent increases. The intensity of the PB observed is related to the population of the
corresponding electronic states, in this case, the free carriers at the band-edge. The
presence of trapped carriers result in remaining free carriers of the opposite charge.
The long component observed in the TA dynamics corresponds then to the remaining
free carriers that slowly recombine non-radiatively with the trapped carriers. It can
then be inferred that the the population of long living trapped carriers is increasing
with temperature, suggesting the presence of an energy barrier to its formation. This
slow component can be assigned to the recombination of electrons trapped by positive
interstitial iodine with free holes in the VB.

This slow decay of trapped electrons is consistent with the activation energy required
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to restore the lattice geometry upon change of the charge state of the defect, according

to the configuration diagram of Figure 3.2d.

3.2 DEFECTS IN MAPbDbBr;

In the previous Section it was presented the theoretical predictions of the defect
properties in MAPbI3 and its implications on carrier dynamics, which was supported
by experimental TA and PL dynamics. MAPbBr3 is expected to have a similar defect
chemistry (as shown by the DFE diagram and thermodynamic ionization levels in Figure

3.6).
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Figure 3.6: a) Defect formation energy (DFE) diagram versus the Fermi energy (Er) for MAPbBr3
showing the most stable defects in stoichiometric conditions; b) Thermodynamic ionization levels
for the most stable defects calculated in a) referenced to the VB corresponding to Er=0. Data
provided by Dr. Daniele Meggiolaro and Prof. Filippo de Angelis. Adapted from: [97]

To study the case of MAPbBr3, one additional tool can be explored: the emission
associated with defects, that, as the following Section will show, can provide direct

insight into the trap states of the semiconductor.
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3.2.1 EMISSIVE TRAP STATES

Photoexcitation of lead halide perovskites can induce several transformations in the
material, as was briefly discussed in Section 1.2.2. In particular, under certain conditions
it can be observed a quenching of the PL emission, related to the formation of defects

due to ion migration.
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Figure 3.7: a) Relative PLQY curves of a MAPbBr3 thin film taken in vacuum with increasing
(solid lines) or decreasing (dashed lines) excitation densities (Adapted from: [98]); PL spectra b)
before and after the intensity cycle, and a) with increasing and b) decreasing excitation intensity.

Figure 3.7a shows the relative PLQY of a MAPbBr; thin film taken with increasing
and decreasing excitation density, where a strong hysteresis can be observed. This effect
indicates increase of the density of trap states, and it will be investigated in more detail
in Chapter 4. The PL spectrum was monitored during this experiment, as shown in
Figure 3.7. When plotting the spectra on a semilog scale, the low intensity tail of the
PL emission can be seen. When measuring in the reverse order, it could be observed
that this tail is enhanced, becoming a broad emission band centered around 700 nm.

In order to obtain more information concerning the subgap emission, an infrared
sensitive detector was used, and the spectra were measured in separate windows using
the appropriate filters to remove artifacts such as pump scatter and the multiple orders
of diffraction from the spectrometer. Surprisingly, a second broad emission band was
found in the near infrared region, centered around 1000 nm. These two bands (SG-vis,
the subgap band centered around 700 nm and SG-ir, the near-infrared band centered
around 1000 nm) have distinct origins, as indicated by their opposite behavior after
prolonged exposure to light, which is associated with the quench of the band-edge
PLQY. While the SG-vis band increases in intensity, the SG-ir band is simultaneously
quenched. Both bands presented the particular bahavior of trap state emission, that is,

while the band-edge PLQY increases with excitation intensity, the emission efficiency
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of these subgap states decreases, due to a saturation effect.

105 ilb] — initial
+4 A — after light soaking
104 104 _='I \‘
9 0 ER SG-ir
€ 10° 2 3 \BE
3 g 3 4"\\
U 102 010 EL
3
101 1
¥ T v
10° T T T T 1 . T T
400 500 600 700 800 900 1000 600 800 1000 1200
Wavelength (nm) Wavelength (nm)
> ] >
o O A
= - =5
o | o
[ v 4
2 2
® 3 & |
[T [TREE
o —— BE (530nm) o —— BE (530nm)
. —e— SG (700nm) ] —e— |R (1000nm)
-IVIIII T IIIIIHI T T \Illlll T T T rrrrt T T IIIIIII T T \Illlll T T ||I|I|| T T
10'5 1016 10 1022 102 102
Excitation density (cm~3) Photon density (cm~3)

Figure 3.8: PL spectra of a MAPbBr3 thin film taken with a) a detector sensitive to visible light
and b) an infrared sensitive (spectral response not calibrated, so the relative intensity should not
be compared); Relative PLQY of the band edge (BE) emission compared to the emission taken c)
at 700 nm (SG-vis band), as a function of excitation density using a pulsed laser, and d) at 1000
nm (SG-ir band), as a function of photon density using a CW laser.

Because of the limited spectral response of the detectors, capturing both SG-vis and
SG-ir emissions in the same measurement could only be achieved at low temperature,
when these bands can be seen with higher intensity.”® The relative intensity of these
bands was compared in two different cases, as shown in Figure 3.9. The first case was a
MAPDBr3 thin film on glass, coated with PMMA and measured on the substrate side.
As shown in Figure 3.9b, both the band-edge emission and SG-ir emission decreased with
increasing temperature, as expected in these materials. The SG-vis emission couldn’t
be observed even at low temperature. The second case was a bare film measured on the
perovskite side. Both samples were measured under high vacuum, so one could expect
the naked surface of the perovskite to be more defective. In this case both SG-vis
and SG-ir bands were seen, and the intensity of the SG-ir band appears to be slightly
quenched in the presence of the SG-vis band.

This observation, combined with the opposite behaviors demonstrated in Figure
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3.8a-b, indicates that the two bands correspond to competing recombination paths, and
the SG-vis band is associated with a more effective recombination channel. That is, the
presence of the SG-vis band seem to be associated with higher losses and lower intensity
of the band-edge PL. Furthermore, the lower intensity of SG-ir in the presence of SG-vis
is consistent with higher the rates for carrier capture in the trap state associated with

the SG-vis band, which would limit the carrier capture originating the SG-ir emission.
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Figure 3.9: a) PL spectra at different temperatures of a MAPbBrs film coated with PMMA,
measured on the glass side; b) Relative PL intensity as a function of temperature for different
regions of the spectrum; c) PL spectra at different temperatures of a bare MAPbBr3 film measured
on the exposed side; d) Relative PL intensity over temperature for the bare film.

3.2.2 ORIGINS OF THE SUBGAP EMISSION

To help identifying the nature of the defects that correspond to these subgap bands,
perovskite films were compared coated with different charge extraction layers. The sam-
ples compared were MAPbBr3 thin films prepared with identical procedures but coated
with either a layer of PCBM, that is an electron extracting layer, or Spiro-OMeTAD,

that is a hole extracting layer, or with PMMA, that is an inert insulating polymer and
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should not significantly affect the semiconductor. First, the relative intensity of the

band-edge emission was evaluated, as shown in Figure 3.10a.
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Figure 3.10: a) Relative PLQY of a MAPbBrs3 thin film coated PMMA, PCBM or Spiro-OMeTAD;
PL spectra of MAPbBr3 coated with b) PMMA, ¢) PCBM and d) Spiro-OMeTAD; Band diagram
illustrating the band alignment and charge transfer between the perovskite layer and PCBM (e) or
Spiro-OMeTAD (f).

Both the PCBM and Spiro-OMeTAD coated samples showed lower PL intensity,
as it would be expected in the presence of charge extraction. This effect was however
much more dramatic in the perovskite film coated with Spiro-OMeTAD. A similar

trend was observed by Leijtens et al. in the photocurrent measurements performed in
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MAPDI; thin films coated with PMMA, PCBM or Spiro-OMeTAD®%*, and was reported
as an indication of majority electron trapping in the perovskite layer. The PL spectra
of these samples were then compared. The excitation source used was a laser with
wavelength of 400 nm. Since both PCBM and Spiro-OMeTAD absorb the 400 nm
light, the measurements were performed on the substrate side of the samples, so as
to directly photoexcite the perovskite layer. Figure 3.10b shows the PL spectrum of
a film coated with PMMA, Figure 3.10c shows the spectrum obtained at analogous
experimental conditions from a perovskite film coated with PCBM, and Figure 3.10d
shows the spectrum from a sample coated with a Spiro-OMeTAD layer. The SG-ir
emission is seen for both the PMMA and PCBM coated perovskite, but it’s strongly
quenched in the Spiro-OMeTAD coated film. Following the observations of Leijtens
et al.>* and considering the photoexcitation is performed on the substrate side of the
perovskite film, it can be considered that trapping occurs in a faster timescale than
the carrier transfer to the extraction layer. Thus in the case of PCBM, part of the
photoexcited electrons should be trapped in the perovskite film and part would be
extracted, and the presence of the PCBM layer would not affect the observations of
electron traps (as illustrated in Figure 3.10e). For the perovskite coated with Spiro-
OMeTAD, on the other hand, the trapped electrons would have very low recombination
rates, as the free holes would be extracted (as illustrated in Figure 3.10f). Therefore

the SG-ir emission can be associated with electron trapping defects.
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Figure 3.11: a) PL spectra and b) PL dynamics at 1000 nm of a MAPbBr3 thin film in high vacuum
(dark blue) or after exposure to air (red).

Another interesting observation regarding the nature of these defects is how they
react to the atmosphere. The behavior of the emission was monitored when a film kept

in high vacuum is exposed to air. As shown in Figure 3.11a, the intensity of the band
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edge PL increases under air exposure, which is consistent to previous reports of defect

76,77 These effects will be discussed in more detail in Chapter

passivation by oxygen
5. Interestingly, the intensity of the SG-ir emission is also enhanced, indicating that
this emission is not associated with the defects that are passivated. The passivation
most likely occurs on other trap states, which are likely more efficient non-radiative
recombination centers. This is consistent with the oxygen passivation of hole traps as
reported in the literature!®? and to our assignment of the SG-ir emission to electron
trapping defects. The lifetime of the SG-ir emission after exposure to air, as shown in
Figure 3.11b, becomes shorter, contrary to what is observed on the band edge lifetimes
due to defect passivation (as will be further discussed in Chapter 5). This could be
related to a higher density of free holes that accelerates the recombination of trapped

electrons.

3.2.3 CARRIER TRAPPING AND RECOMBINATION DYNAMICS

The dynamics of these subgap emissions were then investigated. Figure 3.12 shows
the TA dynamics of a MAPbBr3 thin film probed at the peak of the PB at 525 nm. In a
similar way to the dynamics obtained from MAPbI; (Figure 3.3), a very long component
can be seen extending to several microseconds. As discussed in Section 3.1.2, the PB
at the band edge is related to the population of free photoexcited carriers and can also
reflect the population of trap states when a majority of one species is trapped resulting
in remaining free carriers of opposite charge. The band-edge PL dynamics taken from
the same sample at similar illumination conditions is very similar in scale to the faster
component in the TA decay, stretching for a few nanoseconds. Interestingly, both SG-
vis and SG-ir emissions showed longer lifetimes, and while the PL dynamics probed at
700 nm (SG-vis) was still close to the band-edge lifetimes, the emission at 1000 nm
(SG-ir) was found to be much longer, decaying on a microsecond scale.

Finally, the temperature dependence on the dynamics of the SG-ir emission were
investigated. Figure 3.13a shows the PL dynamics of the SG-ir emission taken at 1000
nm at different temperatures. The sample was kept under illumination at room tem-
perature for several minutes to avoid effects of photoinstabilities and then cooled down
to 77K. Each decay was fitted with a stretched exponential and the lifetimes were used

to fit the Arrhenius equation:
1 ~Ea/(kp-T)
k= — A-e (3.1)
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Figure 3.12: PL dynamics (light blue) corresponding to the integrated band-edge emission centered
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Figure 3.13: a) PL dynamics of the emission at 1000 nm from a MAPbBr3 thin film at differ-
ent temperatures, each of them fitted with a stretched exponential, and Arrhenius plot of the
temperature dependence of the rates.

where k is the decay rate, 7 is the PL lifetime, kp is the Boltzmann constant®, T is the
temperature, A is the pre-exponential factor and Fa is the activation energy.

The values obtained for activation energy for the trapped electron recombination
as shown in Figure 3.13 are much lower than the theoretical predictions, however, as
discussed previously, both the trapping process and the release of a trapped carrier

(by thermal activation or trap-assisted recombination) involve an energy barrier, which

Tkp=8.6173303-10"5¢V - K1
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means that trapping rates will probably also be affected by the temperature of the
system. Therefore the populations of the trap states might also be varying. Nonethe-
less, the temperature dependence of the SG-ir emission lifetimes is an indication of
the presence of this energy barrier, which is consistent with the lattice geometrical

rearrangement, as discussed previously.

3.3 DEFECT TOLERANCE AS A CONSEQUENCE
OF TRAPPING DYNAMICS

The low rates for recombination of trapped carriers can have an interesting effect
on the semiconductor efficiency. This Section demonstrates a qualitative model that
takes into account the different types of traps that can be present in the material, and
investigate how the trapping dynamics affect the steady state radiative efficiency. The

system of rate equations described in Section 1.3.2 can be adapted to include two types

of traps:

dn, 2

dt =G - ﬁradnenh - ktene(Nte - nte) - Rthnenth — YNy, (32)
dnyp, 2
dt =G - ﬁ,'adnenh - kthne (Nth - nth) - Rtenhnte — YNeNy, + Gupnth (33)
dnge
dt = ktene(Nte - nte) — Rienpnge (34)
dnyy,

T kinnn(Nen — nin) — Rennensn — Guphun (3.5)

where N;. is the density of electron traps and Ny, is the density of hole traps. n: and
nyp are the density of trapped electron and holes, k:. and k;j, are the trapping rates and
R;. and Ry, are the rates of recombination of a trapped carrier with its counterpart.
In a simplification of the model it is considered that release of a trapped carrier
only occurs when it recombines with a free carrier of opposite charge, considering this
is more likely to occur than thermal activation of the trapped carrier back to the CB
or VB. This means that, when including the two types of traps, part of the carriers
will be permanently trapped without a recombination channel available. To circumvent
that, it was considered an additional term for a trapped carrier to be released as a free

carrier, with a rate Gp. Based on the theoretical predictions presented in the previous
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Sections, electron trapping is associated with a lattice distortion, therefore one expects
lower rates for electron trapping and detrapping compared to holes. For the sake of
simplification of the model, it is considered that due to the lower energy barriers for
detrapping, only holes have a significant rate of release as a free carrier (Gy,).

Given the number of free parameters in this altered version of the model, finding
accurate values from experimental data is impractical. One can however simulate the
expected outcome using tentative values for the rates and densities that are similar to
the values found in fits of the simplified model. The PLQY as:

PLQY — npL _ Bradmemh
n n

(3.6)

where n is the excitation density and npy, is the total emitted photons, obtained by the

integrated radiative decay.
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Figure 3.14: Simulated PLQY for N > Ny, (dark blue) and Nie < Ny, (red), where Ny is the
density of electron traps and Ny, the density of hole traps. Dashed lines are obtained from a single
pulse calculation, while the solid lines are obtained after a 10 pulse accumulation.

Figure 3.14 shows the simulated PLQY as a function of excitation density, obtained
from Equation 3.6 and calculated from the carrier dynamics resulting from the Equa-
tions 3.2-3.5. The curve in red is simulated with a higher density of hole traps, while
the curve in blue is simulated with a higher density of electron traps. In the example

illustrated here, the excitation is pulsed, with a repetition rate of the laser of 250 kHz,
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which is similar to the conditions of most of the experimental data presented in this
Chapter. Given the long lifetimes of trapped carriers, the pulse pile up must be taken
into account, so the remaining populations at 4 us after the first pulse simulated are
used as initial conditions for the next pulse arrival. This results in a trap filling effect.
Dashed lines in Figure 3.14 represent the values obtained from a single pulse calculation,
while the solid lines are obtained after a 10 pulse accumulation. From the four curves,

it can be observed that:

1. The lower trapping rates of electron trapping defects make them a less efficient
recombination center than hole traps, resulting in a shift of the trap filling region

of the PLQY rise with excitation intensity.

2. The longer lifetimes of trapped carriers result in a slow trap filling under illumi-

nation, reducing the effective trap density.

Both of these effects result in lower non-radiative losses and higher radiative effi-
ciencies in the low excitation intensity regime, which is the relevant regime for solar cell
operation.

As the computational results presented in Section 3.1.1 are supported by the spec-
troscopic experiments, one interesting conclusion taken from it is that both electron and
hole traps considered in this model are interstitial halogens. The amphoteric nature of
these traps suggests that the fabrication conditions can favor the formation of either.
Thus, under oxidizing conditions, hole traps can be converted into less detrimental

electron traps, improving the efficiency of the semiconductor.

3.4 CHAPTER CONCLUSIONS

The results presented in this Chapter reveal fundamental properties of trap states
in lead halide perovskites. The agreement between optical spectroscopy measurements
with the computational studies provides a consistent framework for understanding of
defects activity in these semiconductors. The conclusions taken from the first-principle

calculations can be summarized in two points:

1. Interstitial halogen (I; or Br;) are the most relevant carrier trapping sites, and

can act as either electron or hole traps, depending on their oxidation state.
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2. Electron trapping is associated with a distortion of the lattice. This results in
an energy barrier for carrier trapping and detrapping and therefore low rates for

both processes.

The computational studies were supported by experimental data that demonstrate
the presence of long living electron traps in both MAPbI3 and MAPbBr3. The discovery
of emissive trap states in MAPDbBr3 is particularly important, as it allows to directly
probe the presence and dynamics of trapping sites. It also helps understanding the
mechanisms behind photoinstabilities commonly observed in the radiative efficiency of
the material.

Understanding these fundamental characteristics of the semiconductor is very
promising for device applications, as it provides an insight into potential
improvements of fabrication methods. The amphoteric nature of interstitial defects
and their capability of trapping electron or holes according to the oxidation state
implies that the formation of less detrimental trap states can be favored by controlling

the oxidizing conditions during and after the film fabrication.
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4

PHOTOINDUCED HEALING AND
FORMATION OF DEFECTS

This Chapter will focus on reversible photoinduced changes observed in
perovskite properties. In particular, these studies try to disentagle the
conflicting reports in literature regarding PL bahavior. PL quenching
has been observed from lead halide perovskite thin films of different
compositions as a result of a photoinduced trap formation in inert at-
mosphere. On the other hand, previous reports showed instead an en-
hancement of PL under illumination, and a self-healing mechanism was
proposed. These instabilities have been a challenge for reliable device
application and to the understanding of the material. This Chapter
investigates the factors that regulate these effects and possible mecha-
nisms, aiming to consolidate these conflicting reports. The contents of
this Chapter have been adapted from Motti et al. (2018).*

4.1 ION MIGRATION IN PEROVSKITES

One very clear example of photoinduced changes observed in perovskites is the case of

mixed halide compositions. It is well known that the band-gap of lead halide perovskites

*[97] Motti, S. G. et al. “Photoinduced formation, healing, and passivation of defects in lead halide
perovskites”. under review, (2018)
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can be tuned by varying the halide composition, covering the whole visible range. What
would be an interesting feature of the material to be applied in optoelectronic devices
is rendered impractical by the instability of the lattice. The sharp PL spectrum of the
mixed halide material is seen to split under illumination, giving rise to emissive subgap

101

states.”’* Hoke et al. reported that light soaking causes a splitting of X-ray diffraction

(XRD) peaks, suggesting segregation into two crystalline phases,®

one being bromine
rich and the other iodine rich. More recently, Barker et al. demonstrated that ion
segregation takes place via halide defects, resulting in iodide-rich low-band-gap regions
close to the illuminated surface of the film. The ion segregation is a result of higher ion

102,103

mobility under illumination, and driven by the strong gradient in photoexcita-

tion through the thickness of these films, which have strong absorption coefficients.!®*
The phase separation in these materials is reversible in dark, as iodine and bromide
intermix, driven by entropy, and return the system to a homogeneous condition with
the original intermediary band-gap. The formation of domains with distinct band-gaps
makes the mixed halide materials a good model for studying ion migration in metal
halide perovskites, but similar behavior can be observed in tribromide and triiodide

perovskites.

4.2 PHOTOINDUCED SLOW DYNAMICS

4.2.1 PL QUENCHING AND ENHANCEMENT

As discussed in section 1.3.3, the PLQY of metal halide perovskites increase with
increasing excitation density until Auger-like processes kick in at high excitation densi-
ties. Figure 4.1 shows the Relative PLQY of MAPbBr3, MAPbI3, and CsPbBrs, where
this expected behavior can be observed. However, when the curves are obtained in
forward (increasing excitation intensity) or reverse (decreasing excitation intensity) or-
der, the curves show hysteresis, with reduced PL efficiency after illumination. In direct
contradiction, an enhancement of PL under illumination has also been reported®”:#3:96
and a self-healing mechanism was proposed to explain it.”> These oppositely behaving
instabilities have been reported to be dependent on excitation intensity and defect

density,'%®

and both PL enhancement and quenching have been observed on the same
sample depending on light intensity.!%% These effects have been considered individually

but a comprehensive picture of the competing processes is yet to be reported. To

46



consolidate these conflicting observations, the factors that regulate these effects were

investigated.
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Figure 4.1: Relative PLQY curves of a (a) MAPbBrs, (b) MAPbl3 and (c) CsPbBrs polycrystalline
thin film taken in vacuum with increasing (solid lines) or decreasing (dashed lines) excitation
densities. Adapted from: [98]

In order to exclude the effects of oxygen and moisture on the instabilities,”® "8 all
measurements were performed under vacuum (pressure <1075 mbar, under constant
pumping). Figure 4.2a shows the integrated PL over time, at room temperature, of a
polycrystalline film of MAPbI;, excited with a modulated laser with fixed pulse width
of 200 ns and varying modulation frequency, i.e. the period (§) between one excitation
pulse and the other. The PL intensity was seen to vary over time, either being enhanced
or quenched. At low modulation frequencies, i.e. when § is long and the sample is in
dark for longer times, the PL signal grows. Increasing the time the sample is exposed
to light (at high frequencies), a quenching process becomes dominant. This indicates
that photoexcitation can lead to different photoinduced processes in perovskites, which
have opposite effects on the radiative efficiency. Therefore more detailed experiments
were performed to understand the processes in play and which factors regulate single

effects.

4.2.2 TEMPERATURE DEPENDENCE

Figure 4.2b shows the temporal evolution of the integrated PL intensity of a MAPDbI;
film measured over time after the start of illumination with CW light, which would
be analogous to a very high modulation frequency. Each curve was taken on a fresh
spot of the sample, at different temperatures. At 77K the PL appears to be stable,

but at slightly higher temperatures, the emission increased over time. At even higher

47



Q Q N

N N

Tu : Tu ] /,.

g 1 €

s s

£ 1 £ — 77K

o1 1 1 —— 137K

o a 1

o - ] —— 197K

%‘; ) —— 6=1ms ;}é 1 — 237K

= —+— 6=0.33ms 5 1 277K

9 6=0.1ms 9 —— 297K

(= =

= —— 6=0.033ms = —— 317K
. MAP|b|3 T T T T MAFblal T T T T T
0 25 50 75 100 125 0 20 40 60 80 100 120 140

Time (s) Time (s)

5 s |d]

[ N

5 Period 3 c B

£ £

= | o o] —— 77K

- ] p : - ] — 117K

% i — ‘?E g 157K

a —— 5=20mMS = a ] 197K

o —e— 6=2ms 9 —— 237K

= R = -

£ 1|MAPbBr, —— 6=02ms £ | MAPbBT, — 257K

T T T T T T T T T T T T T
0 25 50 75 100 125 0 20 40 60 80 100 120 140
Time (s) Time (s)

Figure 4.2: Integrated PL intensity over time under illumination (fluence ~0.5 pJ cm-2, excitation
density ~10*® cm™3) on fresh spots of polycrystalline films of MAPbI; (a) and MAPbBr; (c) with
increasing modulation frequency (decreasing period) of the excitation light. Pulse width was fixed
at 200 ns for MAPDbI3 and 10 ps for MAPbBr3; and Integrated PL over time of MAPDbI3 (b) and
MAPbBr3 (d) at different temperatures under cw excitation. Adapted from: [97]

temperatures, the enhancement is seen combined with a quenching of the PL emission,
which is dominant at room temperature and higher, in agreement with the data shown
in Figure 4.2a. Similar behavior was observed for MAPbBr; films, though with different
thresholds between PL quenching and enhancement (Figure 4.2c-d).

The temperature dependence of the PL behavior shown in Figure 4.2b,d is evi-
dence of the competition of two thermally activated processes that either enhance or
quench the PL emission. The larger contribution of quenching with increasing temper-
ature suggests higher activation energies compared to the enhancement process, and
the greater stability of MAPbI3 compared to MAPbBr3 at low temperatures suggests
higher activation energies for both processes in MAPbDI3.

To confirm this observation a qualitative model was developed to fit the temperature
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dependence of the PL instabilities as a sum of two components, one for a growth and one
for a decay, each of them varying in temperature with different activation energies. The

PL intensity over time for each temperature is fitted to the sum of the two components:

IpL(t) = Iy - PLq(t) + Iy - PLe(t) (4.1)

where [ is the initial intensity of PL emission when the sample is first exposed to light
and PLq(t) and PLe(t) are the quenching and enhancement of the PL intensity over
time, respectively. The individual components are described by stretched exponential

functions as:

PLq(t) =1-e" /)" 4 pg (4.2)

PLe(t) = Amp, - (1 — e~ /7)) 4 bg (4.3)

where 7, and 7. are the lifetimes and c is the stretching factor. Each curve of experi-
mental data is normalized by the initial intensity, so the amplitude of PLgq is fixed as
1 and the amplitude of PL,. is determined by Amp.. The term bg defines the lowest
value for the quenching decay. Since the maximum extent of these effects cannot be
measured, the parameters Amp,. and bg (that describe the maximum and minimum
changes in the PL intensity) are left as free parameters to be adjusted according to the
experimental data. The temperature dependence of the transients is obtained from the

Arrhenius equation:

kq,e = Aq,e : e_an'e/(kB“T) (44)

where ky . is the rate for each process, which relates to 7 as 7, = ﬁ kp is the
Boltzmann constant®, T is the temperature, Ag.c is the pre-exponential factor and
Eag . is the activation energy for each process. The set of experimental data for all
temperatures were globally fitted with Equation 4.4, which would provide the temper-
ature dependence of 7, .. Inside the fitting routine, the curves for each temperature are
fitted with Equation 4.1. Table 4.1 shows the fit parameters of A and Ea for MAPbI;
and MAPbBr3.

It’s worth highlighting that the activation energy values reported in Table 4.1 are

only rough estimates, since the fitting process involves many free parameters. Nonethe-

Tk 5=8.6173303-10"5¢V - K1
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Figure 4.3: Temperature dependence of the PL instabilities on a) MAPbIls and b) MAPbBr3.

Dashed lines are the experimental data from Figure 4.2b-d and the solid lines are fits of Equation
4.1.

Table 4.1: Global fit parameters used on Equation 4.4 for obtaining the values of 7, . for the curves
on Figure 4.3.

Aq Ae Eaq Eac

MAPbDI3 27.48 £ 0.350 8.497 + 0.044  0.191227 &£ 8.9e-05 eV 0.098742 + 8.8e-05 eV

MaPbBrs  27.88 £ 0.331 11.36 &£ 0.174  0.1837 £ 0.0013 eV 0.0823 £ 0.00038 eV

less, it reproduces the trend observed and it serves as a qualitative proof of concept of the
competition of the two thermally activated processes. It also demonstrates that the PL
quenching has higher activation energies than the PL enhancement, and that MAPbI3
has slightly higher activation energies for both processes compared to MAPbBrj.

4.2.3 GEOMETRY DEPENDENCE

Although one can observe dominant enhancement or quenching of PL at specific
conditions, the final effect is not always predictable, and different samples can show
opposite effects when submitted to the same parameters. To identify which other factors

affect these processes, the effect of the experiment geometry was also investigated.
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Figure 4.4: a) Integrated PL intensity over time of a MAPbIs film on glass. Excitation is performed
with symmetrical beams (560 nm, CW) of equal intensity impinging on both perovskite and glass
side of the sample. The beams are blocked and unblocked according to the illustration on top;
b) Same data of (a), but each section of the time trace is normalized to help visualization of the
variations over time; c) Photoexcitation profiles for the case of single- and double-sided illumination.
Adapted from: [97]

Figure 4.4a shows the integrated PL over time of a MAPbDI; film on glass, illuminated
with two collinear excitation beams of equal intensity on opposite sides. The film was
first illuminated with the two symmetrical beams on both the film and glass sides.
After observation of stable PL emission, one of the beams was blocked. The emission
from the remaining excitation beam is seen to quench over time. After unblocking
the second beam and restoring the symmetrical excitation, the PL intensity shows an
enhancement over time and partially recovers. Repeating the process when blocking
the opposite beam gives us to the same behavior. Figure 4.4b shows the same data with
each section normalized to exclude the large variations of signal intensity when blocking
and unblocking the beams and allowing for better visualization of the intensity changes

over time. This indicates a critical role of the illumination profile through the material.

The effect of the illumination profile could also be observed in the dependence of
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Figure 4.5: a) Absorption spectrum of MAPbI3 thin film and photoexcitation profiles when using
480 nm or 750 nm light (inset); b) Integrated PL over time obtained using excitation light of
different wavelengths. Adapted from: [97]

excitation wavelength. As shown in Figure 4.5a, the absorbance of a MAPbI3 film
increases significantly at shorter wavelengths, meaning shorter penetration depths and
a steeper illumination gradient (inset of Figure 4.5a). Figure 4.5b shows the integrated
PL from a MAPDI; film obtained using different excitation wavelengths. The photon
density over the illuminated area was kept constant, correcting for the different photon
energies, and each curve was taken on a fresh spot of the film. It was observed that the
PL quenching is favored at shorter wavelengths, while exciting the film closer to the

band-gap results in more stable PL.

4.3 DEFECT DIFFUSION

4.3.1 ELECTRONIC EFFECTS VS STRUCTURAL
TRANSFORMATIONS

54,88 it has been con-

Given the long lifetimes of trapped carriers in these materials,
sidered the role of trap-states filling. For investigating if trap-filling effects could result
in slow changes in the observed PL intensity the system of rate equations described in
Section 1.3.2 was used.

First the TA decays were fitted with a hole dynamics, since this model considers
only electron trapping, and the remaining population of free holes will reflect both the
radiative decay and the long timescale of trapped carrier relaxation to ground state.

The parameters obtained from the fits were used to simulate the steady state conditions
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from equations 1.6, 1.7 and 1.8.

The evolution of the carrier populations in time was obtained switching the gen-
eration rate on and off to simulate the modulated illumination. The PL intensity can
change over time because of pulse piling up and trap filling effects, but in the conditions
similar to the experiments performed in this work, these effects should reach a steady
state condition on a scale shorter than milliseconds. Several variations of the param-
eters above were tested in order to rule out that longer timescales could result from
different combinations of values, but in all the possible scenarios considered, stable PL
is established after no more than a second. Therefore it was concluded that the PL
instabilities observed in the scale of seconds to minutes are not related to electronic

effects.
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Figure 4.8: a) PL spectrum of a MAPbIs film during the quenching (100 kHz, 200 ns pulses), from
t=0 s (dark blue) to t=300 s (red) under illumination, and b) PL broadening and shift of center of
mass over time. Adapted from: [97]

When the spectrum of the emission was monitored during the PL quenching process
(Figure 4.8), it could be observed a slight but consistent broadening of the linewidths,
which may be consistent with a heating scenario. However, the PL position also slightly
red shifts (Figure 4.8), which is the opposite behavior from the usual temperature
dependence of this material,2%40:197 i e, the band-gap becomes larger as the temperature
increases. On the other hand, this is in agreement with an increasing density of trap

sites in the film, increasing the disorder in the lattice and density of subgap states.!?8
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4.3.2 MECHANISMS FOR DEFECT DIFFUSION-RELATED
ACTIVITY

Section 4.2 showed that the PL quenching is favored by high temperatures, an
illumination gradient through the thin film, and a sufficiently high repetition rate of
photoexcitation. Comparable observations have been made in mixed halide perovskites
of composition APbl(3_,)Br,. Barker et al.'% have demonstrated that phase segrega-
tion into iodine and bromine rich regions occurs as ions migrate via halide defects, and
that the ion migration is driven by the strong photoexcitation gradient through the
thickness of the films. Once returned to the dark, entropically driven intermixing of the
ions returns the system to a homogeneous condition. The effect of the photoexcitation
gradient suggests that the photoinduced trap formation that causes PL quenching is

associated to the ion migration through the film.

In collaboration with computational studies, a mechanism for these processes was
proposed. It’s known that MAPbI3 and MAPDbBrs have similar defect chemistry, with

5488 (as discussed in Chapter 3). These long

the presence of long living electron traps
lifetimes result in higher steady-state population of the trapped carrier, and it was con-
sidered that these filled traps can be reactive and trigger structural transformations,
explaining the photoinduced instabilities. Mosconi et al. proposed a photoinduced

5 i.e. a Frenkel pair formed by an

healing mechanism by Frenkel defect annihilation,”
iodide vacancy (V}) and an interstitial (I, ), recombines resulting in the healed crystal
lattice. The defects I and I; tend to aggregate forming a stable defect pair (Figure
4.9a. Electron trapping at I affects the stability of the pair and increases the distance
of I9/1; (Figure 4.9b, facilitiating the approximation of I; and V}' and their recombi-
nation. This process is entropically disfavored, with a small energy barrier (~0.1 eV)

related to the defect migration.

The PL quenching, on the other hand, could possibly be associated to a bimolecular
mechanism, boosted by increasing the density and/or mobility of reactive species, which
is consistent with the prevalence of PL quenching at higher temperatures and higher
excitation density. Considering again the long-living trapped electron at If , two filled

traps (I?) could react to form an I molecule:

2IY — I (4.5)

which has no energy barrier,!%? but requires the migration and encounter of I. This
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Figure 4.9: a) Optimized structure of the interacting I} /I7 defect pair (shaded green and blue
areas, respectively) and a distant V" defect (shaded red area). The formation of the I,—V] defects
in the presence of an interacting I} is endothermic by 0.55 eV. b) Electron trapped at I to form
19/17 defect pair (shaded orange and blue areas, respectively). The arrows indicate the direction
of 12 migration and 1;—V7 annihilation. The formation of the ;—V7 defects in the presence of a
neutral |9 is endothermic by 0.86 eV. c) Optimized structure of an unstable bulk > molecule (dark
red shaded area), which migrates to the perovskite (001) surface in d) to form a stable surface
bound I2 molecule (dark red shaded area). Binding of an lo molecule to the perovskite surface
(bulk) is exothermic (endothermic) by 0.48 (0.40) eV. Data provided by Dr. Daniele Meggiolaro
and Prof. Filippo de Angelis. Adapted from: [97]
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process competes with capture of a second electron at I9, but formation of I is possibly
favored. I, can be trapped as an unstable complex in the bulk (Figure 4.9c) or it
may reform the I /I, pair. In any case, it tends to migrate to the surface (or grain
boundary) where it is stable as surface-coordinated Iy (Figure 4.9d). The release of
I, from MAPbI; films under illumination has been previously detected.'®? The iodine
imbalance between surface and bulk (or iodine loss, if Is is allowed to escape) can
trigger a series of compensating reactions that disrupt the pristine lattice. This is
consistent with the wavelength dependence that indicates PL quenching is favored when

photoexcitation is concentrated close to the surface.

4.4 CHAPTER CONCLUSIONS

By monitoring PL fluctuations under systematic control of the experimental param-
eters, there could be identified two distinct processes behind the reversible instabilities
observed in lead halide perovskites. Excluding atmosphere related effects, it was re-
vealed that long range photoinduced ion motion favors the formation of non-radiative
recombination channels. On the other hand, at certain conditions in which the long-
range ionic motion is partially blocked, it is possible to observe photo-healing effects.

An important consequence of the role of photoexcitation gradients on these insta-
bilities is that the observations are highly dependent on the experiment parameters,
such as wavelength and repetition rate of excitation light, film thickness, spot size, and
temperature. This could explain some of the discrepancies found in literature. These
phenomena can alter the semiconductor properties, i.e., the carrier dynamics, trap den-
sity, PLQY and device efficiency, affecting the interpretation of optical measurements.
It’s important to consider the order in which data is acquired when varying the excita-
tion intensity and temperature, as there might be strong hysteretic effects. It can also
be suggested that previous light soaking should be considered to guarantee the sample
stability during the experiment and that uniform illumination (such as achieved with
large spot diameters and longer wavelengths close to the band-gap) should be preferred
in order to reduce ion migration.

In combination with first-principle calculations a model of photoinduced ion migra-
tion was proposed that can result in PL quenching or enhancement. The quenching
is associated with the formation of I, from two I° species. Thus it will be favored in

the presence of high trap density concentration and/or a high ionic mobility to increase

o7



the probability of a bimolecular encounter. The stabilization of coordinated I, at the
surface (or grain boundary) is a fundamental factor for the efficiency loss. Based on this
model, the key to avoid PL quenching and perovskite degradation is the passivation of
surface sites to which Is can bind to. These surface sites, even if not directly involved in
trapping/detrapping events, stabilize the formation of I, leading to iodine imbalance

in the bulk and stimulating the production of additional defects.

58



5

DEFECT PASSIVATION AND THE ROLE OF

ATMOSPHERE

Atmosphere has been known to have a strong impact on metal halide

perovskites. Defect passivation has been observed after the exposure
of thin films to air, however with detrimental effects over longer time
scales. This Chapter investigates the effects of atmosphere on per-
ovskite thin films and how it can inspire the development of new meth-
ods for surface treatment and encapsulation. Section 5.1 shows the
effect of oxygen and moisture on the PL efficiency and stability and
Section 5.2 demonstrates the application of polymer coating for im-
proved material stability and solar cell performance. The contents of
Section 5.1 have been adapted from Motti et al. (2016)* and Section
5.2 has been adapted from Kim et al. (2018).

5.1 ATMOSPHERIC EFFECTS

Promising semiconductors for photovoltaic applications are expected to have a good

resistence to the environmental conditions that solar panels need to withstand. Lead

*[98] Motti, S. G. et al. "Photoinduced Emissive Trap States in Lead Halide Perovskite Semicon-
ductors". ACS Energy Lett., 1, 4, pp. 726-730. (2016)

t[110] Kim, M., Motti, S., Sorrentino, R., and Petrozza, A. "Enhanced Solar Cells Stability by
Hygroscopic Polymer Passivation of Metal Halide Perovskite Thin Film". Energy Environ. Sci., DOI:
10.1039/C8EE01101J, (2018)
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halide perovskites unfortunately have low damage thresholds compared to silicon, for
example. Degradation of perovskite materials can be caused by moisture, oxygen, light,
and heat!!'1:112, The degradation mechanisms in which oxygen and moisture play impor-

tant roles”9:113-116

are usually considered as one of the main challenges to be overcome
for reliable device application. However, in shorter timescales, the exposure of the
material to air has also shown positive effects. In particular, it has been reported that
the PL intensity can increase up to three orders of magnitude when samples are exposed

76,77

to air . This section investigates the effects of oxygen and moisture on the defect

density and instabilities of lead halide perovskites.

5.1.1 DEFECT PASSIVATION IN THE PRESENCE OF OXYGEN

As discussed in Chapter 4, the relative PLQY of lead halide perovskites show a
hysteretic behavior when cycling back from high to low excitation density under vacuum.

When the experiment is performed in air, the observations are different.
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Figure 5.1: a) Relative PLQY curves of MAPbBr3 polycrystalline thin films in air (red) and active
vacuum (blue), taken with increasing (solid lines) or decreasing (dashed lines) excitation densities; b)
Time trace of integrated PL under illumination in vacuum and during air exposure; c) Transmission
(taken at 480 nm) and d-f) PL maps under N2 flow and air. Adapted from: [98]

Figure 5.1a shows the relative PLQY of MAPbBr3 thin films kept either in vacuum

or in ambient atmosphere. The solid lines show the data collected with increasing
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excitation density, while the dashed lines show the data collected on the same spot of
the sample with the excitation density varying back from high to low values. When
the experiment is performed in air, the relative intensity of PLQY was higher and the
a hysteretic behavior was strongly attenuated. To investigate the time scale in which
this changes occur, the steady-state PL intensity was monitored over time. Figure 5.2b
shows the evolution of the PL intensity, at a excitation density of 106 ecm™3, first
under active vacuum, just after the excitation beam is unblocked (t=0), then followed
by exposure to air. Under active vacuum, a quenching of the PL emission was observed
under illumination, such as discussed in Chapter 4. As soon as the sample is exposed
to air, substantial enhancement of PL emission was observed. The microscopy maps
shown in Figure 5.2c-f provide further visualization of this effect. Figure 5.1c shows the
transmission map of excitation light at 480 nm on a sample of isolated, micrometer sized,
MAPDBr;3 crystallites. Figure 5.1d shows the PL map under Ny flow, which shows very
low signal. When exposing the same sample to air, the crystallites gradually became
more luminescent, as shown in Figure 5.1e. It was also observed that this effect is
reversible, as shown by the quenched PL in Figure 5.2f, obtained when the sample was
brought back under Ny flow.

To understand these significant changes to steady-state PLQY, the recombination
dynamics were also investigated by time resolved PL and transient absorption (TA),
under different atmospheric and illumination conditions. Figure 5.2a shows the PL
decays of the integrated PL under active vacuum, from low to high excitation density.
As described in Chapter 4, when the experiment is performed from high to low fluences
(Figure 5.2b), a photoinduced increase of trap density is observed, which results in
shorter PL lifetimes. On the other hand, after the sample is exposed to air, the lifetimes
increase by over one order of magnitude (Figure 5.2¢). Measurements in air were taken
from the same spot on the sample, from high to low excitation density, after a few
minutes of stabilization under continuous illumination. The intensity dependence of
the dynamics measured in air recover the trend seen on a fresh spot of the sample as in
Figure 5.2a, showing the expected transition from trap-limited monomolecular decay to
bimolecular recombination with increasing excitation density, such as discussed in 1.3.2.
Furthermore, the observed dynamics in air become more stable and were not seen to
change depending on the order of measurement.

To investigate the dynamics of trapped carriers transient absorption (TA) measure-
ments, which is sensitive to both emissive and non-emissive species, were also performed.

Given the long time scales for recombination of free and trapped carriers in lead halide
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Figure 5.2: PL decays of MAPbBr3 thin film with increasing (a) and decreasing (b) excitation
density in vacuum, and (c) in air. d) Transient Absorption spectra of MAPbBr3 thin film, showing
a long subgap bleach (inset); ) TA dynamics at 530 nm in vacuum (blue) and air (red). Adapted
from: [98]

perovskites®®, the measurements were performed in the ns-jis regime.

Before the acquisition, the sample was stabilized in vacuum under illumination cor-
responding to an excitation density of 107 em~3. Figure 5.2d shows the TA spectra
obtained in vacuum. The positive peak at 525 nm can be assigned to the photo-bleach
(PB) that is induced by the population of photoexcited carriers at the edge of the
conduction or valence bands, thus its dynamics follow those of both the electrons and
holes. In the TA spectrum, the PB band is seen to extend as a weak tail to longer wave-
lengths (inset of Figure 5.2d) that corresponds to the filled trap states. The dynamics
of the band-edge PB, probed at 525 nm, (Figure 5.2e) shows an initial decay that is
completed in a few ns and a slow component extending over the experimental limit of
3 microseconds. Whilst the first component follows the carrier trapping dynamics as
well as the bimolecular radiative recombination dynamics, as seen in the PL decays, the
slow component can be assigned to the recombination dynamics of the trapped carrier

with the free carrier of opposite sign.
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Figure 5.3: PL decays of MAPblI3 thin film with increasing (a) and decreasing (b) excitation density
in vacuum, and (c) in air; d) PL decays of CsPbBrs thin film at different excitation densities under
vaccum (blue) or in air (red); e) Time trace of integrated PL of a CsPbBrs thin film under
illumination in vacuum and during air exposure. Adapted from: [98]

After exposure to air the fast component of the dynamics shows a longer lifetime
compared to vacuum, in agreement with the PL dynamics behavior, while the slow
component is quenched due to lower density of trapped carriers. These observations
provide further evidence of the passivation of trap states in air, and allows to estimate
a trapping time scale around few ns and a recombination time of trapped carriers of

the order of a few ps.

It’s worth highlighting that the passivation of trap states in air is observed not only
for MAPDbBr3, but also for MAPbI3 and CsPbBrj polycrystalline films as demonstrated

by the PL intensity and dynamics in vacuum and air, as shown in Figure 5.3.

The chemistry underlying these effects has not yet been completely explained. It

has been demonstrated that oxygen molecules can interact with the perovskite under
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illumination leading to the formation of superoxide anion integrated in the perovskite
lattice.”® 17119 Another possible mechanism for the passivation is the oxidation of
interstitial iodine as proposed by Meggiolaro et al.'% These mechanisms may explain
the interaction of oxygen with defects in the perovskite semiconductor and result in PL
enhancement, but are also associated with degradation processes that occur over longer

time scales.

5.1.2 THE EFFECT OF MOISTURE

To confirm that the PL enhancement described in Section 5.1.1 was related to the

presence of oxygen, the effects of exposure of the films to moisture were also investigated.

vacuum :

PL counts (a.u.)

0 10 20 30 40 50
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Figure 5.4: Integrated PL intensity of MAPbBrs after exposured to dry air (blue) and ambient
atmosphere with relative humidity ~40% (red). Adapted from: [98]

Figure 5.4 shows the integrated PL intensity of a MAPbBrs film over time. After
a few minutes of illumination in vacuum, the sample was exposode either to dry air
(purity grade 5.5, i.e. 99,9995%) or air from the room (red line), which had a relative
humidity around 40%. After exposure of the sample (at time = 0), PL enhancement
was observed in both cases, indicating that oxygen is probably the main active agent
in the passivation process. When the sample is exposed to moist air instead, a stronger
enhancement was observed, followed by a quenching of the PL over longer times.

Water absorption in the perovskite layer has been considered a major issue for device

114,116 - However

stability'!?, as the water molecules trigger the degradation process
Leguy et al. has demonstrated that the first stage of hydration of the crystal structure is

fully reversible!2°. Given the stronger enhancement of PL when the sample is exposed to
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moist air, it is possible that the hydration of the surface and grain boundaries contribute
to the enhancement at an early time, but is detrimental after exposure for longer than

a few minutes.

5.2 SURFACE TREATMENT AND

ENCAPSULATION

As discussed in the previous sections, oxygen and moisture can have either positive
or negative effects on perovskite carrier recombination efficiency. Understanding these
effects can help the development of surface treatments and encapsulation methods.
Interface engineering of perovskite surfaces by inserting a layer between the perovskite
and charge transport layers has been an option to improve device stability!2!:122, The
interfacial layers can either be semiconducting or insulating, as long as they are thin
enough to allow for charge tunneling. According to the choice of material, these in-
terlayers can not only protect the perovskite from degradation but also passivate the
interface, reducing undesirable losses by charge recombination through defects'?3.

The moisture related degradation mechanisms of perovskite films can be inhibited by
device encapsulation with hydrophobic barrier layers. However, to efficiently protect the
perovskite from water interaction, the hydrophobic barrier layer should providde com-
plete film coverage, and since the perovskite layer is hydrophilic, depositing a uniform
hydrophobic layer on top is likely to lead to the formation of rough films with pinholes.
Encapsulation with effective water barrier layers often require complicated processes or

124,125 " This Section studies perovskite films covered with low cost

expensive materials
insulating polymers and compare the benefits of hydrophilic and hydrophobic materials

on the semiconductor performance and stability.

5.2.1 HYGROSCOPIC VS HYDROPHOBIC POLYMER
ENCAPSULATION

A thin polymer layer was deposited over the perovskite film to improve the semicon-
ductor stability. Two polymers were compared: a hygroscopic polymer, polyethylene
oxide (PEO), which absorbs water before the perovskite layer and a hydrophobic poly-
mer, polystyrene (PS), which repels water molecules from the perovskite layer. The

degree of coverage of the polymer films on the perovskite surface (¢) depends on the
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concentration of the polymer precursor solution. ¢ was estimated by the chemical

surface composition obtained from X-Ray Photoelectron Spectroscopy (XPS).

Polystyrene {O\/\]\ _H Polyethylene oxide
E (PS) H 2 (Ps)

Aging (days)

Figure 5.5: Photographs of the MAPbI; films with and without PEO and PS passivation layer
processed from 10 mg/ml concentrations (¢ ~ 0.99) during exposure to a relative humidity of 88%
over 15 days. Photos taken by Dr. Min Kim. Adapted from [110].

Figure 5.5 shows the appearance of the perovskite films with and without polymer
layers after exposure to high humidity (88%) over 15 days. The bare perovskite film
gradually turned transparent over time due to the hydration of the lattice. The PS
covered film did not efficiently avoid this process, while the PEO covered perovskite
showed significantly higher stability.

Figure 5.6a shows the relative PLQY of MAPbI3 thin films as a function of fluence,
in the range between 1072 and 1 J-cm~2 (CW illumination, corresponding to photon
densities between ~10%0 - 1022 cm~3). To exclude the effect of oxygen and moisture,
the samples were kept and measured in vacuum. The solid lines show the data collected
with increasing excitation intensity, while the dashed lines show the data collected in
reverse order from high to lower intensities. In the case of bare perovskite film, it can
be observed the hysteresis of the curve (as was discussed in Chapter 4). The PS-capped
perovskite film also shows some PL hysteresis, though less pronounced than the bare

film. In agreement, when illuminating a fresh spot of the sample at a fluence of ~0.1
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Figure 5.6: a) Relative PLQY curves of MAPDbI; thin films without polymer passivation (dark blue),
covered with PS (light blue) and with PEO (red), taken with increasing (solid lines) or decreasing
(dashed lines) excitation densities; PL decays of MAPbI3 thin films a) without polymer passivation,
b) covered with PS and c) covered with PEO. Adapted from [110].

nJ-cm~2 (corresponding to the central point in the fluence range in Figure 5.6a) and
monitoring the integrated PL signal over time (Figure 5.6b), a quenching could be
observed for both samples, more pronounced on the bare MAPbI3 thin film. The PEO
coated sample showed a higher PL signal, indicating a decrease in density of defects in
the semiconductor and a reduced hysteresis, with a small positive hysteretic behavior.
When monitoring the integrated PL intensity at 0.1 pJ-cm~2 illumination, an enhance-
ment was observed. The enhancement of PL, as discussed in Chapter 4, is related
to a self-healing process and competes with the PL quenching. At room temperature

and CW illumination the dominant observation of PL enhancement suggests that the
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mechanism leading to PL quenching is blocked. Figure 5.6c-e shows the PL dynamics
of the MAPDI3 thin films with and without polymer coating. The film covered with
PEO shows longer lifetime with respect to the bare perovskite, which is consistent with
a decrease in trap density due to passivation of the surface defects. The film covered
with PS shows shorter lifetime than the bare perovskite, which, combined with the low
PL efficiency, suggests enhanced non-radiative recombination at the interface.

The nature of the interaction between perovskite and PEO has been investigated
with XPS measurements (work performed by Min Kim, see reference [110]), comparing
the core level scans of Pb4f of the films with and without polymer coating. While the PS-
coated film shows no difference from the pristine perovskite, the PEO-coated perovskite
exhibits additional peaks at lower binding energy that can be assigned to Pb-O. This
indicated that the O in the PEO molecule can bind to the perovskite undercoordinated
Pb on the surface. Although it has been argued that the halogen vacancies associated
with the undercoordinated Pb result in only shallow trap states,?>99%1 these sites can
play an important role in the degradation mechanisms due to their interaction with O9
and H,O.7%117-119 Considering a scenario of ion migration through defect sites, it can
be inferred that the passivation of such defects can limit the mobility of ions improving
the photo-stability. Furthermore, it was demonstrated in Chapter 4 that I3 can form in
MAPDI3 and it is stabilized at the surface. The PEQO layer can effectively passivate the
surface sites which Iy can bind to. This points out the important role of the surface in
the photoinstabilities and is consistent with the strong effect of surface treatment for

improving stability and performance.

5.2.2 POLYMER INTERLAYERS APPLIED IN SOLAR CELL
DEVICES

The passivating PEO layer has also a significant technological relevance as it allows
for the formation of high quality interlayer thin films which can be easily implemented
in perovskite solar cells.

The PEO interlayer was deposited between the perovskite active layer and the selec-
tive charge extracting layers, either on the bottom or on the top of the perovskite film,
or on both interfaces, as illustrated in Figure 5.7a. The devices were fabricated and
characterized by Dr. Min Kim. Figure 5.7b shows the current density voltage (J-V)
curves of MAPbDIj3 solar cells with and without PEO interlayers and Table 5.1 shows the

values of current density (Jg¢), open circuit voltage (Voc), power conversion efficiency
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Figure 5.7: a) Device architecture and b) Current density voltage (J-V) curves of MAPbI3 devices
with and without PEO interlayers; c) Voc over time from the device with top and bottom PEO
interlayer and the reference device, under one sun illumination. Devices fabricated and characterized
by Dr. Min Kim. Adapted from: [97]

(PCE) and fill factor.

Table 5.1: Photovoltaic parameters of MAPbIs devices with and without PEO interlayer [Devices
fabricated and characterized by Min Kim].

Scan direction Jsc (mA/cm?) Voo PCE (%) Fill Factor

Reference Backward 19.72 1.049 15.05 0.73
Forward 19.66 1.017 13.55 0.68
PEO Bottom Backward 19.70 1.097 16.14 0.75
Forward 19.64 1.082 14.46 0.68
PEO Top Backward 19.57 1.071  15.86 0.76
Forward 19.51 1.0564 14.47 0.70
PEO top/bottom  Backward 20.35 1.109 17.23 0.76
Forward 20.29 1.092 15.50 0.70

The increased Voe in the devices fabricated with PEO interlayers is evidence of
the surface passivation and reduced trap-assisted carrier recombination. Besides the
improved performance, the PEO interlayers also result in improved stability, as demon-
strated by the V¢ variations over time in Figure 5.7c. While the reference device shows
a decrease in Voo over a few minutes under constant illumination (in solar simulator,
at one sun intensity, i.e. 100 mW /cm?), the device made with PEO interlayers (top

and bottom) shows higher stability, and some enhancement of Vo over time, which is
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consistent with the observed instabilities in the radiative efficiency (Figure 5.6b).

5.3 CHAPTER CONCLUSIONS

Upon exposure to oxygen, the passivation of defects was observed, leading to a
substantial enhancement of the PL and longer carrier lifetimes. It is interesting to
note that the enhancement of the PL in oxygen happens even in samples exposed to
oxygen for a long time prior to the photo-excitation. This suggests a combination of
oxygen and photo-excitation is needed for effective defect passivation, which may be an
effect of defect deactivation occurring by the reaction of oxygen molecules with trapped
carriers. Some research groups have performed computational studies to investigate the
interaction of oxygen molecules with the perovskite lattice and proposed a few possible

79,118

mechanisms, such as the incorporation of superoxide or the oxidation of interstitial

iodine!?0,

Despite the drastic enhancement of radiative efficiency observed upon exposure of
the films to ambient atmosphere, oxygen and moisture can trigger degradation processes
over long timescales.

These effects of the environment on the behavior of perovskites can lead to the
development, of better encapsulation and surface treatment methods aiming for im-
proved device performance and stability. To demonstrate that, the semiconductor en-
capsulation was performed with either a hydrophilic or hydrophobic polymer layer. In
particular, applying PEO (a hydrophilic polymer) to coat the semiconductor film allows
for reproducible and high-quality deposition on the hydrophilic surface of perovskite.
Furthermore, the hygroscopic polymer slows down the perovskite hydration process,
preventing degradation. Spectroscopic studies demonstrated the chemical interaction
of PEO with undercoordinated Pb on the perovskite surface. Applying PEO as an
interlayer between the perovksite and the charge extaction layer in solar cell devices
improves semiconductor photo-stability and the device Voe. This study provides not
only a fundamental understanding of degradation mechanism of perovskite but also a

promising strategy to protect perovskite layer by using functional polymer layer.
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HOW FAR CAN WE GO? THE LIMITS

FOR RADIATIVE EFFICIENCY

Apart from competing trapping processes and surface losses, additional

factors influence the carrier recombination and limit the efficiency of
PL. The synthesis of colloidal nanocrystals (NCs) has been reported as
an interesting approach for obtaining highly emissive and defect free
perovskite crystals. This Chapter shows a dependence of the PLQY
on crystal size, where it’s observed that the larger crystals have lower
PLQY. The Raman spectra indicate stronger lattice strain in larger
crystals, suggesting a difference in the phonon distribution that could
affect carrier dynamics and could be related to intrinsic limits for lead
halide perovskite PLQY.

6.1 THE EFFICIENCY LIMITS FOR LEAD

HALIDE PEROVSKITES

According to the Shockley-Queisser model, the maximum power conversion efficiency
of a solar cell device depends on the semiconductor bandgap, and the fundamental
limit for of perovskites solar cells is 31%'%-17. For reaching such efficiency, however, the

following assumptions must be true:
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1. Internal conversion efficiency equals 100%: That is, every photon absorbed results

in one electron-hole pair.

2. Radiative efficiency equals 100%: That is, non-radiative recombination is negligi-
ble.

3. Photon recycling: if a photon is emitted by radiative recombination of an electron-

hole pair, it’s reabsorbed.

In a real solar cell device, it must be considered the losses from reflection, absorption
of multiple layers, parasitic resistence, and angular dependence. It is not in the scope
of this work to discuss all these factors. This Chapter focuses instead on the radiative
efficiency of the material.

The PLQY can be defined in terms of the radiative and non-radiative recombination

rates (krqq and k) as:

krad

100 (6.1)

which can be related to the measured PL lifetime (7) by:

PLQY (%) = —— - 100 (6.2)

Trad

where 7.4 is the radiative recombination lifetime (7,40 = 1/krad).

In practice, 100% PLQY is not very realistic, specially in solution processed mate-
rials with high density of defects. Also, according to Stokes’ law, part of the excitation
energy will always be converted into other forms of energy rather than a photon.®¢
In metal halide perovskites, the Stokes shift is very close to zero, meaning that after
thermalization of carriers to the band edge, little energy is dissipated as heat (con-
sidering exclusively radiative recombination). This overlap between absorption and
emission energies is also very beneficial for photon recycling. It is also one of the basic
requirements for lasing applications.

For reaching the maximum device efficiency, the non-radiative recombination chan-
nels in the semiconductor must be negligible (that is, k.qq >> ky,). The most com-
mon non-radiative recombination path is a trap-assisted mechanism, such as discussed

in Section 1.3.1. This includes very efficient surface recombination, that is mediated
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by dangling bonds and imperfections present at the grain boundaries and surfaces of
the thin film. Auger-like processes make up another non-radiative channel (as it was
briefly discussed in Section 1.1.5), which is specially effective at high carrier densities
or in confined structures. Alternatively, the system can relax by dissipating energy via
multi-phonon process. This relaxation mechanism is usually very unlikely without the
assistance of intra-gap states and without strong exciton/electron-phonon coupling.
The previous Chapters of this thesis presented a self-healing mechanism, atmosphere
passivation, surface treatment and the possibility to control the nature and the activity
of defects in lead halide perovskites. Although all these processes can enhance the
radiative efficiency of the material, PLQY values of 100% in polyscrystalline perovskite
thin films have not been reported to date. The colloidal synthesis of crystals as small
as a few nanometers is an interesting approach for obtaining highly emissive and nearly
defect free perovskite crystals, allowing for very bright emission over a wide range
of wavelengths, with PLQYs reaching over 90% and interesting technological applica-

tiong?-10:126-128

6.2 PEROVSKITE NANOCRYSTALS

Nanocrystals (NCs) have been previously fabricated from either hybrid organic-
inorganic or fully inorganic perovskites. The first colloidal synthesis of the fully inor-

ganic CsPbX3 NCs was reported by Protesescu et al.!??

, yielding monodisperse cubic
quantum dots and different compositions, where X is either Br, Cl, I or mixed Cl/I
and Br/I systems. A mixture of oleylamine and oleic acid in reaction medium stabilizes
the NCs in the colloidal suspension, and temperature control result in different sizes
and tunable emission. The values reported for the exciton Bohr radius were 7 nm for
CsPbBr3 and 12 nm for CsPbls,'? determining the size range that presents confine-
ment of the carrier wavefunction. Low temperatures will result in smaller crystals that
consequently show more blue-shifted emission. The band gap can also be tuned by
controlling nanoplatelets thickness'®® or by anion exchange between the crystals'3!,
Figure 6.1 shows PL spectra of cubic NCs (synthesized by Dr. Quinten Akkerman)
compared to a polycrystalline drop cast film with micrometer size crystallites. The
polycrystalline film has the center of emission is around 540 nm. The smaller crystals
show a blue shift due to weak quantum confinement. Figure 6.1b shows the PL dynamics

of the small (6 nm) and large (30 nm) NCs at two different excitation intensities. The PL
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Figure 6.1: a) PL spectra of CsPbBrs NCs of different sizes, compared to a drop cast film with
micrometer size crystallites; b) PL dynamics of small (6 nm) and large (30 nm) CsPbBr3 NCs at
50 nW and 50 uW of excitation intensity. PL lifetimes are Tgnm = 3.8ns and T3onm ~ 4.8ns.

lifetimes are shorter in the small crystals and not dependent on the excitation intensity
in both cases.

Figure 6.2a shows the PLQY of the NCs from Figure 6.1. The polycrystalline film
shows the trap filling behavior as discussed in Section 1.3.3, while the colloidal NCs
show no intensity dependence of the PLQY. A size dependence of the efficiency can
also be observed, with PLQY ranging from 80% to 20% with increasing NC size. The
first obvious effect of NC size would be the role of the surface, that increases relative
to the bulk volume with decreasing size. Surface losses would however result in the
opposite trend, with lower PLQY in smaller crystals. The high PLQY observed in the
NCs around 6 nm size is possible because the colloidal NCs are stabilized in suspension
by long ligands that passivate the dangling bonds of the surface. The lower values of
PLQY in larger NCs are therefore probably related to bulk properties.

Figure 6.1b shows the PL decays obtained from colloidal NCs of two different sizes,
where it can be observed shorter lifetimes for the smaller (6 nm, 7g,m ~ 3.8ns) NCs
compared to the larger (30 nm, T30, &~ 4.8ns) ones. Having the experimental values
for PLQY and 7, the radiative and non-radiative rates can be evaluated from Equations
6.1 and 6.1:

NCGan kpad = 2 - 10851 NCQOan kpad =~ 4 - 10751
kpr = 5-107s71 kpy ~ 2-108s71

The estimated values obtained for k,,q in the 6 nm NCs is about 5 times higher
with respect to the 30 nm NCs, while k,,, is 4 times higher for the 30 nm NCs. The
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reduced size of the NCs imply in higher exciton binding energy and possibly a high
radiative efficiency from excitonic states, although it has been suggested that even
in these colloidal crystals there is a predominance of free carriers.!>?> The enhanced
overlap of electron and hole wavefunctions result in higher radiative rates in NCs with
reduced size. The higher non-radiative rate in larger NCs could be the result of a higher
presence of defective crystals from the synthesis, decreased colloidal stability resulting
in aggregation and poor surface passivation of the ligands. Alternatively, it could be

related to more fundamental differences between the crystals.
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Figure 6.2: a) PLQY and of CsPbBr3s NCs of different sizes, compared to a drop cast film with
micrometer size crystallites; b) Raman spectra of the NCs of different sizes, compared to the
spectrum of a 30 um size crystal (inset).

Figure 6.2b shows the Raman spectra of the NCs of different sizes, compared to
a micrometer-sized crystal. The differences in the lineshape can be interpreted as in-
creasing lattice strain in the Pb-Br lattice!33. This observation is in agreement with
the relaxation of the lattice in 2D sheets of lead bromide perovskite, with increasing
strain in stacked layers, as reported by Dou et al.!3*

The size dependence on the lattice strain could result in different phonon distribu-
tions and possibly affect the carrier recombination dynamics.'® These effects, if present,
could be related to intrinsic limits to the radiative efficiency of lead halide perovskites.
Although not conclusive, these observations indicate some of the possibilities that lie

ahead in the investigation of metal halide perovskite semiconductors.
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CONCLUSIONS

To directly detect and identify defects in semiconductors is a very challenging task,
even when they are present in relatively high densities as is the case of solution processed
metal halide perovskites. Nonetheless, even a slight variation of defects in the lattice
can have a strong impact in performance and stability of the semiconductor. One of the
main tools used in this work is the photoluminescence efficiency and dynamics of the
material, that, as discussed in Section 1.3, are extremely sensitive to various factors,
including the presence of carrier trapping defects. Combining optical spectroscopy with
theoretical predictions, this work takes one step further towards the understanding of
the unusual defect properties of lead halide perovskites. The main conclusions of the

work presented in the previous Chapters are summarized below.

PHOTOINDUCED HEALING AND FORMATION OF
DEFECTS

The inconsistency in observations has been an inconvenience to the
research efforts involving lead halide perovskites, slowing down the un-
derstanding of its photophysics. The PL efficiency of thin films were
monitored and its behavior was recorded under varied illumination
conditions. When excluding atmospheric effects, it was revealed that
photoexcitation can promote ion migration, resulting in either healing
or formation of trapping sites, with opposite effects on the radiative
efficiency. A model that associates PL quenching to the formation

of surface-coordinated Iy was proposed, pointing out the crucial role of

7



the surface on the photoinstabilities. These results provide a consistent
framework which conciliates the various conflicting reports in literature
regarding the photoinstability in metal halide perovskites. Moreover,
it leads to a deeper understanding of the photophysical phenomena

related to defects activity.

THE EFFECTS OF ATMOSPHERE

The effects of defect passivation upon exposure to oxygen and the
detrimental effects of moisture over longer timescales have been demon-
strated. The high sensitivity of the thin films to the presence of oxy-
gen implies that the experiments are susceptible to variations in the
semiconductor behavior depending on the atmospheric conditions. The
effects of the atmosphere can also help in the development of surface
treatment and encapsulation methods that maintain the benefits of
defect passivation from short term exposure to air while protecting the

film from the long term degradation.

DEFECT PASSIVATION AND SURFACE TREATEMENT

An effective method for improving the stability of perovskite solar
cells was proposed, consisting of applying PEO, a hygroscopic poly-
mer, as an interlayer. The polymer layer protects the perovskite from
moisture degradation by retaining water molecules and also passivates
surface defects. This improves the semiconductor photostability and
the solar cell V,.. This provides valuable information concerning the
degradation of the perovskite layer and is also a promising strategy to

improve solar cell stability.

NATURE OF DEFECTS AND THEIR ROLE IN
RECOMBINATION DYNAMICS

Combining spectroscopic measurements with calculations, the main
carrier trapping sites were identified and it was revealed that they are

dominated by the halogen redox chemistry. It was shown that electron

traps have very low detrapping rates due to energy barriers associated
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with lattice distortions, and therefore can be filled under illumination,
significantly reducing the effective trap density. Our results also imply
that hole traps due to interstitial iodine can possibly be converted to
less detrimental electron traps by controlling the oxidizing conditions

during and after the film fabrication.
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