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1.1 Hybrid perovskites

The name perovskite identifies minerals with a crystal structure similar to the one
of calcium titanate CaTiOs. The name derives from the Russian mineralogist Lev
Perovski, and applies to all compounds with general crystal structure AMXs. A
particular subclass of these materials includes the hybrid perovskites, where A is
an organic cation, M a divalent transition metal and X a halide. The perovskites
studied in this work are based on lead (Pb?*), however hybrid perovskites with
Sn%*, Ge?*, Sb** and Bi** have also been reported.>* The structure of hybrid lead
halide perovskites consists in a lattice of corner sharing PbXs octahedra
intercalated with the organic cation A. In order to create stable 3D structure, the
cation A must fit in the cavity delimited by four adjacent lead halide octahedra.

This geometrical constrain can be expressed by the Goldschmidt tolerance factor®

¢ = TA+TX
V2(ry +1%)

Equation 1

Where r represents the ionic radii of A, X or M, as indicated. In lead halide
perovskites, a tolerance factor of 0.7 < t < 1.1 predicts stable structures, and this
applies to organic cations such as methylammonium (MA) and formamidinium
(FA). If a larger cation is used, the 3D lattice collapses into a two dimensional
structure characterized by the alternation of inorganic MX, sheets and organic
layers (Fig. 1).® The alternation of semiconducting metal-halide sheets and
insulating organic layers creates a quantum well structures with large energy
barriers between the conduction/valence band of adjacent inorganic component
and the LUMO/HOMO of the organic part. In this situations excitons are
localized in the inorganic sheets and their exciton binding energy increases up to

hundreds of meV."8
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Fig. 1 Schematic representation of a) 3D and b) 2D perovskite structures. ¢) Energy profile for a
2D perovskite structure.

The first studies on the application of perovskites as active materials for
electronic devices were conducted on the two dimensional perovskites, due to
their high exciton binding energy. Strong photo- and electroluminescence were
demonstrated, even if only at low temperatures.® 1° More recently, thanks to the
promising photovoltaic performances of MAPbIs,'t 12 several studies appeared
on the electroluminescent properties of the methylammonium lead halide
(MAPDbX;)*® family. 3D perovskite are appealing materials for optoelectronic

applications for the following characteristics:

- Simple tuning of the band gap energy (Ey).
The bottom of the conduction band of hybrid perovskite is mainly formed by
the p orbitals of the Pb atoms,** while the valence band maximum is mainly
composed by the p orbitals of the halide. Consequently the substitution of the
halide leads to a modulation of Eq that is enlarged with lighter halides,>
providing small bandgap materials (i.e. MAPbI3, Eq ~ 1.6 eV) suitable for
photovoltaic applications as well as large bandgap compounds (MAPDbBr3, Eg
~ 2.3 eV) appealing for light-emitting devices. Moreover, by mixing different

halides one can tune Egy over a wide spectral range (Fig. 2).

- Low exciton binding energy.
This feature implies spontaneous and efficient charge separation at room

temperature, highly desirable for photovoltaic applications. The binding
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energy can be increased by substitution of the halide or through

morphological modifications.

Large absorption coefficient.

The strong light absorption (o > 10° cm™?, Fig. 2), comparable to inorganic
semiconductors such as GaAs, permits to create large number of photo-
generated carriers, leading to high photocurrent generation with relatively

thin films."’

Long-range diffusion length and high carrier mobilities.
Highly desirable for maximizing the charge extraction/injection from/into a
perovskite thin film.

Inexpensive precursor materials and simple synthesis.

Methylammonium and lead halides are inexpensive compounds, which can
be easily processed by solution or vacuum techniques (details in the
following paragraph).

Wavelength (nm) s
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10f JMAPDI; (MA)PbBr, ) vt
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Fig. 2 a) Absorption coefficient of mixed MAPb(I5.xBry) thin film with increasing bromide content,
adapted from reference 18. b) Absorption coefficient of mixed MAPb(Brs.Cly) thin film with
increasing chloride content, adapted from reference 19.

As mentioned before, the perovskite morphology can induce relevant differences

irrespectively of the material stoichiometry. For example, it has been
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demonstrated that large MAPbI; crystals are characterized by excitonic states
which are absent in smaller grains.?’ This implies that the perovskite thin-film
deposition is an important step at the moment of preparing optoelectronic
devices, since different deposition techniques will lead to different morphologies
and properties. The most important deposition methods will be discussed in the

following section.

1.2 Deposition techniques

One of the advantages of hybrid perovskites, when compared to more traditional
semiconducting materials, is the possibility to use several simple deposition
techniques to form high quality perovskite films.22® However, different
deposition methods, as well as different substrates, can lead to diverse film
morphologies and properties? highlighting the importance of selecting the most
appropriate process depending on the desired application. The deposition
methods commonly used for the preparation of perovskite films can be divided
in two subclasses, the solution-based and the vacuum assisted techniques. Each

of them includes a variety of modified processes, which will be discussed below.

1.2.1 Solution-processing methods

Solution-based deposition techniques are the most widespread for the preparation
of perovskites films for both solar cells and light-emitting diodes (LEDs). These
methods are simple and potentially inexpensive, and can be implemented in roll-
to-roll fabrication, which is suitable for large area production. The precursors of
the perovskite are highly soluble in common solvent, such as dimethylformamide
(DMF), dimethyl sulfoxide (DMSO) or y-butyrolactone. Two main approaches
can be followed: a single step deposition or a sequential deposition route. In the
single step deposition (Fig. 3a), solutions of the organic and inorganic precursors
(usually in DMF or DMSQO), are deposited on a substrate by spin-,
meniscus/blade- or dip-coating. The crystallization of the film relies on the

evaporation of the solvent, which often requires a subsequent thermal treatment.
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Fig. 3 Scheme of solution-based deposition methods. One-step deposition a) without and b) with
anti-solvent dripping. Sequential deposition with intercalation of methylammonium through c)
spin-coating or d) dip-coating.

Since the film morphology influences the optoelectronic properties of the
perovskite, a careful control over the crystallization kinetics is essential.?®> The
use of solvents with high boiling point, as well as the change in the precursor
stoichiometry, can lead to substantial changes in the final film morphology.
Typically, volatile solvents lead to a fast drying of the layer and hence
crystallization in the form of small crystals. On the other hand, high boiling point
solvents leave more time for the nucleation centers to grow, resulting in larger
grains.?® 2 The wettability of the perovskite solution on the substrate is also
critical for the control of the crystallization process. Due to the polar nature of
the perovskite precursors and solvents, polar surfaces ensure a larger contact
angle and more compact and uniform layers. The substrate surface can be
activated by exposure to oxygen plasma or ozone treatments, as well as with a
simple pretreatment by spin coating with the perovskite solvent. An interesting
variation to control the crystallization kinetics during the spin-coating consists in

dripping a non-polar solvent on the forming perovskite layer in order to induce a
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rapid crystallization (Fig. 3b).?” The anti-solvent effect can be modulated by
changing its nature and the dripping time.?® In addition, a passivating agent can
be added in the non-polar solvent during the dripping step, helping passivation of
surface traps and enhancing the optical properties of the perovskites.?® An
alternative method is the sequential deposition,*® where the inorganic and organic
precursors are sequentially deposited to form the perovskite film. The lead halide
layer is spin coated and then converted to perovskite through the intercalation of
the organic molecules by spin- or dip-coating in a methylammonium solution
(Fig. 3c and d respectively).**® The process usually involves an annealing step
which promotes the organic cation intercalation and the perovskites formation.
This route leads to uniform and compact layers with improved photovoltaic and

electroluminescence properties.

1.2.2 Vacuum deposition

Physical vapor deposition methods are widely employed in the semiconductor
industry for the preparation of optoelectronic devices, and its use for the

formation of perovskite (3D and 2D) thin films have been also reported.®*

Vacuum deposition presents many advantages compared to solution processing

techniques:

- High purity of the precursors.
The sublimation at controlled temperature in high vacuum can separate

impurities with different volatility.

- Fine control of the layer thickness and stoichiometry
Using very sensitive quartz crystal microbalances (QCMs), the thickness of
the film can be monitored during the deposition with sub-nanometer
precision, and a mechanical shutter can be closed when the desired thickness
is reached. This allow to prepare devices in which the film thickness must be

extremely precise, like optical cavities and resonators. In addition the
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separate control of the precursor evaporation rates permits a fine control of

the stoichiometry and composition of the perovskite material.

- Additive technique.
Physical vapor deposition is intrinsically additive, which allows the design
of multilayer devices. Differently from solution deposition methods,
evaporation allows to form high quality perovskite films without the need to

employ orthogonal solvents.

- Compatible with a wide range of substrates.
If the deposition is carried out in stoichiometric conditions, no thermal
treatments are needed, allowing the preparation of films on sensitive

substrates such as plastics or textiles.

There are three main strategies to form perovskite layers through vacuum assisted
deposition: dual source vacuum deposition, flash evaporation and sequential
evaporation (Fig. 4). In the dual source deposition (Fig. 4a), the perovskite
precursors are placed in thermally controlled ceramic crucibles inside a high
vacuum chamber. The samples, protected by a mechanical shutter, are placed
above the thermal sources. The precursors are simultaneously heated to their
corresponding sublimation temperatures and condense on the substrates, forming
the perovskite layer. Dual source deposition has been used for both 2D and 3D
hybrid perovskites,® % demonstrating the flexibility of the method. The
stoichiometry can be finely tune by the control of the evaporation rates of the
single components,?? leading to the formation of compact and uniform films with
well-connected grains and smooth surfaces. Employing different halides

precursors, mixed anion perovskite can also be prepared.®’
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Fig. 4 Schematic representation of the a) dual source vacuum deposition, b) flash evaporation and
c) sequential evaporation methods

Flash evaporation (Fig. 4b) is a deposition methods where only one material
source is used. A pre-synthesized perovskite in the form of powders or thin film
is deposited on a metal foil and connected to two electrodes in a high vacuum
chamber. A high current is applied to the metal causing instantaneous (few
seconds) evaporation of the material that is transferred on the substrate
maintaining the initial stoichiometry and composition.*® This technique will be

discussed in details in chapter n.2.

The third vacuum-based approach is a sequential method in which the perovskite
is formed by subsequent deposition of the inorganic and organic precursors (Fig.
4c). Similarly to the sequential solution deposition, the as-deposited film is

usually annealed to ensure complete conversion of the precursors to perovskite.

Solution and vacuum-based deposition techniques can be combined in order to
obtain films with the desired thickness and morphology. Vacuum deposited lead
halide layers can be converted to perovskite by spin-coating of the organic
precursor solution, as well as solution deposited PbX; films can be exposed to

methylammonium vapors and converted to perovskite.? 40 4

There is no an ideal deposition technique for the preparation of perovskite thin-
films. Several factors (like the perovskite formulation, the desired film thickness
or the type of substrates or underlying layers) influence the choice of the most

suitable method. In this thesis flash evaporation (Chapter 2), dual-source
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evaporation (Chapter 3) and single-step spin-coating (Chapter 4), will be
employed, and the details of each process will be further discussed in the

corresponding chapters.

1.3 Working principles and figures of merit of solar cells

In a perovskite solar cell the perovskite film absorbs light, creating holes and
electrons pairs which separate and are selectively extracted by the hole and the
electron extraction materials and collected at the electrodes. Under photo-
excitation, bound-excitons or free carriers can be created, depending on the
coulombic interaction between electrons and holes (defined as the exciton
binding energy, Eg). Perovskites generally show low exciton binding energies
(comparable to the thermal energy at room temperature), resulting in the
formation of free electrons and holes after illumination. For efficient photovoltaic
applications the mobility of the photo-generated charges (un,p) should be high, in
order to ensure their extraction before their recombination. The mobility can be

expressed with the following equation:

€Tnyp

.un,p *
mn,p

Equation 2
Where e is the electron charge, m", , the effective mass of the charges and z,, the
carrier lifetime. Perovskites present low effective masses (0.1-0.15mo, with mg
the free electron mass)*that can be compared to those of GaAs and Si. The carrier
lifetimes are also long, in the order of hundreds of ns (like GaA, even if higher
values have been reported).®® In principle the combination of these parameters
should lead to high mobilities, however the experimentally determined mobilities
are relative modest,** 4 approximately two orders of magnitude lower compared
to inorganic semiconductors. It has been suggested that the carrier mobility is
limited by the scattering phenomena due to lattice vibrations or defects.*® While

defects could induce a trap density potentially detrimental for the device, the
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presence, nature and distribution of traps is still under investigation. It has been
shown that in polycrystalline MAPDI; both shallow and deep traps are present,*”
49 even though it remains difficult to assign a general density or profile of traps
in perovskites. In fact, the density and nature of the traps can be influenced by
several factors, like morphological changes or processing variations.

Representative values of these parameters are reported in Table 1.

) Trap density
Material M(em?V1st) | Tnp (us) | M*ap (Mo)
(cm)
CHsNHsPbls polycrystalline
-p yery 1-10 0.01-1 0.10-0.15 10151016
film
CHsNH3Pbls single crystal 24-105 0.5-1 — (1-3)x10%°
CHsNHzPbBrs polycrystalline
. 30 0.05-0.16 0.13 —
film
CHsNHsPbBrs single crystal 24-115 0.3-1 — (0.6-3)x10%°
Si 1450 1000 0.19 108-101°
GaAs 8000 0.01-1 0.063

Tab. 1 Values of mobility (), lifetime (z), effective mass (m”) and trap density of MAPbls, MAPbBT3,

Si and GaAs. Table adapted from reference 46.

The charge carrier recombination depends on several factors, but it has been
shown that under normal solar cell operating conditions, trap-assisted
recombination is the dominant recombination path.*® In planar solar cells (the
solar cell architecture that will be treated in this work) long electron and hole
diffusion lengths (the average length that charges can travel before recombining)
are highly desirable for the fabrication of efficient devices.***? Importantly, all
these parameters are strongly affected by the change in the morphology and by

the composition of the perovskite absorber.

The performances of solar cells are evaluated by measuring the J-V
characteristics of the cell under illumination with a calibrated light-source. The
current density can be described by the classical Schockley diodes equation

(Equation 3) accounting for the photo-generated current Ji, as expressed below:
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1=1o [exp (37) =1 -2

Equation 3

From the J-V curve, the figures of merit for a solar cells can be extracted:

- Short circuit current density (Jsc, mA cm?)
It is the current density at short circuit conditions (zero applied voltage). The
short circuit current can be described with the following expression:

Jse = q fo EQEpy (E) $ps(E) dE

Equation 4

Where EQEpy is the photovoltaic external quantum efficiency (the number
of extracted charges over the number of absorbed photons) and ¢awz s is the
photon flux hitting the devices. The short circuit current depends on a number
of factors not related with the active materials, like the incident light
spectrum and power or the device active area. The short circuit current
diminishes as the bandgap of the photoactive material increases, due to the

lower absorption of the solar spectrum.

- Open-circuit voltage (Voc, V)
It is the voltage at zero current, and it represents the maximum available

voltage from a solar cell. Its expression is presented below:

Voc = kq—Tln (]]s_oc)

Equation 5

The Voc inversely depends on the saturation current of the device, a constant
parameter which depends on the absorber and on the diode quality. In the

radiative limit, if non-radiative recombination is minimized (in favor of
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radiative recombination), the higher is the Voc (see Chapter 4). In contrast
with Jsc, the open circuit voltage increases as the bandgap of the material
increases, due to the increased potential energy of the photo-generated

carriers.

Fill factor (FF, %)

It is defined as the ratio of the maximum theoretical power from the solar cell
(maximum power point) and the product of Voc and Jsc. In a simpler way,
the fill factor measures the “squareness” of the J-V curve as the ratio of the
rectangle defined by Voc and Jsc, and the largest rectangle that fit inside the
IV curve (Fig. 5). The FF quantifies the efficiency of the transport and
extraction of the charges in a solar cell, hence is not influenced only by the
active material, but also by the device design and architecture.

Power conversion efficiency (PCE, %)
The efficiency of a solar cell is determined as the fraction of incident power

(Pin) which is converted to electricity, and can be expressed as:

FF-Voc ']sc_

PCE =
P;

100

Equation 6
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Fig. 5 Representative J-V curve under illumination for a perovskite solar cell.

A J-V scan measured in the dark is also useful, providing information about the
quality of the diode. Another important parameter in a solar cell is the external
guantum efficiency (EQEpv), defined as the ratio between the number of carriers
collected by the device and the number of absorbed photons at a given energy. In
an ideal cell, where no losses occur and all the absorbed photons are converted to
charges which are efficiently extracted, the EQE would be unity at energies equal
or higher than the material bandgap. In a real solar cell, the EQE is limited by

charge recombination, parasitic absorbance and reflection phenomena.

1.4 Working principles and figures of merits of organic light-emitting diodes

Organic light-emitting diodes (OLEDs) are multilayer devices in which a
luminescent material is sandwiched between organic semiconducting layers that
selectively inject electrons and holes in the active material. The recombination of
the injected charge carriers in the emissive material is the process of
electroluminescence. When positively and negatively doped semiconducting
materials are put in contact, a p-n junction is formed. Several models have been

used to describe the behavior of different junctions, however a specific model for
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hybrid perovskite diodes has not yet been developed. Perovskites are intermediate
materials between inorganic and organic semiconductors, showing features
belonging to both materials classes which limit the application of traditional
models used for inorganic semiconductors. An approximation of a perovskite
diode, as described by several authors, is the p-i-n junction, where perovskite acts

as intrinsic material in between oppositely doped regions.*

a) Thermal equilibrium (V=0) b) Forward bias (V>0) ¢) Reverse bias (V<0)

Fig. 6 Energy profile of a p-i-n junction with a) no voltage applied, b) forward voltage applied
and c) application of reverse voltage.

When the external electrode are short-circuited, the Fermi levels of the materials
align, and the potential (built-in potential, Vi) drops over the intrinsic region due
to the lack of charges (Fig. 6a). If a forward bias is applied (Fig. 6b), the current
density vs. voltage (J-V) characteristics are characterized by three regimes (Fig.
7). In the first regime only the leakage current (1), linearly dependent on the
voltage, is observed. When a small positive voltage, lower than the Vy;, is applied
to the diode, electrons and holes diffuse towards the intrinsic region attracted by
the opposite carriers concentration, creating the diffusion current regime (2). The
diffusion limited current shows exponential dependence on the voltage and can

be expressed by the classical Shockley diode equation

I =Jo lexp (27) = 1

Equation 7
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Where Jo is the saturation current, g the elemental electron charge, k the
Boltsmann’s constant, T the temperature and # the ideality factor. The latter is an
important parameter that contains information on the type of recombination
occurring in the device. If voltages higher than Vy; are applied, then electrons and
holes are injected in the active material, creating a drift current (3). In traditional
OLEDs the current in the drift regime is space-charged limited. The low mobility
of the organic materials translates in an accumulation of charges that limits the
current at high voltages. However the mobility of the perovskite is higher
compared to organic semiconductors, reducing the space charge limitation.
Finally, if a reverse bias is applied (Fig. 6¢), no current flows through the junction

and depletion of carriers occurs.

Leakage i Diffusion Drift

Log(Current density) (A/m?)

Voltage (V)

Fig. 7 Diode regimes in a forward current density-voltage curve.

Commonly used figures of merit for LEDs include:

- Luminance (cd/m?)
It represents the intensity (expressed in candelas) of light emitted by the
device per unit of surface in a given direction, and takes into account the

human eye sensitivity curve.
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- Current density (A/m?)

It corresponds to the electrical current per unit area of the device.

- Current efficiency (cd/A)
It is one of the way to express the efficiency of an OLED, as the ratio of the

luminance with the correspondent current density.

- Power efficiency (Im/W)
It is the ratio of luminous flux to power, hence it takes into account not only
the current density but also the applied voltage of the diode. One lumen is
defined as the luminous flux emitted by an isotropic source that emits 1

candela for each solid angle of 1 steradian (Lm=Cd*sr)

- External quantum efficiency (EQEgL, %)
This expression defines the number of emitted photons over the number of
injected electrons. A deeper insight of this figure of merit will be given in the

introduction of Chapter 4.

1.5 Device architectures

The first reports on the photovoltaic properties of hybrid perovskites were based
on a liquid-electrolyte dye-sensitized solar cell, where the molecular sensitizer
was substituted by MAPDbI; and MAPbBr; nanocrystals.> 5 In these pivotal
works, perovskites were placed on the surface of mesoporous TiO2, and only used
as light harvester, while the separation and transport of the charges relied on the
electron and hole transport materials (TiO, and the liquid electrolyte,
respectively). When the excellent charge transport properties of perovskite were
discovered, mesoscopic n-i-p junctions with perovskite were developed (Fig. 8a).
In this architecture, which is the most widely reported in literature, the perovskite
is deposited on a thick mesoporous metal oxide layer, acting at the same time as

absorber and holes transporter.®® * Later studies revealed how perovskites can
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efficiently transport both electrons and holes, leading to the development of
planar device architectures.!? In this configuration the perovskite not only photo-
generates charges, but also transports them to the corresponding transport layers,
that selectively extract holes and electrons.® The most representative structure is
a n-i-p planar architecture (Fig. 8b) where the front contact consists in a fluorine
doped tin oxide (FTO) film coated with a compact TiO, layer, and the hole
transport material (HTM) is an organic semiconductor (generally spiro-
OMeTAD). On a later stage, p-i-n planar structures were also developed (Fig.
8c), where the hole extraction occurs at the transparent conducting oxide (indium
tin oxide, ITO), usually coated with PEDOT:PSS (Poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate)), while the electron transport is
ensured by a layer of fullerene derivative. Being perovskite an ambipolar
semiconductor, mesoscopic p-i-n devices were also developed, in which the hole
transport relies on mesoporous NiO (Fig. 8d), and electron transport on
perovskites.5®

(a) n-i-p mesoscopic (b) n-i-p planar (c) p-i-n planar (d) p-i-n mesoscopic
| Mealanode  Metalanode Metal cathode Metal cathode
HTM ETM
ETM ETM HTM HTM
| Trensparentcathode  Transparentcathode Transparent anode Transparent anode
Glass Glass Glass Glass

Fig. 8 Classical architectures of perovskite solar cells and perovskite light-emitting devices.
Adapted from reference 59.

Perovskite light-emitting diodes (PeLED) are usually prepared in a planar
configuration, since the applied potential must result in a homogenous field
distribution through the device. The transport materials (especially the electron
transport material ETM) employed in PeLEDs are however different from the
ones used in solar cells. In the latter the photo-generated carriers have to be
extracted from the perovskite to the electrodes, with no energy barriers between

the perovskite conduction/valence band, and the lowest unoccupied/highest
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occupied molecular orbital (LUMO/HOMO) of the ETM/HTM. Finally, to
ensure efficient electron extraction, ohmic contact between the ETM and the

cathode must be insured (Fig. 9a).

a) Metal b)

cathode
n-
]

Metal
cathode

juaJled
§5d:10d3d

jualeds
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Fig. 9 Schematic flat band energy diagrams for a) perovskite solar cells and b) perovskite light-
emitting devices with p-i-n planar architecture.

In light-emitting diodes, instead, electrons and holes have to be injected and
confined in the perovskite layer. Low work function cathodes (such as Ba or Ca)
are used to inject electrons into the low energy LUMO of the ETM (Fig. 9b). The
electron transport material has also the role of hole blocking material, thanks to
the typically deep HOMO level. The use of low work function metals might affect
the device stability, requiring rigorous encapsulation. The preparation of inverted
n-i-p planar junctions,® & encouraged by the high efficiency of the corresponding
perovskite solar cells, can partially alleviate this stability issue relying on metal

oxide ETMs and high work function, stable metal anodes.
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1.6 Aim of the thesis

The aim of this thesis is to develop methods and materials suitable for the
applications of hybrid perovskite thin films in optoelectronic devices, such as
solar cells and light-emitting diodes. Emphasis will be given to the relationship
between the nature of the perovskite compounds, the processing methods, and the
optoelectronic properties of the materials. In particular, the work has been

structured as follows:

Develop perovskite solar cells from flash evaporation. — A simple vacuum
deposition technique is developed and applied to the fabrication of thin-film

solar cells.

- Develop diodes based on metal halide perovskites that can operate as efficient
solar cells and light-emitting diodes. — Dual-source evaporated perovskite
films are implemented in opto-electronic devices that will be tested as solar

cells and light emitting devices.

- Develop highly luminescent perovskite films. — A promising approach to
reduce the non-radiative recombination in hybrid perovskites is the synthesis
of nanoparticles. Here we attempt to increase the PLQY using a hybrid

approach.

Each chapter will consist in a broader introduction of the topic, followed by a
detailed description of the methodology used, and completed with a discussion

of the experimental data.
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Chapter 2.

Perovskite solar cells prepared by flash evaporation.
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2.1 Introduction

As mentioned in Chapter 1, initially three dimensional perovskites were
employed in dye sensitized solar cell, DSSC, in which MAPbI; and MAPbBr;
were used as TiO; sensitizers, showing conversion efficiency higher than 3%.>*
The MAPDI; strongly absorbs in the visible region, and its calculated bandgap
energy is 1.7 eV, while from optical characterization it results to be closer to 1.6
eV.%2 The energy mismatch is attributed to the presence of excitons.®® The
presence of excitons in MAPbIs is still object of debate, but many works have
reported very low exciton binding energies, e.g. below 50 meV®%% (with
minimum of 5 meV reported).®” This means that at room temperature all excitons
would be readily dissociated, and most photo-generated charges would be present
as free carriers. In addition, it has been shown that the morphology of the
perovskite strongly influences its excitonic character, which can be reduced
through dedicated synthesis.®® Together with low excitons binding energy, the
high absorption coefficient of MAPbI; (>10° cm™)® provides a high carrier
generation even with very thin films (< 500 nm). These characteristics make
MAPbDI; highly desirable for efficient photovoltaic devices. High quality
semiconducting perovskites can be easily synthesized through several methods,
in the form of polycrystalline films or single crystals.?* % © The ease of
fabrication has favored the adoption of lab-scale solution processing techniques,
which have yielded to the highest performing devices.”*” Vacuum physical
deposition have also been demonstrated for the preparation of perovskite films in
efficient photovoltaic applications.** ™ The potentially simplest method to
deposit perovskite film in vacuum is the single source evaporation, in which a
pre-formed perovskite is directly sublimed on the desired substrates. However,
since the precursors of hybrid perovskites have largely different evaporation
properties, a gradual increase of temperature would not be suitable. A more
appropriate technique is flash evaporation, first developed in the late 40’s for the
deposition of binary alloys with very precise metallic ratio.” ® Fine grains of

pre-formed compounds are continually fed into a thermal heater at temperature
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high enough to evaporate the least volatile component. In this way, each grain
evaporates rapidly and completely, and the vapor produced closely approximates
in composition that of the starting material. A variation of this method, single-
source thermal ablation, has been used to deposit hybrid layered, 2D
perovskites.”"® The material to be deposited (a pre-synthesized crystalline
perovskite powder) is placed on a metal heater and brought to vacuum, and then
a high current is passed through the heater causing the material to rapidly
evaporate and condense onto a substrate. This technique allows to simply
fabricate multi-layer structures of different organic—inorganic materials. In this
chapter the first demonstration of the implementation of this technique in the

preparation of photovoltaic devices is presented.

2.2 Materials and methods

Lead bromide (PbBr;, > 98% Sigma Aldrich), dimethylformamide (DMF,
anhydrous, 99.8 %, Sigma Aldrich), PEDOT:PSS (Clevios P VP Al4083),
poly(N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)benzidine) (polyTPD, American
Dye Source) (6,6)-phenyl C61-butyric acid methyl ester (PCBM, > 99%,
Solenne), are commercially available and were used without further purification.
Methylammonium iodide (CH3NHsl, MAI) was synthesized by the reaction of 30
mL of methylamine (40% in methanol, TCI) with 32.3 mL of hydroiodic acid (57
wt.% in water, Aldrich) in a 250 mL round-bottom flask at 0 °C for 2 h under
stirring. The precipitate was recovered by carefully removing the solvents at 50
°C in a rotary evaporator. The yellowish raw MAI was washed three times with
diethyl ether by stirring the solution for 30 min, and then finally recrystallized
from a mixture of diethyl ether and ethanol. After filtration, the solid was dried
at 60 °C in a vacuum oven for 24 h. A 50 wt.% perovskite precursor solution was
prepared by dissolving Pbl, and MAI in DMF, with a molar ratio Pbl,:MAI of
1:3. The perovskite solar cells were prepared as follow. 80 nm thick of

PEDOT:PSS was spin-coated onto the ITO and used as the hole injection layer
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(HIL). After annealing at 150 °C for 15 minutes, a 20 nm-thick polyTPD hole
transport layer (HTL) was deposited on top of PEDOT:PSS from chlorobenzene
(1 wt.%) and annealed at 180 °C for 30 s. The substrates were subsequently
transferred to the vacuum chamber where a 200 nm thick film of MAPbI; was
deposited by flash evaporation. The stack was completed by spin-coating a 80
nm-thick PCBM thin film and with the thermal vacuum deposition of a bilayer
cathode composed by Ba and Ag (10 and 100 nm, respectively). EQE
measurements of the solar cells were performed using a white light halogen lamp
in combination with band pass filters (MiniSun simulator by ECN, the
Netherlands). The device current density-voltage (J-V) characteristics were
measured using a Keithley 2400 source measure unit with and without
illumination. The light source was a 10500 solar simulator by Abet Technologies.
Before each measurement, the exact light intensity was adjusted using a

calibrated Si reference solar cell.

2.3 Discussion

The choice of the appropriate perovskite’s form (powder, crystals, film) to be
placed on the tantalum heating foil is of great importance in the flash evaporation
process. The sublimation occurs in few seconds through the application of a high
current through the heater. The rapid heating results in a strong temperature
gradient with the immediate production of gases at the contact between the
perovskite and the tantalum foil. This impedes a homogeneous heat distribution
through the perovskite, and may cause the above cold material to fall off the metal
boat, overall hindering the formation of high quality films. Hence, it is important
to have a uniform heat exchange between the tantalum foils and the perovskite to
ensure a fast and continuous evaporation. It has been observed that the best
control over the thickness and homogeneity of the final film can be obtained when

the metal heater is coated with a perovskite layer (Fig. 10a).
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Fig. 10 Representation of the meniscus coating process (a) and the evaporation chamber for the
flash evaporation (b).

Meniscus coating is a suitable technique for this purpose, since it allows to
deposit thick and homogeneous films with only a small volume of perovskite
precursor. For the coating, the tantalum foil (dimensions 70 x 15 x 0.05 mm) was
fixed to the base plate, and 80 puL of MAPDI; precursor solution were placed in
between the tantalum foil and a thin flat metal block using capillary effect to pin
the solution in place. The distance between the metal block on the tantalum foil
was 1.15 mm. By displacing the metal block (coating-head) at a speed of 80 mm
s1, the solution is uniformly spread on the metal, immediately forming a dark and
compact perovskite layer. This is possible because during the deposition the
tantalum foil is heated at 80 °C. Once the perovskite film is formed (i.e. the layer
changes its color from yellow to dark brown), it was further annealed at 125 °C
for 5 minutes in order to remove the excess solvent. The perovskite-coated
tantalum foil was subsequently clamped in between two electrodes connected to
a high current source in a high vacuum chamber (Fig. 10b). After positioning the
substrates on the dedicate holders mounted at a vertical distance of 10 cm from
the evaporation source, the evaporation chamber was evacuated to a pressure of
10 mbar. Then, a large current (approximately 90 A) is passed through the
tantalum foil, causing the instantaneous evaporation of the MAPDI; that
condensates on the desired substrate. During the heating process the chamber is
isolated from the vacuum pump. The final film thickness is directly proportional

to the amount of perovskite initially deposited on the metal heater (250 nm in
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these conditions, Fig. 11a). The layers formed with this process are characterized
by a uniform and homogenous surface, as revealed by atomic force microscopy
(AFM, Fig. 11b). The film presents a flat surface with a root mean square (RMS)
roughness of 17.6 nm, calculated over an area of 25 pm?. The X-ray diffraction
of the evaporated film confirms the presence of the tetragonal MAPbI; phase,
characterized by the signals at 14.1°, 28.4° and 31.8° (Fig. 11c). Also the optical
absorption (Fig. 11d) of the evaporated films presents the expected features of
MAPDI;, with a steep absorption onset starting at 760-800 nm, consistent with
the material band gap (about 1.6 eV).
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Fig. 11 a) Correlation between Ta foil loading and evaporated film thickness. b) AFM, ¢) XRD
and d) absorption of flash evaporated MAPI film.

These results demonstrate how flash evaporation allows the formation of highly
crystalline perovskite films, with a uniform and smooth surface which is strongly
desirable for the preparation of thin films solar cells. After optimization of the
perovskite flash deposition, photovoltaic devices were prepared as described in
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the experimental section. MAPDI; was deposited on top of polyTPD, which
selectively extract holes to the ITO contact. The devices were finished with
PCBM and Ba/Ag, and were tested in an inert environment under 1 sun

illumination. The characterization is reported in Fig. 12.
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Fig. 12 a) Photovoltaic external quantum efficiency, b) current density versus voltage in the dark
and c) current density versus voltage under illumination of the flash evaporated perovskite solar
cell. The table reports the figure of merit of the solar cell.

The external quantum efficiency spectrum represents the fraction of the extracted
charges over the incident photons at different wavelengths. In these devices it
shows a sharp increase at 800 nm (Fig. 12a), in good agreement with the
absorption onset observed in the absorbance spectrum. As the MAPbI3 strongly
absorbs in the visible spectrum, the corresponding EQE is as high as 73% (at 570
nm and 420 nm). In Fig. 12a the dark J-V characteristics of the cell is reported.
The device shows good diode behavior, with low leakage current which confirms
the good quality of the flash evaporated perovskite films. A small hysteresis in
the J-V curve, which is likely to be due to a charge accumulation at one of the

two contact interfaces, can be observed. Under illumination, the hysteresis is
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again very limited, as commonly observed in vacuum deposited perovskite solar
cells. The short circuit current density is high, especially considering the rather
thin perovskite absorber (200 nm). The high open circuit voltage is also indicative
of very low recombination within the device. The fill factor reflects a good charge
extraction in the solar cell, leading to a remarkable power conversion efficiency
of 12.2%.

2.4 Conclusions

In this chapter the preparation of efficient perovskites solar cells by flash
evaporation has been reported. The development of a suitable protocol to apply
the perovskite material on the metal heater is of great importance for the
preparation of homogenous and compact perovskite films, a requirement for the
fabrication of thin film devices. Meniscus coating of the tantalum foil provides
uniform perovskite layers that are fully transferred on the substrates by
application of high current. The perovskite solar cells prepared by this technique
show good photovoltaic performances. The possibility to deposit the perovskite
on every surface allowed the use of an electron blocking layer able to reduce the
charge recombination, increasing the power conversion efficiency. This
perovskite deposition method and its application to perovskite photovoltaics has

been recently patented.
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A simple vacuum deposition method for the preparation of high
quality hybrid organic—inorganic methylammonium lead iodide
perovskite thin films is reported. When sandwiched in between

g harge t rting layers, such films lead to solar cells

with a power conversion efficiency of 12.2%.

Organic-inorganic (hybrid) halide perovskites consisting of
aliphatic or aromatic ammonium cations and divalent metals
have been the focus of several studies due to their interesting
optoelectronic properties, high charge mobility and ease of
deposition even through solution-based methods.’” More
recently, three dimensional hybrid perovskites have been suc-
cessfully emploved as light harvesters in thin film solar cells.**
Thanks to a large scientific effort by a number of research
groups, the device performance has seen a spectacular rise and,
in only five years, a record power conversion efficiency (PCE) as
high as 20.1% has been reported.”* Early studies focused
mainly on the optimization of the solar cell architecture
through interface engineering, Le. choice of proper hole trans-
port materials (HTMs),"""*"® and electron transport materials
(ETMs)*'*17'% Most recent investigations, however, have
demonstrated that the control over the perovskite crystal-
lization plays a main role in the achievement of high PCE
devices."™*" Homogeneous perovskite films with large crystal
size are desirable since they would allow to increase the layer
thickness, thus inecreasing the sunlight absorption, without
hindering the charge transport and collection. Many different
strategies have been proposed so far for the solution-processing
of hybrid perovskites.*'** Besides the deeper understanding
on the structure-properties relation in methylammonium lead
halide perovskite cells, these studies also highlighted the
complexity and interplay of parameters involved in the solution
deposition of such materials. Taking into account that perov-
skite solar cells are potential candidate for complementing
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Perovskite solar cells prepared by
flash evaporation

Giulia Longo, Lidéon Gil-Escrig, Maarten J. Degen, Michele Sessolo and

silicon or copper indium gallium selenide (CIGS) cells in
tandem devices, the development of a reliable and thin-film
compatible deposition technique is a primary task. Within this
perspective, dual source vapour deposition has been proposed
as an attractive alternative in the preparation of CH;NH;PbI;
thin films for photovoltaics.™® Perovskites layers were
obtained by simultaneous controlled co-evaporation of the lead
halide (either PbCl, or Pbl;) and the methylammonium iodide
CH3;NH,I [MAI) in high vacuum chambers. Such vapour-
deposited films are very flat and homogeneous and, when
employed in solar cells architecture, lead to PCEs as high as
16.5%." Co-evaporation enables a fine control over the stoi-
chiometry and thickness of the perovskite films, and takes
advantage of the intrinsic high purity of sublimated com-
pounds. Moreover, the technique allows for the preparation
of multi-layer stacks, and is fully compatible with standard
semiconductor processing. On the other side, the process is
relatively time-consuming and it requires accurate periodical
calibrations to properly control the deposition rate and pre-
cursors ratio. An alternative physical method for the deposition
of compound semiconductors is flash evaporation.”®** The
material to be deposited is placed on a metal heater and
brought to vacuum, and then a large current is passed through
the heater causing the material to rapidly evaporate and con-
dense onto a substrate. Layered, 2D perovskite metal halide
doped with aliphatic or aromatic ammonium cations were
deposited with this method, resulting in optically active, poly-
crystalline thin films.*® The desired hybrid film is formed at
temperatures high enough for the inorganic compound to
evaporate, without causing the decomposition of the organic
component.®'

In this communication, we report the flash evaporation of
3D organic-inorganic hybrid perovskites and their use in
efficient, planar photovoltaic devices. We show that uniform
and smooth polycrystalline CHy;NH,Pbl; thin films of the
desired thickness can be obtained by careful tuning of the
deposition parameters. The as-deposited material was charac-
terized by optical and morphological methods, revealing a high

This jourmal is & The Royal Society of Chernisiry 2015



Open Access Article, Published on 25 March 2015, Downloaded on 19404/ 2017 14:30:37,

| This article is licensed under a Creative Commaons Attribution 3.0 Unported Licence,

Communication

degree of homogeneity as well as a low surface roughness,
which is desirable for its implementation into optoelectronic
devices. The photovoltaic properties of flash evaporated
CH3;NH;Pbl; thin films were evaluated in planar heterojunction
solar cells employing organic charge transport layers. High PCE
up to 12% were obtained, demonstrating the potential of flash
evaporation as an alternative method for the production of
efficient perovskite solar cells. While the flash evaporation
technique allows for the deposition of hybrid perovskite films
even from their powders as the precursor, we found that a
better control over the thickness and homogeneity of the final
layer is obtained if the metal heater is coated with the material
to be deposited.

The MAI was synthetized according to a previously pub-
lished method** and dried at 60 °C in vacuum for 24 hours.
A 50 wt% perovskite precursor solution is prepared by dis-
solving Pbl, (Sigma Aldrich) and MAI in DMF, with a molar
ratio Pbl,:MAI of about 1:3. The solution is subsequently
deposited onto the metal heater (a tantalum foil of 70 x 15 x
0.05 mm) by meniscus coating (Fig. 1a).™ The layer is created
by placing 80 pl of precursor solution under the metal blade
(1.2 mm high) and by spreading it over the tantalum foil at a
speed of 80 mm s~'. During deposition the foil is heated at
80 °C and once the perovskite layer forms (ie. the layer turns
from yellow to dark brown, Fig. 1b), it is heated at 125 °C for
5 minutes in order to remove the excess solvent. The tantalum
foil is subsequently transferred into a high vacuum chamber
and clamped in between two electrodes connected to a high
current source (Fig. 1c). The substrates to be coated are placed
on a sample holder mounted at a vertical distance of 10 em
from the evaporation source. After establishing a stationary
vacuum of approximately 0.1 mbar, a large current (approxi-
mately 30 A) is passed through the tantalum foil, causing
the complete and virtually instantaneous evaporation of the
CH3;NH;3Pbl;. The resulting film thickness is controlled by the
amount of perovskite initially deposited on the metal heater.
The grazing incident X-ray diffraction (GIXRD) pattern of an
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Fig.1 Process flow for the deposition of hybrid arganic=inorganic perovekite
thin films via flash evaporation. (a) The precursor solution is spread onto a
tantalum foil via meniscus coating and (b} annealed to obtain a polycrystalline
CH:MNH:Pbls film. The coated tantalum sheet is then transferred to a vacuum
chamber (¢} where the hybrid perovehite i evaporated onto the desired
substrate.
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(a)

Fig. 2 (al GIXRD pattern and [b) AFM topography of a CHzNHzPbiz thin
film deposited by flash evaporation.

as-deposited 200 nm thick film is reported in Fig. 2a. The
spectrum suggests a high degree of erystallinity, with the peaks
at 14.1°, 28.4° and 31.8° confirming the formation of the
tetragonal structure of the MAPbI; perovskite. The surface
topography of the film was also investigated by atomic force
microscopy (AFM, Fig. 2b). The film shows homogenous aggre-
gation and is relatively flat, with a root mean square [RMS)
roughness, calculated over an area of 25 pm®, of 17.6 nm. These
data demonstrate that a 3D hybrid organic-inorganic perov-
skite can be evaporated and reassembled onto a desired sub-
strate with a high degree of crystallinity and homogeneous
morphology. These characteristics are of particular interest for
optoelectronic applications such as thin film photovoltaic
devices. Single junction solar cell were prepared by integration
of the perovskite films in a multilayer stack of organic semi-
conducting layers. Indium tin oxide (ITO) coated glass slides
were used as bottom transparent electrode.

An 80 nm thick of poly{3,4-ethylenedioxythiophene) doped
with poly(styrenesulfonate) (PEDOT:PSS, Heraeus Clevios™ P
VP Al 4083) was spin-coated onto the ITO and used as the hole
injection layer (HIL). After annealing it at 150 °C for 15 minutes,
a 20 nm thick poly(N,N"-bis(4-butylphenyl}:N.N"-bis(phenyljbenzidine)
(polyTPD) HTL was deposited on top from chlorobenzene
(1 wt%) and annealed at 180 °C for 30 s. The polymer stack
was subsequently transferred to the vacuum chamber and a
200 nm thick film of MAPbI, perovskite was deposited by flash
evaporation. The stack was completed by spin-coating an 80 nm
thick (6,6)-phenyl Cg,-butyric acid methyl ester (PCEM) thin
film and with the thermal vacuum deposition of a bilayer
cathode composed of Ba and Ag (10 and 100 nm, respectively).
The device characterization was performed in a nitrogen glove
box, using a mini-sun simulator designed by ECN and calibrated
with a Si reference cell. The device EQE as well as the perovskite
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allows for a straight-forward preparation of multi-layer structures
of different organic-inorganic materials, which are foreseen as
the big challenge in hybrid perovskite devices. Moreover, the
simplicity of the process is particularly suited for the prepara-
tion of tandem solar cells, where the perovskite device could be
used as a top transparent device in silicon or CIGS photovoltaic
modules.

Notes and references
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Fig. 3 (a) EQE (symbols) and aptical absorption (line) in the UV-visible
region for a planar perovckite solar cell and its active layer, respectively,
deposited by flash evaporation. (b) J=V curve in forward (FWD) and
reverse (REV.) bias for a device under illumination with the structure
ITO/PEDOT:PES/poly TPD/MAPEI5/PCBM/BajAg. The scan rate in both bias
direction was 0.1V s~L

film UV-visible absorption spectrum are reported in Fig. 3a.
The optical absorption shows the typical profile of the MAPbI;
perovskite, with a broad absorption over the whole visible spectrum
and onset at about 800 nm, corresponding to an optical band gap
of 1.55 eV. The EQE rises at the same wavelength, reaching a
maximum value of 73% in the green (570 nm) and in the blue (420~
450 nm) region of the spectrum. The current density-voltage ( J-V)
characteristic of the solar cell is reported in Fig. 3b. The -V curve is
almost independent on the scan direction, in contrary to what often
observed for solution-processed perovskite devices. The short-
circuit current density [ fs.-), open-circuit voltage (V) and fill factor
(FF) for a typical device, are 18.0 mA cm™, 1.07 V and 68%,
respectively, leading to a remarkable power conversion efficiency of
12.2%. This result is of great importance for the future develop-
ment of photovoltaic devices based on hybrid organic-inorganic
perovskite materials, especially in view of their integration with
existing thin film photovoltaic technologies. The deposition process
is scalable, additive and extremely fast (in the order of few seconds),
which is desirable for the implementation of this materials in
industrial applications.

In summary, 3D methylammonium lead iodide perovskites
have been prepared by flash evaporation. Homogeneous and
highly crystalline thin films can be obtained with unique
control over the material composition and film thickness.
The as-deposited films have been tested in planar solar cells
employing organic charge transport layers, demonstrating
power conversion efficiencies exceeding 12%. This method
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3.1 Introduction

Solar cells and light-emitting diodes are complementary devices, transforming
photons into electrons or vice versa. Importantly, the electronic transitions that
control the radiative recombination are also responsible for the absorption
process. At short circuit, the driving force for charge separation is high allowing
most of the photo-generated charges to escape the absorber layer and flow into
the external circuit. On the other hand, at open circuit voltage no current can flow,
implying that all the generated carriers must eventually recombine. Hence the
best solar cell should operate in the radiative limit, where the absorbed photon
flux equals the emitted flux, under open circuit conditions.®® In other words, the
radiative recombination, which involves energy states related to the absorption,
should be the only recombination process occurring in the device, since non-
radiative recombination paths would reduce the Voc and limit the solar cell
efficiency. This optical reciprocity has been shown to apply for many
photovoltaic systems (inorganic solar cells,®! dye sensitized solar cells,® organic
solar cells®®) and including perovskites.® 8 The reciprocity relation allows to
predict the photo-voltage by measuring the external quantum efficiency for EL
(EQEkeL), which is therefore an additional figure of merit to evaluate the
performance of perovskite solar cells. In addition, the development of devices
that can act both as solar cells and light-emitting diodes would be appealing for
the design of innovative technologies, like smart windows behaving as energy
converters during the day and as light-emitting sources during the night. In this
chapter, a MAPDI; solar cell will be characterized as a LED, simply by
monitoring the current density and electroluminescence intensity in forward bias.
In light-emitting devices, the current driving method can exhibit a big influence
over the electroluminescence efficiency.® Usually organic light-emitting diodes
are characterized by the application of a voltage (or a constant current), and by
measuring the electroluminescence intensity. However, the application of high
currents can damage the emitting materials, reducing the overall efficiency. A

possible solution is the use of a pulsed driving mode. This driving method
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combines the application of very high currents in the “ON” part of the pulse with
a release of the heat excess during the “OFF” part of the pulse. Hence it allows
to increase the current density and hence the electroluminescence intensity

without damaging the active layer.

In this chapter a multifunctional device showing both efficient photovoltaic
performance and good electroluminescence is presented. The active layer
consists of a perovskite film prepared by dual source vacuum deposition, and
both continuous and pulsed driving modes will be employed for the evaluation of

the electroluminescence.

3.2 Materials and methods

Lead iodide (Pblz, > 98% Sigma Aldrich), methylammonium iodide (Dyesol),
PEDOT:PSS (Clevios P VP AI4083), poly(N,N’-bis(4-butylphenyl)-N,N’-
bis(phenyl)benzidine) (polyTPD, American Dye Source) (6,6)-phenyl C61-
butyric acid methyl ester (PCBM, > 99%, Solenne), are commercially available
products and were used without further purification. PEDOT:PSS was spin
coated on top of clean ITO substrates resulting in a 80 nm thick layer, annealed
at 120 °C for 15 minutes. On top of this layer a thin film of polyTPD was
deposited from a chlorobenzene solution using a meniscus coater at a coating
speed of 2.5 mm s™. Subsequently the substrates were transferred to a vacuum
chamber integrated into a nitrogen filled glovebox and evacuated to a pressure of
1 x 107 mbar. Temperature controlled evaporation sources filled with ceramic
crucibles were employed to sublime the CHsNHsl and the Pbl,. Co-evaporation
of the methylammonium and lead iodides was performed heating the crucibles at
90 °C and 250 °C, respectively. The thickness of the perovskite film was
monitored using a quartz sensor in the vicinity of the substrate holder. The
chlorobenzene solution of PCBM was meniscus coated on top of the perovskite
film at a coating speed of 10 mm s in ambient conditions. The device was

completed by the thermal evaporation of the top metal electrode (10 nm Ba
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followed by 100 nm Ag) under a base pressure of 2 x 10°® mbar. The thickness
of the films was determined with an Ambios XP-1 profilometer. The devices were
then encapsulated with a glass coverslip using a UV-curable epoxy sealant
(Ossila E131 Encapsulation Epoxy), with 5 minutes of UV exposure. GIXRD
measurements were performed at room temperature in the 20 range 5-50° on an
Empyrean PAN-analytical powder diffractometer, using Cu Kol radiation.
Pawley refinements were performed using the TOPAS software and revealed an
excellent fit to a one-phase model with a tetragonal cell (a = 8.80(2) A, ¢ =
12.57(2) A) and space group l4/mcm. Simulation of the crystal structure of
CHsNH3Pbl; perovskite was performed using as starting model the isostructural
Sn analogue (CCDC ref. code: ZZZBWS02) modifying the cell parameters to
those obtained in the Pawley refinement. Characterization of the photovoltaic
performance was obtained using two methods. EQE measurements were
performed using a white light halogen lamp in combination with bandpass filters
(MiniSun simulator by ECN, the Netherlands). Current density-voltage (J-V)
characteristics were measured using a Keithley 2400 source measure unit with
and without illumination. The light source was a 10500 solar simulator by Abet
Technologies. Before each measurement, the light intensity was adjusted using a
calibrated Si solar cell. Current density and electroluminescence were measured
by using a Keithley 2400 source meter and a photodiode coupled to the Keithley
6485 pico-amperometer calibrated. The irradiance and EQE were determined
using an integrated sphere coupled to an UDT instruments S370 Optometer. An
Avantes luminance spectrometer was used to measure the electroluminescent
spectrum. The pulsed current driving was controlled using a Test System
designed by BoTEST (Botest OLT OLED Lifetime-Test System). Transient
luminance signals were obtained by applying a pulsed current and measuring the
photocurrent generated by a photometry-precision Si-photodiode (Hamamatsu
ST3368BK) coupled to a four channel Tektronix Oscilloscope (TDS2024B).
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3.3 Discussion

In order to design a solar cell that can also behave as a light-emitting diode, some
modifications to the device architecture should be performed. In Chapter 1 the p-
i-n planar solar cell structure was presented. The front contact is composed by an
ITO transparent electrode coated with a hole injection layer (PEDOT:PSS), while
the top electron transport material is a fullerene derivative capped with a high
work-function metal. The latter interface, however, is characterized by a large
energy barrier between the Au work function and the LUMO of the fullerene,
hindering an efficient electron injection in the diode. For this reason, a low work
function cathode formed by a thin layer of barium capped with silver is used in
this work, ensuring both good extraction and injection of electrons. In addition,
an electron blocking layer (polyTPD) was added to the structure, in order to
confine the electrons in the perovskite layers increasing the electroluminescence
efficiency. Meniscus coating was employed to deposit the polyTPD and the
PCBM layer to ensure high quality pin-hole free films.2” The device architecture

and the flat band energy diagram are presented in Fig. 13.
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Fig. 13 a) Schematic representation of the device architecture and of b) the flat band energy
diagram of the materials employed in the device.

In order to analyze the crystallinity and the optical features of the evaporated
perovskite, thin films (with the same thickness as employed in the solar cell, 320
nm) were deposited on glass. In Fig. 14 the X-ray diffractogram and the

absorption spectrum of the film are reported.
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Fig. 14 X-Ray diffraction pattern (left) and absorption spectrum (right) of the evaporated MAPbI3
films.

The obtained diffraction pattern reveals a tetragonal structure and space group
14/mcm. The characteristic peaks of MAPDI; positioned at 14.2°, 28.4° and 31.9°
are clearly discernable in the diffractogram, and no signals from Pbl, (especially
the peak at 12.7°) are visible, confirming the high crystallinity and the full
conversion to the perovskite phase obtained by dual-source evaporation. The
Scherrer equation revealed an average crystal size of 35 nm, in accordance with
other MAPDI; films prepared with the same technique.®” The rather sharp
absorption onset positioned at 760 nm, also confirms the MAPbI; formation. The
lack of excitonic features in the absorption is due to the small size of the crystal
grains, as described by Grancini et al.,* % in agreement with the crystallites

average size estimated by the diffraction pattern.

The device will be operated both as solar cells and as light-emitting diodes. First

the photovoltaic performance will be discussed.
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Fig. 15 a) Photovoltaic external quantum efficiency and b) current density versus voltage of the
solar cell under illumination. In the inset, the figures of merits are reported. ¢) Current density
versus voltage of the device in the dark. d) Statistics of the power conversion efficiency for different
solar cells.

The external quantum efficiency (Fig. 15a) is high in the visible region of the
spectrum, reaching a maximum of 90% at 570 nm. The current density-voltage
characteristics under 1 sun illumination revealed high short circuit current density
and open circuit voltage, indicating that the majority of the charge carriers
recombine radiatively. The best performing cell presents a short circuit current of
18.5 mA cm?, an open circuit voltage of 1.08 V and a high fill factor
(characteristic of the evaporated perovskite solar cells), resulting in a power
conversion efficiency of 12.8 %. The spread of the performances over several
cells (Fig. 15d) is narrow, confirming the reliability of the device stack used here.
The good quality of the diode is also confirmed by the dark J-V curve (Fig. 15c),

which presents low leakage current and well defined diode working regimes.

Following the photovoltaic characterization, the same device configuration was

tested as a light-emitting diode. Under the application of a forward voltage bias
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beyond the build-in potential, the current density passing through the device and
the electroluminescence (irradiance) of the perovskite was registered. In Fig 16

the corresponding measurements are presented.
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Fig. 16 a) Current density (solid line) and irradiance (symbols) versus applied bias for the
perovskite diode. b) Electroluminescence spectrum of the same device.

The current density-voltage scan shows the classical diode behavior,
characterized by a very low leakage current (index of the high quality film
without large defects or pinholes). The current starts to rise due to charge
diffusion, until charges are injected and drift current dominates. As the carrier
injection begins, the irradiance of the devices rapidly rises reaching 84 pW cm™
at 2.5 V, with the electroluminescence spectrum centered at 765 nm, in agreement
with the perovskite bandgap. Even if intense electroluminescence is obtained at
the low applied voltage, which is indicative of the good charge transport through
the device, the maximum EQEg, is 0.014 %, in agreement with previous results®
but consistently lower compared to other infrared LEDs.28 8 Unlike in many
OLEDs, the EQEg. of perovskite LEDs is directly proportional to the current
density. A similar behavior was observed for the photoluminescence quantum
yield of perovskites at increasing excitation intensity.*® This phenomenon can be
explained with the filling of the traps (otherwise quenching the radiative
recombination) as the excitation intensity is increased. A similar behavior was
observed for the MAPbI; films presented in this work, which do not show any

photoluminescence signal when excited with a low intensity source.
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Photoluminescence signals could only be detected from these films when they
were excited by a continuous wave laser. This suggests that the presence of trap
states could also limit the electroluminescence output. While measuring at high
current density might result in a further increase of the EQEg, it can also be
detrimental for the devices, due to the generated heat that can damage MAPDI;.
As mentioned before, an alternative that allows the application of high currents
without heating up the diode is the use of a pulsed driving mode. In this work a
periodic squared waveform was used, with duty cycles of 50% and frequency of
100 Hz, corresponding to a current pulse of 5 ms alternated with equivalent off
cycles that permit the release of the generated heat to the substrate that operates
as a heat sink (Fig. 17a). The irradiance was measured in an integrated sphere
with a Si-photodiode coupled to an oscilloscope. The irradiance (Fig. 17b) was
estimated integrating the emitted photons over a period of 100 ms. Up to a current
density of 375 mA cm? the devices were operated in DC, beyond that the current

was applied as a squared waveform.
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Fig. 17 a) Detail of the luminance (red curve) and the current density (black curve) when the
device is operating in pulsed driving mode. b) Irradiance versus current density for a dc- and pulsed
current driving mode.

Average current densities up to 1150 mA cm, (corresponding to 2300 mA cm
in the peak) were applied, obtaining average irradiance up to 330 pW cm™. This
maximum average value corresponds to a peak irradiance of 770 pW cm?, with

a rising time of approximatively 4 ms, as depicted in Fig. 17a.
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Fig. 18 a) External quantum efficiency versus current densities for DC- and pulsed driving mode.
b) Distribution of the electroluminescence quantum efficiency of the different cells

Importantly, the average EQEe. calculated over several devices is 0.03%, twice
as high than the efficiency obtained in DC driving mode. This result confirms
that the dependence of the radiative efficiency on the excitation density is an
intrinsic property of MAPbDIs, since it can be observed bot in photo- and
electroluminescence. It also implies that the design rules adopted in OLEDs must
be modified taking into account the non-excitonic character of luminescence in

these materials.

3.4 Conclusions

In conclusion it has been shown that perovskites, traditionally applied to
photovoltaics, have also potential as light-emitting materials. The
electroluminescence of the MAPbI; was clearly observed at moderate applied
bias, and it increased for increasing current densities. This behavior is opposite
compared to what observed for OLEDs, due to the different photophysics of
perovskites and organic emitters. In OLEDs the emission is governed by exciton
recombination, which is reduced at high current densities due to exciton-exciton
annihilation. Whereas in the here studied perovskites emission occurs by free
carrier recombination in a direct band-to-band process. In this situation a high

current density results in trap filling with the consequent enhancement of the
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electroluminescence. In this chapter has been showed how, if a pulsed current
driving mode is used, higher currents can be applied without degrading the active

material, leading to a substantial increase of the external quantum efficiency.
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Planar diode structures employing hybrid organic-inorganic methyl-
ammonium lead iodide perovskites lead to multifunctional devices
exhibiting both a high photovoltaic efficiency and good electro-
luminescence. The electrolumil ence gly improves at higher
current density applied using a pulsed driving method.

Hybrid organic-inorganic methylammonium lead iodide perovskites
(CH;NH;Pbl;) have recently been used to prepare very efficient
solar cells."™" Previously, these materials have been used to
prepare light-emitting diodes (LEDs).'">" Electroluminescence
was first shown at very low temperatures,'* and later by incor-
porating an organic emitter also at room temperature.'* These
devices, however, were not obtained with the same material used
in recent efficient solar cells, fe. the methylammonium lead
iodide which adopts the 3D perovskite structure. The LEDs were
fabricated using 2D layered lead iodide and chloride perovskites
containing longer alkylammonium salts. Recently, it was demon-
strated that also the 3D CH;NH,Pbl; perovskite exhibits strong
photoluminescence quantum yield (PLQY) up to 70% at high
excitation intensity,'” and were incorporated into LEDs.*® Hence,
this opens up the possibility to prepare a multi-functional device
that shows simultaneously efficient photocurrent generation
and electroluminescence.'” Such devices were shown previously,
albeit with rather low photovoltaic efficiency (<1%)."""

Two main types of architectures for CH3;NH;Pbl; based photo-
voltaic devices have been demonstrated so far, either using
mesoporous metal oxide scaffolds or planar structures.>**' In
the latter either a metal oxide or an organic hole blocking layer is
employed, resulting in the transparent bottom electrode being the
electron or hole collector, respectively. Recently, we showed a
device architecture in which the perovskite layer is sandwiched in
between an organic hole and electron blocking layer leading to
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photovoltaic efficiencies close to 15%.>** Such a structure is
frequently used in organic light-emitting diodes (OLEDs) to con-
fine electrons and holes in the light-emitting layer.* In a similar
device layout and using CH;NH;PbBr; perovskite nanoparticles
bright green electroluminescence was observed.* Thin films
based on these perovskite nanoparticles exhibited PLQY's above
20% at low excitation intensity. Therefore, the planar architecture
with the hole and electron blocking layers is also expected to lead
to efficient light-emission in view of the high PLQY's observed
in thin films of CH;NH,Pbl,. However, a high work function
electrode, Au, was used in the solar cell configuration. Even
though it works well to extract electrons, it is not ideal for their
injection into to the lowest unoccupied molecular orbital (LUMO)
of the electron transporting layer. Therefore, we have adapted the
architecture by employing a thicker electron transporting-hole
blocking layer and a low workfunction top electrode. Using this
architecture the device exhibits simultaneously a high photovol-
taic efficiency and good electroluminescence.

The device layout is shown in Fig. 1a and consists of a 80 nm
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonic acid)
(PEDOT:PSS) layer and a thin layer (20 nm) of poly[N,N'-bis(4-
butylphenyl}-N,N'-bis(phenyl|benzidine] (polyTPD) as the electron
blocking layer. On top of this, the CH3;NH;Pbl; was thermally
evaporated to a thickness of 320 nm, using a protocol described
previously,” followed by a hole blocking layer of [6,6]-phenyl
Cg-butyric acid methylester (PCBM) (100 nm).*” The device was
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Fig. 1 (a) Device layout. (b) Simulated and experimental grazing incidence
X-ray diffraction [GIXRD) pattern for a CH3NH:Pbls perovskite thin film.
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Fig. 2 (a) Typical IPCE spectrum for the solar cells. (b} J-V curves in the
dark (gray line) and under 1 sun illurination using forward and reverse scan
directions (black and red line, respectively).

completed by the evaporation of a Ba (10 nm) top electrode covered
with Ag (100 nm). Both the polyTPD and the PCBM layers were
deposited using a meniscus coating process to ensure high quality
films.*® The Xeray diffraction pattern of the CH;NH;Pbl; layer is
shown in Fig. 1b demonstrating a good match with the calculated
one and ensuring the formation of the perovskite structure.

First, the photovoltaic effect of these devices was examined. The
incident photon to electron conversion efficiency (IPCE, Fig. 2a)
was determined as a function of wavelength and the current density
versus voltage characteristics (/-V, Fig. 2b) were determined in
dark and under 1 sun illumination. The key performance data are
similar to those obtained previously for similar devices yet with an
Au top (electron collecting) electrode.™* The spread of performances
for a series of devices is depicted in Fig. 51 (ESIT).

In the next step we used this same device configuration and
evaluated the radiative recombination (emission) and the current
density versus applied voltage of various devices. A sensitive
Si-photodiode coupled to an integrating sphere was used to
obtain the irradiance of the device. The emission spectrum is
shown in Fig. 3, with a maximum at 765 nm. The irradiance rapidly
increases around an applied voltage of 0.9 V and reaches values
of 84 pW em™ at 2.5 V (Fig. 3). The low voltage required for
electroluminescence is indicative of very good charge transport
properties in this device stack. The J-V curves (Fig. 3) shows the
typical diode characteristics with a sharp current rise related to the
diffusion current. A flat-band or build-in potential (Vi) of 1 V was
estimated with the deviation from the diffusion limited regime.*
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Fig. 3 Current density (line} and radiance (open triangles) versus applied
voltage. Inset: electroluminescence (EL) spectrum (solid line) emitted by
the device and photoluminescence (PL) spectrum (open circles) recorded
using a 405 nm CW laser as the excitation source.

This implies that the open circuit voltage V. is slightly above the V.
Yet, the S-shape curve which is frequently observed in such cases for
organic photovoltaic devices, is here not seen.* Apparently, in these
perovskite devices the diffusion current is sufficiently high.

The external quantum efficiency (EQEg, ) of the device reaches
a maximum of approximately 0.04% (Fig. 52, ESIT). This is similar
to the EQEy, previously reported by us for the devices using a gold
top electrode (0.012%).* The spread of performances of the
EQEy, for different devices is shown in Fig. 3 (ESIf). Such
efficiencies are approximately 2 orders of magnitude lower than
the most efficient thin film near infrared emitting devices.”*!
The PLQY of a similar perovskite material, the so-called mixed
halogen perovskites CH;NH;Pbl;_,Cl,, is strongly dependent on
the excitation intensity in the range from 25 to 2000 mW em™2."°
In our devices the CH;NH;Pbl; is prepared from only the iodide
precursors and we were unable to detect a photoluminescence
signal using a quantum yield measurement system (C9920-02,
Hamamatsu Photonics) with a Xe lamp as the excitation source
and a multichannel spectrometer (Hamamatsu PMA-11) as the
optical detector. Using the same setup for a film containing
CH;NH;PbBr; perovskite nanoparticles we observed a PLQY of
23%.** Only when the CH;NH;Pbl; is excited with a CW laser
(at 405 nm) a photoluminescence signal could be observed.* In
the multifunctional device employing CH;NH;Pbl; the electro-
luminescence increases with increasing current density (Fig. 4a).
Holes and electrons are confined to the perovskite layer due to the
efficient electron and hole blocking materials adjacent to it. This
therefore leads to a strong increase in excitons formation and thus
electroluminescence in that layer. Hence, a similar behavior as
was observed for the CH;NH,;Pbl;_,Cl, perovskite might take
place. In order to increase the excitation intensity, the devices
were driven with pulsed current using a periodic square wave-
form, with duty cycle of 50% at a frequency of 100 Hz. This allows
for much higher current densities while avoiding rapid degrada-
tion as the device is allowed to relax (dissipate excess heat) in the
off state. Average current densities up to 1150 mA em ™ (Fig. 4a),
corresponding to 2300 mA em™ in the on phase of the pulse
(Fig. 4b), were obtained. The resulting irradiance increases steadily,
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Fig. 4 (a} Irradiance versus current density for a de- (symbols) and a pulsed
current-driven (line and symbols) device. Two regimes define the different
operation modes: up to a current density of 375 mA cm™ the device was
operated in dc mode, beyond that the current was applied as a square
waveform, with a duty cycle of 50% at a frequency of 100 Hz. (b) Detail of
the irradiance when the device is operated in the pulsed current mode.

exceeding 330 yW cm™? at the maximum current density. The
radiance meter integrates the emitted photons over a period of
100 ms and as such records the average emission. Hence, the
light output was also measured using a Si-photodiode coupled to
an oscilloscope enabling the visualization of the on—off cycles in
correspondence to the applied current pulses (Fig. 4b). Intense
electroluminescence up to 770 pW em ™ is reached in the pulse
peak with a rising time (time to reach 90% of the maximum
signal) of approximately 4 ms. This slow response can be ascribed
either to a low exciton formation rate or to a slow depletion of the
exciton quenching sites, or both.

In summary, a simple thin film device consisting of a hybrid
organic-inorganic perovskite as the absorbing and emitting
layer, sandwiched in between organic electron and hole blocking
layers, can be used to efficiently generate electricity and light
depending on the operation conditions. The photovoltaic power
conversion efficiency of 12.8% is among the highest recorded for
similar thin film devices. The electroluminescence observed
when driving the device in pulsed current mode reaches inter-
esting values and the external quantum yield is only two orders
of magnitude below the best performing near infrared planar
LED. This is remarkable in view of the very low PLQY of the
active material used, and implies a prospect towards applica-
tions for these devices when strategies are employed to increase

the PLQY.
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Chapter 4.

Highly luminescent perovskite—aluminum oxide

composites.
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4.1 Introduction

Three dimensional hybrid perovskites like methylammonium lead bromide
(MAPDBr3) have been recently shown as suitable material for light-emitting
applications.?® One of the most important parameters for evaluating the efficiency
of a LED is the external quantum efficiency of the electroluminescence,
indicating the number of photons leaving the device per injected carriers. It can
be expressed as a product of different factors, representing the efficiency of

different process occurring in the devices:

n° photons out

EQE =

= = k % ]
n° injected electrons firad * ext * Minj

Equation 8

ninj represents the charge injection efficiency and is hence determined by the
charge injection/transport in the device. The implementation of ohmic contacts
and the use of multilayer structures with optimized energy levels ensure high
injection efficiency. #ex is the outcoupling efficiency, the fraction of generated
photons actually leaving the device, and can be modified by geometrical factors
of the LEDs. #rad cOrresponds to the radiative efficiency of the active material,
and it is directly determined by the photoluminescence quantum yield (PLQY) of
the perovskite film. Consequently, the enhancement of the PLQY is key to obtain
efficient electroluminescent devices. The PLQY of MAPDBr; is typically low at
low excitation fluence, and increases only with increasing excitation density for
example by using high intensity monochromatic light source like a laser. As for
the MAPDI; perovskite discussed in the previous chapter, this fluence-
dependence is due to the high trap concentration which increases the non-
radiative recombination reducing the PLQY.* From a device point of view, high
photoluminescence at low excitation intensity is strongly desirable since in
principle it would lead to devices with low power consumption. The photophysics
of methylammonium lead trihalides perovskites is strongly influenced by the
morphology of the film, and a control over the latter allows to reduce the trap

concentration, favoring radiative recombination.? In analogy to inorganic
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semiconductor quantum dots, the preparation of perovskite nanoparticles has
been shown to be effective to increase the photoluminescence of MAPbBr3, with
PLQY exceeding 90%.°1% However, when nanoparticles are processed in thin-
film, they tend to aggregate reducing the PLQY due to augmented charge transfer
and hence higher probability of trapping.** An alternative for the confinement of
the crystal growth, avoiding particles aggregation, is the combination of
perovskites with dielectric materials like organic molecules®® °® or polymers.%: ¢
The addition of amorphous materials favors the formation of uniform and smooth
layers, which is desirable for the preparation of high quality diodes. The size of
the perovskite grains can be controlled by the quantity of the inert material added
to the composite, providing an easy tool to tune the perovskite grain dimensions
and, consequently, its optoelectronic properties. In some cases, however, the
dielectric nature and the amount of additives hinder the charge transport through
the perovskite layer, resulting in poorly performing devices. The infiltration of
the perovskite into a porous metal oxide scaffold could be a solution that provides
both small crystal dimension and connectivity among the perovskite grains. It has
been shown that the deposition of MAPbBr; on top of an Al,O3; mesoporous
matrix improve the photoluminescence, even if a quantitative evaluation of the
phenomena was not presented.® In that work the porous metal oxide was
prepared through sintering process at high temperature, limiting the use of plastic
substrates and in general of temperature-sensitive materials. In this chapter, an
alternative method consisting in the simultaneous formation of the oxide scaffold
and the perovskite, is reported. Highly luminescent MAPbBrs-Al,O3 composites
using alumina nanoparticles (NPs) have been prepared. These films have been
deposited in air and show enhanced environmental stability. Particular attention
has been given to the perovskite precursor stoichiometry, which has been selected

through a preliminary study that is described in detail in the following paragraphs.
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4.2 Materials and methods

Methylammonium bromide (MABr, Dyesol), lead bromide (PbBr,, > 98% Sigma
Aldrich), dimethylformamide (DMF, anhydrous, 99.8%, Sigma Aldrich),
PEDOT:PSS (Clevios P VP Al4083), Nafions (Nafions perfluorinated resin
solution, 5 wt.% in lower aliphatic alcohols and water, Aldrich), 1,3-Bis[3,5-
di(pyridin-3-yl)phenyl]benzene (BmPyPhB, Lumtec) were used as-received

without further purification.

For the preliminary compositional study, solutions of stoichiometric
(MABT/PbBr = 1/1) and non-stoichiometric (MABI/PbBr = 3/1) precursors at 70
mg/mL were prepared in DMF using stock solutions of the organic and inorganic
components. The stoichiometric (F1) and non-stoichiometric (F3) solutions were
deposited by single step spin coating and were annealed at 90 °C for 15 min. All
the processes were performed in a nitrogen filled glove box. For the preparation
of the perovskite-alumina composites, different percentage in weight of a 20
wt.% water dispersion of alumina nanoparticles (30, 50 and 75 wt.%) were added
to the non-stoichiometric perovskite solution described above. The layer was
prepared by depositing the precursor solution by spin coating followed by 1 hour
of thermal treatment at 90 °C. In this case the film deposition and its annealing

were performed in air.

For solid state nuclear magnetic resonance (NMR) and x-ray diffraction (XRD)
analysis, powder samples were prepared by precipitation of a 40 wt.% solution
of stoichiometric (P1) and nonstoichiometric precursors (P3), upon addition of
chlorobenzene as precipitating agent. The polycrystalline materials obtained
were dried at 70 °C for 48 h. Part of the P3 powder was further annealed at 115
°C for 24 h. The C magic angle spinning (MAS) spectra were acquired on a
Bruker Avance 300 MHz, with sample spinning at 10 kHz using a *H-decoupling
experiment. A long recycle-delay of 60 s was used to ensure a reliable
quantitative measurement. The C NMR chemical shift is referenced to an

alanine —CHs— at 20.5 ppm. Solutions at 40 wt.% were also employed to prepare
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the optoelectronic devices reported in this work. For the hole injection layer, a
blend of PEDOT:PSS and Nafion (a commercial available ionomer) was used as
this has been reported to increase the electrode work function and hence improve
hole injection.®® A blend of the suspensions (PEDOT:PSS/Nafion 1 mL:1.20 mL)
was spin-coated on top of an ITO patterned glass substrate, and then annealed at
150 °C for 15 min. The perovskite active layers were deposited in a nitrogen filled
glovebox by spin coating the precursor solutions followed by annealing at 100
°C for 15 min. The electron transport (hole blocking) layer (BmPyPhB) and the
top metal electrode (5 nm Ba capped with 100 nm Ag) were thermally evaporated
in a high vacuum chamber with a base pressure of 10° mbar. Devices were not
encapsulated and were characterized in the nitrogen filled glove box. The X-ray
diffractograms of the MAPbBr3-Al,0; composites were performed on thin film
using an Empyrean PANalytical powder diffractometer, using Cu Kal radiation.
The SEM images were collected on thin-films deposited on ITO-coated glass
substrates.

4.3 Discussion

As described in the introduction, the morphology and optoelectronic properties
of perovskites are tightly linked. The perovskite precursor stoichiometry can
strongly affect the perovskite crystallization, and while its influence has been
studied for methylammonium lead iodide, less attention was dedicated to the
bromide analogues.'® %2 For this reason, a preliminary comparison of the
properties of stoichiometric and non-stoichiometric perovskites (MA/Pb =1 and
3, respectively) was performed. Interestingly, bromide lead halide perovskites
showed a different behavior compared to reported iodide materials. While for
MAPDI; the optical differences as a function of the precursor stoichiometry were
observable only at the initial stage of crystallization and disappeared with
annealing, in bromide perovskites the differences with varying MA/Pb ratios are

retained also in the annealed films. Stoichiometric and non-stoichiometric
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perovskite powders were analyzed with X-ray diffraction and solid state °C
NMR to evaluate the change in organic content after the thermal treatment (Fig.
19).

— MABr —
— P MABr P3

P1 P3-ann P1

|l I\
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Fig. 19 XRD patterns (left) and 3C NMR spectra (right) of the non-stoichiometric and
stoichiometric perovskite powders.

The two diffractograms showed the expected diffraction pattern of the cubic
MAPbBTr3 perovskite,* with the diffraction pattern for the non-stoichiometric P3
sample showing several additional peaks originating from unbound
methylammonium cations. In Fig. 19 (left) the 3C NMR spectra of the prepared
perovskites can be observed. In the non-stoichiometric perovskite,
methylammonium lead bromide generates two peaks, one at 27.9°, corresponding
to the unbounded methylammonium (coinciding with the signal of reference
MABTr powders), and a second at 30.8°, related to bonded methylammonium
bromide. The latter signal was the only one observed for the stoichiometric
compound. The non-stoichiometric perovskite was further annealed at 115 °C for
24 hours to observe the evolution of the organic content when exposed to high
temperatures. Interestingly, no differences in the NMR spectra were observed
after thermal treatment (Fig. 19), confirming that the methylammonium bromide
excess is retained in the structure even after annealing. The most prominent effect
of the precursor stoichiometry on MAPDBr3; is a severe change in the film

morphology, as shown in Fig. 20.
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Fig. 20 SEM images of stoichiometric (a-b) and non-stoichiometric (c-d) perovskite films at low
(a-c) and high (b-d) magnification. In all the images the scale bar is 10 um.

The stoichiometric perovskite is characterized by the formation of large and
isolated crystals with pseudo-cubic shape. The crystals, with micrometric sizes
are distributed on the surface and not interconnected, resulting in a poor surface
coverage and low inter-grain connectivity. On the other hand, uniform and
compact perovskite films are formed with the non-stoichiometric solution. Such
morphological differences are reflected in the optical properties of the perovskite

films, as can been observed in Fig. 21.
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Fig. 21 Absorption (a) and photoluminescence (b) spectra of the stoichiometric (F1) and non-
stoichiometric (F3) perovskite films.
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The lower absorbance at higher energy observed for the stoichiometric film (F1)
can be ascribed, at least partially, to the lower surface coverage of the perovskite,
as revealed by SEM (Fig. 20). Interestingly, while the absorption onset for the
stoichiometric sample is positioned at 537 nm, the non-stoichiometric perovskite
film presents the onset at 530 nm. Hence the absorption onset is also influenced
by the stoichiometry, and the perovskite bandgap is slightly enlarged as the
organic content increases. The photoluminescence spectra were collected in an
integrating sphere equipped with a low intensity excitation source (a Xe lamp
coupled to a monochromator), at wavelength of 365 nm. While sample F3
showed clear photoluminescence centered at 527 nm, no emission was observed
for the F1 film. To study the optoelectronic properties of the stoichiometric and
non-stoichiometric perovskites, LEDs have been prepared depositing the
MAPDBr; active layers from the same solutions used to prepare the
polycrystalline powders. The multilayer device structure wused was
ITO/PEDOT:PSS-Nafion (100 nm)/MAPbBrs/BmPyPhB (40 nm)/Ba (5 nm)-Ag
(100 nm). The thickness of the active layer was about 900 nm. In Fig. 22 the

current density (J) and luminance (L) versus voltage (V) characteristics are

reported.
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Fig. 22 IVL characteristics of the stoichiometric perovskite LED (LED1, left) and non-
stoichiometric perovskite device (LED3, right). In the inset graph, the normalized
electroluminescence of the two diodes is reported.

The device behavior observed varying the perovskite stoichiometry is directly

correlated with the differences in the film morphology. LED1, the device with
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the stoichiometric perovskite, suffers of a high leakage current due to the poor
surface coverage of the perovskite film. The direct contact between the
underlying PEDOT and the electron transport layer provides a low resistance path
where the charges can easily flow even at low voltages. The current density
increases monotonically at higher biases, as opposed to LED3 for which the diode
behavior is precisely defined. Both devices show electroluminescence with
maxima at 537 nm and 545 nm, for the non-stoichiometric and the stoichiometric
perovskite, respectively, in accordance with the absorbance onset shift. It is
noteworthy that even though only the sample with an excess methylammonium
displayed photoluminescence, both the devices show electroluminescence. Most
likely, the large amount of MABTr present in the non-stoichiometric perovskite is
able to passivate defect states which otherwise quench the photoluminescence in
the stoichiometric crystals. In LEDs, trap states can be filled due to the large
density of charge carriers injected, leading to intense electroluminescence even

from the stoichiometric perovskite.

This initial study revealed that the excess of methylammonium bromide is
beneficial for the formation of uniform and compact films that show
photoluminescence even at low excitation fluence. Therefore, non-stoichiometric
compounds with MA/Pb ratio of 3 have been used when developing the alumina-
perovskite blends. Three composite materials with increasing alumina content
were prepared, 30 wt.%, 50 wt.% and 75 wt.%. The solutions were deposited by
single step spin-coating on glass or ITO for the optical and structural
characterization. In Fig. 23 their absorption and photoluminescence spectra are

reported.
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Fig. 23 a) Absorption and b) photoluminescence spectra of the annealed perovskite and composite
films. ¢) Absorbance of the MAPDbBrs-Al20s films before thermal annealing. d) X-Ray diffraction
patterns of alumina and perovskite-alumina films.

The samples with a high content of Al.O; NPs (50 and 75 wt.%) show a blue-
shifted absorption onset compared to the pure MAPbBr3;, suggesting that smaller
perovskite grains are formed due to the spatial constrains induced by the
formation of a porous NPs scaffolds.** The samples with a low NPs content (30
wt.%) are not fully converted to the perovskite structure with this annealing time
and temperature, as evidenced by the spectral feature at 310 nm which
corresponds to lead bromide complexes.’®? By increasing the alumina NPs
content, the peak at 310 nm fades while the absorption onset at 525 nm,
corresponding to the band-to-band transition of the perovskite, appears. These
observations suggest that the presence of alumina NPs favors the perovskite
formation, even if its precise role in the process has not been clarified yet.
Interestingly, if the absorption spectra are registered before the thermal treatment

(Fig. 23c) of the perovskite/Al,Os films with high inorganic NPs content they

73



spontaneously form the crystalline perovskite phase even at room temperature.
In the 50 and 75 wt.% composites, the pronounced absorption onset,
characteristic of the MAPDBTs3, is present. However the 50 wt.% spectrum also
shows the signal of unreacted lead bromide (that disappears with thermal
treatment), supporting the idea that higher concentrations of alumina fosters the
perovskite crystallization. In addition the alumina shows also a perovskite
stabilization effect. In fact, while perovskite compounds are sensitive to air and
moisture, the blends presented here are deposited in air and lead to the formation
of highly crystalline perovskites, as shown by the X-Ray diffraction (Fig. 23d).
The characteristic diffraction peaks of MAPbBTr3, positioned at 14.9°, 30.1° and
33.8° are clearly visible in the two diffractograms of the composite materials,
even if signals coming from unreacted lead and methylammonium bromide
(marked with stars) are still observable for the 30 wt.% sample, in agreement with
the absorption spectrum. As the amount of alumina increases, the diffractogram
baseline rises, indicating the presence of amorphous compounds induced by the
larger amount of oxide nanoparticles. Interestingly, the diffraction peaks
broadens substantially, implying the formation of smaller perovskite grains. In
the 75 wt.% composite material, the diffractograms is dominated by the signals
of the aluminum oxide, and for this reason is not reported. The
photoluminescence characteristics of the thin films were studied using a Xe lamp
coupled to a monochromator as the excitation source (< 0.4 mW/cm?) and a
spectrometer coupled to an integrated sphere (Hamamatsu C9920-02 with a
Hamamatsu PMA-11 optical detector) in order to quantitatively determine the
PLQY. Pure perovskite and low NPs content film show low photoluminescence,
with PLQY values closer to the measurement error of the setup (< 5%). When
higher alumina concentration (50 wt.%) is used, the expected green emission of
the MAPDOBr; perovskite is detected, while it is quenched for alumina
concentration of 75 wt.%. The PLQY reaches a maximum of 26 % for a NP
concentration of 50 wt.%, and it can be further enhanced up to 39 % if the
annealing time is increased from 1 to 3 hours. These values are particularly

striking when taking into account the simple material preparation and its
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processing in air from water-based dispersions. Together with the increase in the
PLQY with higher Al,O; NP content, a slight but continuous blue-shift of the
emission energy occurs. This behavior is generally associated with the distortion
of the inorganic perovskite framework that translates in a change of the
bandgap.l®® In order to correlate the enhancement of the perovskite
photoluminescence with a morphological change, scanning and transmission
electron microscopy was carried out on the samples. The results are reported in
Fig. 24.

Fig. 24 SEM pictures of the a) 30 wt.%, b) 50 wt.%, c) 75 wt.% perovskite composite films. d) TEM
image of 50 wt.% Al203 NPs content. ) HR-TEM image of few isolated perovskite NPs with the
corresponding FFT.

The surface of the samples with 30, 50 and 75 wt.% Al.Os NP (Fig. 24 a, b and
c, respectively), is characterized by the presence of relatively large crystals
(diameter of 2-4 um) protruded from a smooth surface. Atomic force microscopy
shows that the crystals protrude about 200 nm above the sample surface. At low
alumina concentration (30 wt.%) the perovskite aggregation is favored, hence
large crystals form which likely reduce the PLQY. With increasing Al;O3
content, the formation of the crystals seems to be hindered, finally fading into
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round aggregates at the highest measured concentration, which could justify the
low PLQY observed (Fig. 24c). The observed blue-shift and the high PLQY of
the 50 wt.% sample are, however, most likely originating from the presence of
small crystals and not from the large structures observed in the SEM pictures. To
investigate the presence of smaller perovskite phases, transmission electron
microscopy (TEM) was performed on powders obtained from scratched films.
The TEM analysis (Fig. 24d) shows rod-like Al:Oz NPs assemblies forming a
dense mesoporous layer, containing a high concentration of isotropic
nanoparticles with a considerably different contrast. The high resolution TEM
(HR-TEM, Fig. 24e) shows that the observed nanoparticles are highly crystalline,
and the fast Fourier transform (FFT) of single selected nanocrystal confirms the
presence of the cubic MAPDBrs phase. The morphological characterization
confirmed that the observed blue-shift of the absorption onset and of the
photoluminescence is related with a reduction of the crystals size, and that the
large PLQY is likely due to an increase of the exciton binding energy of the
nanocrystals compared to the bulk perovskite.* In order to shed light on these

mechanism, time resolved photoluminescence was performed in Fig. 25.

10°
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Fig. 25 Time resolved photoluminescence (linear scale on the left and logarithmic scale on the
right) measurements taken at the maximum emission wavelength, with an excitation wavelength of
380 nm.

The lifetime of the perovskite-alumina composites are considerably longer

compared to the pure MAPDBrs, in accordance with the increase in
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photoluminescence quantum yield. The average lifetime was calculated using a
three-exponential function fitting to the decay curves, and was used to estimate
the radiative and non-radiative recombination rate constants (kr and Kng,
respectively). The PLQY, the average lifetime zave and the two rate constants are

related through the following equations:

PLQY = kRTAVE
Equation 9

1

Tpgyp = —————
AVE = e knn

Equation 10

The parameters calculated from measurements of the PLQY and lifetime are

listed in the table below.

Sample PLQY Tave (NS) kr (108 s1) knr (108 s1)
MAPbBTr3 0.030 2.69 111 360
30 wt.% 0.108 16.4 6.58 54.3
50 wt.% 0.256 39.1 6.20 194
75 wt.% 0.092 29.7 3.1 30.6

Tab. 2 Measured PLQY and average photoluminescence lifetime and the calculated radiative and
non radiative rate constants for the set of alumina-perovskite samples.

The PL decay analysis confirms that the non-radiative recombination path (which
is extremely high in the pure perovskite) is sensitively reduced by the addition of
the aluminum oxide. Importantly, the radiative rate constant follows the trend
observed for the PLQY, becoming larger in the sample containing the 50 wt.%
of alumina. The reduction of the non-radiative recombination with the addition
of Al,Ossuggests that the alumina NPs not only reduce the size of the perovskite
crystals, but also passivate trap states which otherwise limit the

photoluminescence in bulk methylammonium lead bromide perovskite.

77



4.4 Conclusions

In this work the effect of the precursor stoichiometry and of the addition of
aluminum oxide nanoparticles on the morphology and optical properties of
perovskite thin-films were investigated. It was demonstrated that an excess of
methylammonium bromide is beneficial in terms of both film formation and
luminescence properties. Uniform and compact layers, showing intense photo-
and electroluminescence, were obtained with a three-fold excess of MABr with
respect to PbBr,. The unbound organic cation most likely passivates trap states
enhancing the radiative recombination, leading to bright photoluminescence even
at low excitation fluence. The non-stoichiometric compound was then employed
in the preparation of perovskite-alumina composite thin-films. These materials
showed a strong dependence of their optical properties depending on the amount
of alumina. The highest PLQY (39 %) was obtained for films containing 50 wt.%
of alumina nanoparticles. The morphological analysis showed the coexistence of
different perovskite structures, in particular of large crystals emerging from the
surface and nanoparticles embedded in the metal oxide scaffold. The formation
of perovskite nanostructures is responsible for the enhanced PLQY and increased

photoluminescence lifetimes.
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eyl i bead b de (MAFDEr;) p bave been widely shadied in applications such 2=
I.uers-aud light=emitting diodes, thanks to their favorable bandgap, efficient charge tansport, and the
possibility of processing by simple solution methods. The flm morphology bas a large impact om the
optical and electronic properties of the material; henoe the deposition methods and the type of precarsors
wmed are crucial in the prepamation of efficient optoelectronic devices. Here we studied the effec of the
precursor’s stnichiometry of solition processed MAPbEr; thin filmes on their optical and electronic props

erties. ‘We found a drastic effect of the stoichi y on the
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the use of excess MA cations to enhance the photo= and electrolumi = af

© MNT Elsevier BY. ﬂl.nghl:.ruernd.

1. Introduction

Drganie inerganic (hybeid) perevekites are known since the
beginning of the last century | 1=5], but their unique optical and
electronic properties have been umveiled mostly during the List
thirty years. One of the advantages of hybrid perovskite over in-
organic semiconductors is the possibility 1o obtain high quality
sericonducting films by simple soluticn or sublimation metheds.
Initially, most werks fecused on Layered [or 2D perevskites due to
the inleresting properties arising from the high eciton binding
energy, in the order of hundreds of meV |7=10]. Later on, three
dimensional (30) perovskites have also emerged |11,12), but it is
in the last five years when hybrid 3D perovskites have been widely
investigated, mainly due © the promising photovoltaic perfor-
mances of methylamemonium lead iodide MAPbI; |13=17 | During
this short period, the power conversion efficiency of perovskine
solar cells rapidly increased up to 22% [elose 1o Silicon phatovoltak
performances), thanks (o a continuous optimization of the per-
evskite absorber and of the device structure | 13]. The analogous
bromide compeund, the MAPbEr, perovskite, has been recently
investigated because of its fvorable optical properties (green

photoluminescence) and its potential for the
development of light-emitting diodes (LEDs) and lasers | 19=22].
Since the first répar ol Podim L et Efce
from 3D percvskite LEDs |19, several works have addressed the
issues related with the achievement of elficient LEDS with bybrid

* Comesponding aurder.
E-mial aekfress: machele sessoloones (M. Sessoly].

hinmp: b do sag [ 10 B0 1G]} Jlumin 20 702048
O0I3-231 3e BT Elsevier BV All rights reserved.

perovskites. Most of the eflorts has been directed towards the
optimization of the charge transpor layers, either organic or in-
arganic, in order 1o elficently inject and confine carriérs in the
perovskite film | 23,24). Within this perspective, the challenge is 1o
elliciently inject holes into the low-lying valence band of the
MAPHEr; { = 5.9 eV}, which strongly limits the choice of the hale
transport Layers, One of the most promising strategies is the use of
2 Nalion®-modified FEDOT-PSS Liyer, substantially increasing the
work function of the anode {up to =60 eV] [25]. Another property
dilfferentiating perovskiles lrom organic semiconductors, is the
relatively small exciton binding enengy, implying that mostly free
carriers are present o0 room [Emperature |26 ). Since recombins-
Lion berwesn [rée carriers B a bimolecular [prsCEss, the LEDM =
eration id bess elficient compared Do organics where the re-
combination is purely excilonic. As a consequence, the photo-
luminescence quanium yield (PLYY) is found to be proportional 1o
the excitation intensity |21], meaning that high current densities
are needed for eleciroluminescence, hence reducing the device
power conversion efficiency. High PLOY can be achieved by Hm-
iting the growth of the perovskite crystals, enhancing the prob-
ability al radistive recombination | 27,28 | Recenthy, highly sfficient
perovskite LEDs have been demonstrated by overcoming all the
device and material limitations discussed above, Le. charge injec-
tisn, recombination and morphology [29] The morphology of
perovskite thin lilms has been found to be of erucial importance
for the performance of optoelecironic devices, since it severely
alfects the perovskite electrical and optical properties. In arder 1o
tune the marphology af perovskite thin-films, different depasition
techniques have been developed |14.28,30=33] Impartantly, the
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nature and stoichiometry of the precursor materials has a large
effect on the final film composition and marphalogy |34].

Here, we repint on the influence ol the pL'El:l.II'!ﬂr'! stoichio-
metry on the oploslectronic properties of MAPbBry perovakite thin
films. Thin lilms were prepared by solution processing of stoi-
chiometric and non-woichiomelric precursors solulions with 4
single-step depasition [direct spin-coating of the solution lolkwed
by thermal annealing). The morphology and optical properties of
the layers were investigated and the perovskite thin films were
incorperated in multilyer  LEDs  employing crganic  semi-
conductors X charge transport layers,

2 Experimental methods

Methylammonium bromide (MABr, Dyesoll lead bromide
(PhEr;, =D8X Sigrma Aldrich), dimethylformamide [DMF, anlby-
drous, DDEX, Sigma Aldrich), PEDOT:PSS (Clewies P VP AI4DE3),
Mafion® [Mafion® perfluorinated resin solution, 5 wi. X in lower
aliphatie aleohels and water, Aldrich), 13-Eig3,5-dil pyridin-3-y1)
phenyl benzene [BrPyPhE, Lumtec) were used as-received with-
oull further purificalion

Z]. Thin film preparation for opticel choreclerizarion

Solution of stoichiometric (MABr/PhBrz=1] and non-stoi-
chiometric [MABr/PbEr,=3) precursors at 70 mgfml were
prepared in DMF using stock solutions of the organic and in-
organic components. These solutions were used to depasit the
thin-film by spin-coating on glass substrates. The stoichio-
metric (F1) and non-stoichiometric (F3) films were annealed at
0 *C far 15 min. All the processes were performed in 4 nitra-
gen filled glove box.

23 Puwderd precipitalions and device preparation

For solid state nuckear magnetic resonance [MMR) and x-ray
diffraction (XRD) analyss, powder samples were prepared by
precipitation of a 40 wikl selution of stoichivmetric (P1) and non-
stoichiometric precursors (F3), upon addition of chiorobenzens
precipitating agent. The palyorystalline materials obtainesd wers
dried at 70 °C lor 48 h. Part of the P3 powider was further anneslsd
at 115°C for 24 h. The C magic angle spinning [MAS) spectra
were acquired on a Bruker Avance 300 MHz. with sanple spinning
at 10 kHz using 2 "H-decoupling experiment. A long recyele-delay
of 60 5 was used 0 ensure a reliable quantitative me

1

Solutions at 40 wiX were also employed to prepare the op-
oelectronic devices reported in this work. For the haole injection
Layer, a blend of PEDOT:PSS and Mafion™® was wsed as this is known
o increase the electrode work function and hence improve hole
injection.[35] A blend of the suspensions (PEDOT:PS5{Nafion®
1 ml:120 ml) was spin-coated on top of an ITO patterned glass
substrate, and then annealed at 150 *C lor 15 min. The perovikite
active layers were depesited in a nitrogen filled glovebox by spin-
coatifg the précursors solitiond followed by annealing at 100 °C
for 15 min. The slectron transport (hale blocking) layer (BmPyPhE)
and the top metal electrode (5 nm Ba capped with 100 nm Ag)
wiere thermally evaporated im a high vacuum chamber with a base
pressure of 107" mbar. Devices were not encapsulated and were
charscterized in the nitrogen filled glove bax

3. Resulis

The absorption and the photoluminescence spectra of MAPhEry
perowskile thin flms on glass substrates for the two sets of sam-
ples (F1, MAJPb=1 and F3, MA/Pb=3) are reported in Fig 1.

The absorption spectra for the two samples presented similar
features, with a steep absorplion onset af 537 nm for the stoi-
chiometric (F1) and 530 nm for the non-stoichiometric (F3) per-
ovskite films, consistent with the MAPhBr, perovskite bandgap.
The F3 sample showed a higher absorbance in the visible range.
The photoluminescence spectra were colbected with an integrating
sphere equipped with a low i ity excitation source [Xe lamp)
and a monochromator, using an excitation wavelength of 365 nm.
While sample F3 showed weak bul cear photoluminescence
centered af 327 nm, no emission was observed lor the F1 film.

In order to correlate the difference in the optical properties of
the two perovskite samples with the material composition, salid
state UC NME analysis were performed on polyerystalline per-
ovakite powders (Fig 2), abtained by precipitation of concentrsted
solutions and anmealed at 70*C lor 48 h.

The stoichiometric perovikite sample (P1) showed a single peak
at 30.8 ppm, while an additional peak at 279 ppm was observed for
the non-stoichiometric perovskite (P3) For comparison, the NMRE
spectra of the pure MABr precursor was alio collected, showing a
single signal at 279 ppm. Hence, the peak at higher chemical shift
corresponds o the MA cation coordinated o the lead bromide (in
the MAPbEr,) in the perovskile structure, and the pesk at lower
chemical shilt indicates the p e of a large of free MARr
in the P3 sample. Fig 2b reports the NMRE spectrum of the non-
sroichi ric perovikite sample with and without an sdditional

The C chemical shift is referenced 1o an alanine =CHp= at 2005
Pt
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thermal trestment ar 1155C for 24 h in air. Ineredingly, in both
samples the pesk relsted o the [ree MABr is presenl and its
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Fig. 1. (a) Abseaprion and (&) photoleminescence spectra of siichiometic (F1] and non-ssoecbeomesrric (F3) MAPRED, perowskise thin flms.
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TS+ for 240

infensity was nol affected by the dilferent thermal treatment. In

device monolonically increases until abour B000AJm® ot 6V.

both NME spectra, the area ralio between the free and the b s
MAEr is 1.38 (and not 2, a5 expected from the initial stoichiometry ),
suggesting that the total amount of unbound MABr decreases about
30 during the thermal treatment. Such loss is independent on the
annealing temperature and time wed in these experiments. The
presence of MA cations was further investigated measuring the
powider XRD, as depicted in Fig. 3.

The two diffractograms showed the expected diffraction par-
tern of the cubic MAPbBr, perovikite |36 However, the diffrac-
tion pattern for the non-stoichiometric F3 sample revealed several
additional peaks (highlighted in Fig. 3) originating from unbouwnd
methylammonium cationg, further confirming the predence af 4
large amount of free organic cations even after thermal trestment
{see Fig. 51 for reference MABr powder XRD)

Tiv study the optoelsctronic properties of the gobchibmetric and
non-stoichiometric perovikites, we prepared LEDS depositing the
MAFbEry active layers from the same solutions used [o prepare the
polycrystalline powders. The multilayer device structure used was
ITO{PEDOT:PSS-MNafion™ [ 100 nmyMAPLErs/BmPyPhE [40 nm)Ba
{5 nm)-Ag {100 nm). The thickness of the active Liyer was about
SO0 nm. In Fig. 4 the current density (]) and luminance {L) versus
voltage (V] characteristics are reponted.

The |-V curve of the device prepared using the stoichiometric
perovskite (LED1) showed high leakage current [a sign of mot
perfect diode morphology) at bow applied bias, and no typical |-V
diode characteristic. The current density passing through the

—P3
— P

# ® I I . .
10 20 a0 40 50
8%
Fig 3. MEIy J for the s etric (P1) amed the nos-soschiomernc
(F3) perovites powders.

Ebectrol ence wid observed lor voltages =25V, but the
high current density strongly limited the device efficacy to 0.02 cd/
A On the other hand, the LED prepared using non-stoichiometric
perovekite sctive layer (LED3) showed a typical |-V diode char-
scteristic, with low leakage current and a sharp current density
increpe af about LEY. Importantly, elscioluminescence was
observed at voltages as low a8 22V, and the luminance increased
rapidly saturating at shout 100 cdfm® at 6V. The electro-
luminescence spectra of the two devices are reported in Fig. de.
The emission wavelength for LED] was centered at 545 nm, while
the spectra for LED3 was slightly blue-shifted st 537 nim, in x-
cordance with the small optical absorption mismatch (Fig- La). It is
intenesting 1o note that, despite the (o0 that the sample Fl does
not show any photolumineseence, electroluminescence can be
abserved.

The electrical characteristics ol the devices (especially the dil-
lerence in the leakage current and diode behavior) suggests that
the perovskite film rmorphology might play an important role in
Ithe charge ransport and recombination. Consegquently, SEM ima-
ges of the films were collected, a5 depicted in Fig. 5.

The films present notable differences in the morphology a5 a
Tunction of the precursor ratio. Stwoichiometric perovekile ends
1o form separate crystals with pseudo-cubic shapes and an
average size of 5=10 pm Importantly, these siruclures are not
interconnected, a5 shown by the EDX mapping [Fig. 5h) where
only the substrate (ITO/PEDOT:PSS) is present in between the
perovikite orystals. The non-stoichiomerric films, instead, are
very uniform and compact, composed by fine crystals with no
preferential orientation or defined grain boundaries. Interest-
ingly we observed that the perovikite film morphology is ra-
ther independent on the nature of the substrate used [See Fig.
52 in the Supporting information). (See Supporting informa-
tion Fig. 52).

4. Discussion

The compositional study of the perovikite Blms and pow-
ders revealed that the thermal treatment performed on the
non-stoichiometric samples only removes about 30K of the
initial amount of MABr. Even a prolonged annealing at higher
temperature did not decrease the exceds of organic cation in
the non-stoichiometric perovikite. Hemce, the discrepancies in
the optical behavior and in the morphology are directly con-
nected to the presence of the free MABr content in the non-
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stoichiometric sample. The lower absorbance ar lower wave-
length observed for the stobchiometric flms, can be ascribed o
the lower coverage of the perovskite (as revealed by SEM) On
the other hand, the absorplion onset is also influenced by the
stoichiometry, suggesting that the perovikite bandgap is
slightly enlarged as the organic conlenl increases. Similar
studies were performed with methylammonium lead iodide,
however a dilferent behavior was observed | 37,38 |. Differences
in the optical properties among MAPBI, perovskite obrained
with different arganic content were observed only without {ar
with very short) annealing. This implies that the MAI was ef-
ficiently removed during thermal treatment. In our case the
MABr excess is maintained in the final material independently
on the thermal treatment used, a3 observed by solid stare NME
and XRD. We found the MABr excess to be beneficial for the
film formation, since high surface coverage and low roughness
are obtained. The morphology of the perovskite layer is of
particular importance for applications in LEDs, where 3 uni-
ferm morpholegy results in an even distribution of the applied
field. In fact, the high leakage current dendity measured for
LEDT reflects the irregular structure observed by electronic
microscopy. Since large voids are present in the perovakite
films, a direct contact between the charge transport layers
causes the high current density and low efficiency. In LED3 the
current follows the different regimes characteristic of a dinde
thanks to the compact and fat semiconducting perovakite flm
sandwiched between the charge transport layers. For LED3, the
[asy increase of the current dendity is accompanied by a fast
rise of the electroluminescence, meaning that the processes of
charge injection, transport and recombination are better ba-
lanced compared to LEDL It is worth to note that despite the
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fact that electroluminescence was observed from both per-
avskite films, photoluminescence was abtained only from non-
stoichiomerric flms Most likely, the large amount of MABr
present in the non-stoichiometric perowvskite is able to passi-
vate defect states which otherwise quench the luminescence in
the stoichiometric crystals. In LEDs, trap states can be filled due
1o the large density of charge carriers injected, explaining why
electroluminescence can be observed even from the stoichio-
metric perovikite. Other studies reported that the amount of
methylammonium precursar can influence the semiconducting
character of the perovikite, causing a more direct behavior of
the bandgap that favors the band-to-band radiative re-
combination [39,40(.

5. Conclusion

The results presented in this wark highlight the lange influence of
the organic cation conlent in percvakite films lor electroluminescent
applications. The morphological study reveals that when an equi-
mmolar ratio of MABr and PhBra is used, the perovskite films form as
Large, not-connected crystaks, The excess of methylammonium bro-
mide, on the other hand, fwors the lormation of 3 compact poly-
crystalline perovekite Lyver, with high surfsce coverage. The good
quality of the layer i rellected by the good diode behavior oblained
when the perovskite is used as active Liyer in an LED. The excess of
methylammonium bromide also partially passivates the surfsce de-
fects of the perovekite, leading to phooluminescence sven with 3
by Eniensily excilation source These homigeneous semiconducting
films are pamicularly suitable for applications in thin-film optoelec-
tronic devices such LEDs and solar cells.
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Fig. 5. SEM images of stoic (a-b) and (c-d) p
stoichiometsic sample. In 2 the images the scale bar is 10 s
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In this communication we report on the preparation of CH:NH:PbBr;
perovskite/Al:Oz nanoparticle composites in a thin film configuration
and demonstrate their high photolumi juantum yield. The
composite material is solution-processed at low temperature, using
stable alumina nanoparticle dispersions. There is a large influence of the
alumina nanoparticle concentration on the perovskite morphology and
on its photoluminescence.

Recently, organic-inorganic (hybrid) metal halide perovskites have
become the focus of renewed interest thanks to their remarkable
performances in photovoltaics, as increasing power conversion
efficiencies, now exceeding 20%, are being reported.'™ The most
studied compound in photovoltaics is the methylammonium
lead iodide CH;NH;Pbl; perovskite, due to its strong bandgap
absorption at about 1.6 €V. One of the interesting features of this
class of semiconductors is that their optical properties can be
modulated by simple substitution of their constituents.” The
correspondent bromide compound CH;NHPbBr; has a band-
gap of about 2.3 eV, making it a good candidate for visible lasing
and light-emission applications.* For both applications, the
active material should show high photoluminescence quantum
yield (PLQY), in order to efficiently convert the generated (either
electrically or optically) charges into photons. Unfortunately, the
photoluminescence (PL) of hybrid perovskites depends on the
excitation intensity, being high at very high excitation intensity
while very low when the excitation intensity decreases.'” In
electroluminescence, this means that high current densities
are needed in order to produce significant light emission, which
leads to a low power conversion efficiency of the devices.*'!
A promising approach to reduce the non-radiative recombination
in hybrid perovskites is the synthesis of nanoparticles. This has led
to materials that show substantially enhanced photoluminescence,
reaching PLQYs exceeding 90%."*™" The nanoparticle preparation,
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1 El ic supp y infi ion (ESI) available: UV-Vis optical absorption
of perovskite/Al;0; NP films with high NP content (75 wt%). See DOI: 10.1039/
c5teD2447a

11286 | J. Mater. Chem. C, 2015, 3, 11286-11289

ROYAL SOCIETY

OF CHEMISTRY

View Article Online

View Journal | View Issue

Highly luminescent perovskite—aluminum oxide

Giulia Longo, Antonio Pertegas, Laura Martinez-Sarti, Michele Sessolo* and

however, relies on complex chemical synthesis which might under-
mine the scalability of this approach. Moreover, the PLQY tends to
substantially reduce when nanocrystals are processed as thin films,
due to spontaneous aggregation of the perovskite.'® It has also
been shown how enhanced photoluminescence can be obtained by
impregnation of a pre-formed mesoporous inorganic matrix (such as
alumina) with the perovskite precursor solution, albeit a quantitative
estimation of the PLQY has not been reported.’™'® From a film
forming/processing perspective, a more appealing approach is
the deposition of composite films from blends of polymer or
low molecular weight organic semiconductors, resulting in the
formation of nano-/micro-domains of hybrid perovskites.'**"
Here we present a hybrid approach for the preparation of high
PLQY perovskite-based materials, which consists in the proces-
sing of blends of the perovskite precursor with stable alumina
nanoparticle (NP) suspensions. Thin films were deposited at
low temperature from solution, and a PLQY of up to 39% in the
solid state was obtained. We show that the self-assembly of
the alumina NPs constrains the growth of the perovskite to the
nanoscale, resulting in the spontaneous formation of isotropic
CH;NH;PbBr; nanocrystals.

The perovskite precursor solution was prepared by mixing
PbBr; and CH;NH;Br in DMF in a 1: 3 molar ratio. Subsequently, an
aqueous dispersion of Al,0; NPs with an average size of 10 nm was
added to the perovskite precursor. Different amounts of Al.O3
NPs were used to evaluate the effect of the perovskite/NP ratio
on the optical properties of the composite. Thin films of the
composite materials were obtained by spin-coating the solution
on glass or quartz substrates in air, followed by annealing on a
hot plate at 90 °C for 1 hour. Processing of the composite films
in air was possible due to their good stability to moisture. The
origin of the relative moisture-insensitivity of CH;NH;PbBr;:
Al,O3 NP systems is not completely understood. In these films,
however, most of the perovskite is surrounded by aluminum oxide,
which is known to retard the degradation of hybrid perovskites.'
On the other hand, pure CH;NH;PbBr; perovskite films were
deposited and annealed in a nitrogen-filled glovebox, due to the
limited stability of the compound in air.
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Fig. 1 GIXRD spectra of a mixed CH3NHzPbBrsz/AlLOs thin film compared
to the reference obtained from a pure AlLOz NP layer.

The formation of crystalline perovskite was confirmed by
grazing incidence X-ray diffraction (GIXRD) of the obtained
thin films. In Fig. 1, the diffraction spectra of a composite film
containing 50 wt% of alumina NPs are depicted. The spectra
showed the diffraction pattern expected for CH3;NH;PbBr;,
confirming the formation of the perovskite in the presence of a
high concentration of alumina NPs.”* The peak at 20.1° indicates
that a small amount of the ammonium salt is still present in the
composite film (see Fig. S1 in the ESL7 for the reference diffracto-
gram of the pure CH;NH;Br and CH;NH;PbBr; compounds).

In Fig. 2a, the UV-Vis absorption spectra of a series of thin
films with increasing Al,O; NP content is depicted. The pure
perovskite absorption spectra are shown as a reference. We
observed that samples with low NP content (30 wt%) are not
fully converted to the perovskite structure with this annealing
time and temperature, as testified by the spectral feature at
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View Article Online

Journal of Materials Chemistry C

~310 nm which corresponds to lead bromide complexes.” By
increasing the alumina NP content, the peak at 310 nm fades
while the absorption onset at ~525 nm, corresponding to the
band-to-band transition of the perovskite, appears. These
observations suggest that the presence of alumina NPs favors
the perovskite formation. A similar enhanced crystallization
has been observed for CH;NH;Pbl; in mesoporous scaffolds.’
Interestingly, perovskite/Al,O; NP films with high NP content
(75 wt%) spontaneously form the crystalline perovskite phase
even at room temperature (Fig. S2, ESIT).

The photoluminescence characteristics of the Al,O; NP thin
films were studied using a Xe lamp coupled to a monochromator
as the excitation source and a spectrometer coupled to an
integrated sphere (Hamamatsu €9920-02 with a Hamamatsu
PMA-11 optical detector) in order to quantitatively determine
the PLQY. For the pure perovskite film and for films with a low
NP content (<30 wt%), only weak photoluminescence could be
observed, with PLQY values within the measurement error of the
setup (<2%). This is partially due to the low excitation intensity
used in the experiments (<0.4 mW cm™). On the other hand,
with increasing NP loading, the typical green emission of the
CH;NH;PbBr; perovskite started to rise (Fig. 2b). A strong
dependence of the PLQY on the Al,O; content is apparent which
reaches a maximum of 26% for a NP concentration of 50 wt%
(Fig. 2c). This PLQY is slightly higher than what was reported for
thin films of colloidal CH;NH;PbBr; nanocrystals.'”> This is
particularly striking when taking into account the simple material
preparation and its processing in air from water-based dispersions.
By increasing the annealing time at 90 °C to 3 hours, the PLQY
of the CH;NH;PbBr;:Al,05 NP (50 wt%) composite thin films is

b) AL,O; NPs content:
El — 30 wt%
= - 50 wit%
G - 75wt
U
£
5
a
450 500 550 600
Wavelength (nm)
1B T r T T T T .
d) Al,0; NPs content:
< 30 wt%
- z0¢ 0 50 wtd% i
K '§ A 75wt
P o
E 107
E 10
z
107 2 5
A =
0 50 100 150 200 250 300 350
Time (ns)

Fig. 2 Photophysical characterization of the composite CH3NHzPbBrs/ALOz NP thin films with increasing NP concentration. (a) Normalized UV-Vis
spectra of thin films, with the pure perovskite absorption reported as a reference and (b) correspondent photoluminescence spectra recorded by
excitation at 380 nm. (c) Trend of the PLQY (black, left) and of the energy of the PL emission peak (blue, right) vs. ALO3 NP loading. The broad lines in
(c) are drawn as guide to the eye. (d) Time-resolved PL measurements taken at the peak emission wavelength of each sample, with a pump wavelength of 380 nm.
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increased to 39%. Together with the increase in the PLQY with
increasing Al,O; NP content, a slight but continuous blue-shift
of the emission energy occurs (Fig. 2d). This shift in emission
wavelength was also observed in nano-sized CH,NH,PbBr,
perovskite blended with organic semiconductors,'® which was
ascribed to quantum confinement effects. From GIXRD line
broadening, a crystallite size of about 20 nm for the films
containing 30 wt% Al,0; NPs was derived. For such Al,O; NP
concentrations, the photoluminescence maxima is 2.37 eV, which
agrees well with what reported for similar size perovskites.'® Even
considering the rough estimation of the size by GIXRD, here we
tend to exclude quantum confinement effects, since the predicted
Bohr radius for CH;NH,PbBr; (2.2 nm) is significantly smaller than
the particle dimensions obtained in the AlLO, NP-perovskite
composite films.** Recently, D’Innocenzo et al. observed a similar
(in magnitude) blue-shift of the photoluminescence peak when
decreasing the crystallite size of CH;NH,Pbl, thin films.*® They
associated the measured shift with a distortion of the I-Pb-I
bond, which has been theoretically predicted and also experi-
mentally observed by Raman spectroscopy.”®?”
distortion would be especially significant in perovskites grown
into a mesoporous scaffold, it might be responsible for the blue
shift observed in our CH;NH;PbBr;/AlL,0; NP blends. In order
to gain further insights into the origin of the observed PLQY
variation, the time-resolved PL was recorded for the same set of

Since such

samples (Fig. 2d). We observed very fast PL decays with life-
times r, (the time to reach 1/e of the initial intensity) of 9, 20
and 11 ns for the samples with NP content of 30, 50 and
75 wt%, respectively, in agreement with the presence of nano-
sized perovskite crystallites.” A longer lifetime was recorded
for the sample with higher PLQY (50 wt% NPs), suggesting a
reduction of the nonradiative channels at this concentration.
For a structure-property correlation of the photoluminescence
observed in the composite thin films, the material morphology was
studied by scanning electron microscopy (SEM). The surface
images of the samples with 30, 50 and 75 wt% ALO; NP content
are reported in Fig. 3 (a, b, and ¢, respectively). Interestingly, we
observed the presence of relatively large crystals (diameter of
2-4 pm) lying on a smooth surface. The profile of a single
crystal was measured by atomic force microscopy (Fig. 3d), and
found to protrude about 200 nm above the sample surface.
A very similar morphology has been recently reported by Li et al
when solution processing films from CH;NH;PbBr; blends with an
inert polymer.™ In our films the system morphology is more
complex since the background surface consists of an ALO, meso-
porous scaffold observable at higher magnification (Fig. 3e). The
composite material contains a large amount of CH,NH,FPbBr,
perovskite, as confirmed by energy dispersive X-ray analysis (EDXA,
Fig. 3f). With increasing AlLLO; NP content, the formation of the
crystals seems to be hindered (Fig. $4, ESIf), finally fading into
round aggregates at the highest measured concentration (75 wt%,
Fig. 3c). The observed perovskite super-structure on the alumina
film is substantially different compared to the often referred to
“capping layer” in the literature.”® The capping layer is formed
when a pure perovskite precursor solution is cast on top of a
pre-formed mesoporous metal oxide film, resulting in excess,

11288 | J. Mater. Chem. C, 2015, 3, 11286-11289
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Fig. 3 SEM pictures of the mixed CHyNHsPbBrs/AlLO; NP thin films at 30,
50 and 75 wt¥ AlOz NP content (a, b, and c, respectively). (d) AFM profile
of a single crystal from a sample containing 30 wt% AlzO= NPs. () Higher
magnification SEM image of the sample surface and (f) correspondent
EDXA map for lead (red) and bromide (green).

superficial perovskite growth. While the photoluminescent
properties of hybrid perovskites are expected to be morphology-
dependent, the large structures observed in SEM images are
unlikely the origin of the high photoluminescence observed. The
observed blue-shift and the very short PL lifetime are more
consistent when originating from perovskite crystals whose size
is limited by the alumina NP scaffold. On the other hand, at low
alumina concentration (<30 wt%) the perovskite aggregation
within the alumina scaffold is obviously favored and this trans-
lates into PL quenching. In order to investigate the morphology
of the CH;NH;PbBr;/Al;0; NP composite, transmission electron
microscopy (TEM) was performed on powders obtained from
scratched films. The TEM analysis (Fig. 4a) shows a morphology
in accordance with that observed by SEM (Fig. 3e), where rod-like
Al;0; NPs assemble forming a dense mesoporous layer.

More interesting is the observation of a high concentration
of isotropic nanoparticles with a considerably different contrast. The
high resolution TEM (HR-TEM, Fig. 4b) shows that the observed

50 nm 5 4
— = e B A

Fig. 4 (a) TEM picture of the mixed CHsNHsPbBry/ALLOs NP thin films
at 50 wt¥% AlOs NP content at different magnifications. The inset {b) is a
HR-TEM image of few isolated NPs with the correspondent FFT.
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nanoparticles are highly crystalline, and the fast Fourier trans-
form (FFT) of a single nanocrystal confirms the presence of the
cubic phase described for CH;NH,PbBr;.'® The electron micro-
scopy hence confirms the formation of a nanostructured com-
posite material where the growth of the hybrid perovskite is
controlled and limited by the presence of the alumina NPs, as
postulated by analyzing the photophysical properties.

Conclusions

In summary, high photoluminescence quantum yield CH;NH,PbBr;
perovskite/alumina nanoparticle composite materials have been
prepared. A strong enhancement of the photoluminescence as a
consequence of the formation of perovskite nanocrystals is
observed. The nanocrystal dimensions are governed by the size
and concentration of the alumina nanoparticles. An optimum
photoluminescence was found at 50 wt% of the alumina nano-
particles at which quantum yields up to 40% were recorded in
thin solid films. Furthermore, these materials can be easily
processed from solution at low temperature in air and are rather
moisture insensitive, making them interesting candidates for
future light-emitting and lasing applications.
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The aim of this thesis was to develop methods as well as materials for the
preparation of perovskite optoelectronic devices. A wide number of techniques
have been employed for the preparation of perovskite thin-films, which have been
implemented both in solar cells and light-emitting diodes.

The flash evaporation, a novel method for the deposition of thin perovskite films
suitable for solar cells have been presented in Chapter 2. The development of an
optimized evaporation protocol is essential for the preparation of efficient
devices. In particular, the evaporated film quality can be significantly influenced
by the form of perovskite used as the precursor. It was found that if a thin
perovskite layer is coated onto the metal foil (used as the heater), uniform heat
exchange resulting in a homogeneous and fast film evaporation can be achieved.
The best results were obtained when meniscus coating was employed to coat the
metal heater. Under this condition, smooth and uniform perovskite films are
readily deposited. When incorporated in multilayer solar cells, flash-evaporated
perovskites lead to power conversion efficiency exceeding 12%, with an active

layer thickness of only 250 nm.

In Chapter 3, the relationship between photovoltaic and electroluminescence
phenomena in perovskite devices have been discussed. In particular, it has been
demonstrated that efficient MAPDI; diodes prepared by dual source vacuum
deposition, mainly studied for photovoltaic applications, also show intense
electroluminescence when measured in forward bias. It has been observed that
the electroluminescence efficiency of perovskite diodes is proportional to the
current density injected in the device, as opposite to most OLEDs. In OLEDs the
electroluminescence efficiency typically diminishes as the current density is
increased, due to exciton-exciton annihilation. In perovskites, the low exciton
binding energy leads to the formation of free carriers, hence the radiative band-
to-band recombination is enhanced when trap states are filled at high current
regimes. In order to increase the electroluminescence efficiency without thermal

damage of the device at high currents, a pulsed driving mode was employed,
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which allows to obtain twice as high efficiency compared to the device biased in

direct current.

The results presented in Chapter 3 suggest that perovskites are characterized by
a high concentration of traps that hinders radiative recombination hence limiting
the electroluminescence efficiency. For this reason, the enhancement of the
photoluminescence quantum yield (PLQY) is desirable for the preparation of
efficient light-emitting diodes. In order to address this issue, the effect of the
perovskite precursor stoichiometry and the addition of Al,O3 nanoparticles to the
morphological and optical properties of MAPbBr; has been investigated.
Through a preliminary study it was demonstrated that an excess of MABr helps
the formation of compact and uniform films, enhancing the PLQY most likely
due to passivating effect of the excess precursor. Thanks to the high film quality,
the correspondent light-emitting diodes showed intense electroluminescence and
low leakage current, further confirming the potential of perovskites as light-
emitting materials. When Al.O; nanoparticles were added to non-stoichiometric
perovskites, the grain size of the material was strongly reduced, resulting in an
enhancement of the PLQY up to 39 %. The luminescence characteristics are
strongly dependent on the amount of alumina blended with the MAPbBr3, with
the most intense effect obtained for 50 wt.% loading in aluminum oxide. The
incorporation of alumina also increases the PL lifetimes and the radiative rate

constant, reducing the non-radiative path due to the passivation of traps states.
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Chapter 6.

Resumen en Castellano.
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Capitulo 6.1.

Introduccion y objetivos de la tesis

6.1.1 Perovskitas hibridas

El nombre “perovskita”, derivado del mineralogista ruso Lev Perovski, es usado
para indicar todos los compuestos que presentan estructura cristalina
generalizable en AMX;. Una subclase especifica de esta familia son las
perovskitas hibridas, en las cuales el cation A es organico, M es un metal de
transicion divalente (Pb?*) y X es un haluro. La estructura de las perovskitas
hibridas de plomo consiste en un reticulo de octaedros de haluro de plomo (PbXg)
unidos por los vértices, intercalados con los cationes organicos. Si el cation es
bastante pequefio para caber en la cavidad determinada por cuatro octaedros
plomo-hal6geno (lo cual ocurre sélo si A es metilamonio o formamidinio), se
forman estructuras tridimensionales (3D) estables. Si el cation organico es mas
grande, la estructura tridimensional colapsa en una bidimensional, donde laminas
de tetraedros de plomo-haldgenos (PbXs) se alternan con capas de moléculas
organicas. Aunque las estructuras 2D presenten interesantes caracteristicas

optoelectronicas, en esta tesis se trataran solo perovskitas 3D.

Las perovskitas tridimensionales, en particular las de metilamonio (MAPbX3),
son materiales muy interesantes para aplicaciones optoelectronicas por las

siguientes razones:

- Fécil control del ancho de banda de los materiales.
El fondo de la banda de conduccion de las perovskitas hibridas esta en su
mayoria formado por los orbitales p de los &tomos de plomo, mientras que la
banda de valencia estd caracterizada por los orbitales p de los &omos de
halégenos. Por tanto, la substitucion del anion corresponde a una modulacion

del band gap que se ensancha con halégenos mas ligeros.
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- Alto coeficiente de absorcion.
La fuerte absorcién de luz por parte de la perovskita permite una alta

generacion de corriente con capas muy delgadas (< 500 nm) en células solares.

- Baja energia de enlace de los excitones.
Esta caracteristica permite una facil y eficiente separacion de los electrones y
los huecos, fendbmeno fundamental para aplicaciones fotovoltaicas. La energia
de enlace puede ser aumentada cambiando el halégeno o a través de cambios
morfologicos, permitiendo la aplicacién de las perovskitas en dispositivos

emisores de luz.

- Alta longitud de difusion y elevadas movilidades de cargas.
Estas caracteristicas de las perovskitas hibridas de metilamonio son de
fundamental importancia para maximizar la extraccion/inyeccion de carga
desde/en la capa activa de perovskita, ya que permiten a los electrones y los

huecos foto-generados ser extraidos antes de que recombinen.

- Precursores quimicos baratos y simple preparacién de los materiales
Los haluros de metilamonio y de plomo son compuestos cuyo coste es muy
bajo. Ademas, las perovskitas pueden ser preparadas facilmente tanto desde

disolucién, como por técnicas en vacio.

6.1.2 Técnicas de deposicion

Una de las ventajas de las perovskitas, comparadas con otros materiales
semiconductores, consiste en la posibilidad de emplear diferentes técnicas de

deposicion para obtener capas de alta calidad.

Las técnicas de formacion de capas de perovskitas se pueden dividir en dos
clases: técnicas de disolucion y técnicas de vacio. La siguiente lista presenta todas

las posibles variantes de técnicas de formacion.
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Métodos basados en disolucion:

- Deposicion en un sélo paso (Fig. 3a)

- Deposicion en un sélo paso con anti-disolventes (Fig. 3b)
- Deposicion secuencial por rotacion (spin-coating, Fig. 3c)
- Deposicion secuencial por bafio (dip-coating, Fig. 3d)

Métodos de vacio

- Co-evaporacion (Fig. 4a)
- Evaporacién flash (Fig. 4b)

- Evaporacidn secuencial (Fig. 4c)

La calidad de la capa delgada depende no solo de la técnica empleada, sino
también del tipo compuesto y del substrato. Por tanto, no se puede definir a priori
una técnica ideal para la deposicién de capas delgadas, y la eleccion del método

de deposicion tendra que ser optimizada segun las aplicaciones finales.

6.1.3 Principio de funcionamiento de células solares

En una célula solar el material fotoactivo absorbe la luz generando pares de
electrones y huecos, que son extraidos hacia los electrodos por los materiales
transportadores de tipo n y p respectivamente. Para que este proceso sea eficiente,
los materiales activos tienen que presentar baja energia de enlace excitonica, alta
movilidad y longitud de difusion de cargas, y pocos defectos que puedan actuar

como trampas.

Para las células solares se identifican unos pardmetros Gtiles al momento de

evaluar su funcionamiento:

- Corriente de cortocircuito (Jsc, MA cm™, representa la corriente generada a 0
voltios, depende de la cantidad de fotones absorbidos, de la eficiencia de

separacion de carga, y de la eficiencia de extraccion).
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- Voltaje de circuito abierto (Voc, V, es el maximo voltaje generado por una

célula solar con corriente igual a 0).

- Factor de forma o Fill factor (FF, %, se define como la relacion entre el punto
de méxima potencia dividido entre el Vo y la J.. Gréaficamente representa la

“cuadratura” de la curva de densidad de corriente contra el voltaje).

- Eficiencia de conversién energética (PCE, % expresada por el cociente del
punto de maxima potencia de la célula y la potencia irradiada sobre el

dispositivo).

- Eficiencia quéntica externa (EQE, %, representa el nimero de electrones
extraidos mediante los contactos por el nimero fotones incidentes sobre el

dispositivo).

6.1.4 Principio de funcionamiento de diodos de emision de luz

Los diodos organicos emisores de luz (OLEDs, del inglés organic light-emitting
diodes) son dispositivos multicapas donde una capa de material luminiscente esta
intercalada entre capas de semiconductores organicos. Estos transportan
selectivamente electrones y huecos confinandolos en el material activo donde
recombinan radiativamente. Los LEDs de perovskita pueden ser representados a
través de una unién p-i-n. En estas condiciones, tres regimenes de funcionamiento
se pueden identificar en la curva de corriente-voltaje (J-V) del dispositivo:
corriente de fuga (1), corriente de difusion (2) y régimen de corriente de flujo (3,
Fig. 7).

Para comparar el rendimiento de diferentes dispositivos, se definen las siguientes

caracteristicas:

- Luminancia (cd m?, representa la intensidad en candelas de luz emitida por

unidad de superficie del dispositivo).
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Densidad de corriente (A m?, corresponde a la intensidad de corriente por

unidad de superficie del dispositivo).

Eficiencia de corriente (cd A*, representa la cantidad de luz emitida por

unidad eléctrica inyectada en el dispositivo).

Eficiencia de potencia (Im W, expresa la eficiencia, pero teniendo en cuenta

también el voltaje aplicado al diodo).

Eficiencia cuantica externa EQE (%, representa el nimero de fotones emitidos

por electrones inyectados).

6.1.5 Objetivos de la tesis

El objetivo de esta tesis es el desarrollo de métodos y materiales apropiados para

la preparacién de capas delgadas de perovskitas hibridas, y su implementacion en

dispositivos optoelectronicos. Se dedicara particular atencién a las relaciones

entre la naturaleza del material, el método de deposicién y las propiedades

optoelectronicas.

El trabajo esta organizado como sigue:

Células solares de perovskitas preparadas por evaporacion flash.
Se desarrolla un simple método de evaporacion por la preparacion de células

solares.

Dispositivos de perovskita con alta eficiencia fotovoltaica vy
electroluminiscente.

En este capitulo se presentan dispositivos optoelectronicos de perovskitas
preparados mediante co-evaporacion que, ademas de presentar alta eficiencia

fotovoltaica, lucen también electroluminiscencia.
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- Compuestos de perovskita-Oxido de aluminio altamente luminiscentes.
En este capitulo se presenta un método prometedor para el aumento del

rendimiento cuantico de fotoluminiscencia.

Cada capitulo se compone por una introduccion del tema, seguida por una
descripcion detallada de las metodologias y por una discusion de los datos

experimentales obtenidos.
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Capitulo 6.2.

Células solares de perovskita preparadas por

evaporacion flash

6.2.1 Introduccion

Como se ha presentado en el capitulo 1, las perovskitas, y en particular MAPblIs,
tienen una energia de enlace de los excitones fotogenerados muy baja, lo cual se
traduce en generacion de cargas libres a temperatura ambiente. Ademas, estan
caracterizadas por un alto coeficiente de absorcion que permite crear altas foto-
corrientes con capas relativamente delgadas (<500nm). La facilidad de
preparacion de estos materiales permite la utilizacion de muchos métodos de
deposicion, entre los cuales se encuentran técnicas de vacio que ya han sido
utilizadas para la preparacion de células solares de perovskitas muy eficientes.
Un método potencialmente simple y rapido para la preparacion de capas delgadas
de MAPDI; es la evaporacion con fuente (nica (conocida también como
evaporacion flash), donde se sublima la perovskita pre-formada en lugar de sus
precursores. EI material se pone encima de una hoja metalica puesta a su vez en
una cdmara de vacio. Haciendo pasar una alta corriente a través del metal, la
perovskita evapora en pocos segundos. En este capitulo se presenta la primera

utilizacién de esta técnica para la preparacion de dispositivos fotovoltaicos.

6.2.2. Metodologia

Todos los materiales empleados en este trabajo estan disponibles comercialmente
y se han empleado sin purificacion posterior a su adquisicién. El yoduro de
metilamonio (MAI) se sintetizé haciendo reaccionar 30 mL de metilamina (40%

en peso en metanol) con 32.3 mL de acido yodhidrico (57% en peso en agua) en
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un frasco de fondo redondo de 250 mL a 0 °C por 2 horas bajo agitacién. El
precipitado se recuperd quitando el disolvente en exceso a 50 °C en un
evaporador rotatorio. El precipitado se lavo tres veces con éter etilico y se seco
a 60 °C en un horno en vacio por 24 horas. Una disolucion al 50% en peso de
precursores se prepar6 mezclando en DMF el Pbl, y el MAI previamente
sintetizado, en proporcion MAI/Pbl, = 3. Las células solares de perovskita se
prepararon sobre un sustrato de vidrio con contactos pre-formados de 6xido de
indio y estafio (ITO). A continuacién, se depositd una capa de 80 nm de
PEDOT:PSS por spin-coating (seguido por un tratamiento térmico de 150 °C por
15 minutos), y una capa de 20 nm de polyTPD. La perovskita se deposité encima
del polyTPD por evaporacion flash y el dispositivo se complet6 con una capa de
80 nm de PCBM como transportador de electrones. El catodo (10 nm de Ba

recubiertos con 100 nm de Ag) se depositd por evaporacion térmica en vacio.

6.2.3 Discusion

En la evaporacion flash el material que se quiere evaporar se dispone sobre una
hoja de metal (normalmente tantalio) conectada entre dos electrodos en una
camara de vacio. Una vez alcanzadas condiciones de alto vacio (10° — 10 mbar),
se hace pasar una corriente intensa a través del metal, que garantiza una rapida
conduccion del calor, causando la rapida sublimacién del material. Con ésta
técnica de deposicion la calidad de la capa evaporada se ve muy influenciada por
el tipo de material de partida, y se pueden apreciar notables diferencias si se
utilizan polvos o si se deposita una capa delgada de material directamente sobre
el tantalio. Asi, a pesar de que este tipo de técnica permite la evaporacion de
materiales en polvo, resulta muy dificil obtener un recubrimiento uniforme de la
hoja de tantalio, lo que causa una evaporacion no uniforme del material con la
consecuente formacion de capas no homogéneas. Los mejores resultados se
obtienen cuando se recubre el tantalio con una capa delgada de perovskita, en

particular mediante la técnica de meniscus coating. De este modo, el calor se
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reparte de manera muy rapida y homogénea en el material a evaporar. El grosor
de la capa evaporada puede ser controlado, ya que hay una proporcionalidad
directa entre la cantidad (en masa) de perovskita depositada en la hoja metalica y
el grosor final de la capa sublimada. En el caso aqui presentado, el grosor de la
capa de perovskita utilizado es de 250 nm (Fig. 11a). La capa asi formada
presenta el patron de difraccion de rayos X tipico del MAPbI; (Fig. 11c), y
muestra una superficie uniforme y relativamente plana (Fig. 11b). El espectro de
absorcidn estéa caracterizado por un rapido aumento de la sefial a 760-800 nm,
confirmando la formacion de MAPbI; (Fig. 11d). Estos resultados demuestran
que la evaporacion flash permite la formacion de materiales altamente cristalinos
en capa delgada, aptos para dispositivos optoelectronicos. Una vez optimizado el
proceso, se implementd la capa de perovskita asi preparada en una célula solar,
con estructura y materiales descritos en el paragrafo de metodologia. Las células
se caracterizaron en atmosfera inerte, utilizando una fuente de iluminacion
calibrada. La EQE del dispositivo es alta en el rango visible del espectro solar,
alcanzando maximos por encima del 70% a 570 nm y 420 nm (Fig 12a), lo que
conlleva una alta fotocorriente (18 mA cm). La curva de corriente-voltaje de la
célula solar en oscuridad (Fig. 12b), revela una baja corriente de fuga, indicando
la baja defectuosidad del dispositivo. Los altos valores de Jsc Y Voc obtenidos
bajo iluminacion indican también que la recombinacion de carga en el dispositivo
es muy baja, probablemente gracias al uso combinado de capas blogueadoras de
electrones y huecos. La combinacién de altos valores de corriente, voltaje vy fill
factor resultan en una elevada eficiencia de conversion de potencia, que supera
el 12%.

6.2.4 Conclusiones

En este capitulo se ha presentado un método novedoso, la evaporacion flash, para
la deposicion de capas delgadas de perovskita y su aplicacion en células solares.

El desarrollo de un protocolo de evaporacion adapto es de fundamental
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importancia para obtener dispositivos eficientes. Los mejores resultados se
obtuvieron recubriendo la hoja de metal por meniscus coating, y utilizando la
perovskita en forma de capa delgada para el proceso de evaporacion flash. Las
células solares preparadas con esta técnica presentan EQE altos y buenas
prestaciones. Ademas, la posibilidad de afadir blogueadores de electrones y

huecos, permite aumentar ulteriormente la eficiencia del dispositivo.
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Capitulo 6.3

Dispositivos de perovskita con alta eficiencia

fotovoltaica y electroluminiscente

6.3.1 Introduccidn

Las células solares y los diodos emisores de luz son dispositivos basados en
mecanismos de funcionamiento complementarios. Las transiciones electronicas
que controlan la recombinacion radiativa de las cargas son las mismas que
gobiernan los procesos de absorcién, implicando una reciprocidad entre los dos
fendmenos. En cortocircuito (V=0), la recombinacién de la carga deberia ser
minima, y todos los fotones absorbidos convertidos en cargas libres que puedan
extraerse a los electrodos. Por otra parte, en condiciones de voltaje de circuito
abierto no se genera corriente, lo cual implica que todas las cargas fotogeneradas
tienen que recombinar. Por esto las células solares méas eficientes operan en el
limite radiativo, donde el flujo de fotones absorbidos es igual al flujo emitido en
condiciones de circuito abierto. EI Voc més alto se obtendra, por tanto, cuando
todos los procesos de recombinacion que ocurren en el dispositivo sean
radiativos, es decir, cuando la electroluminiscencia de la célula solar sea maxima.
Esto implica que la EQE de electroluminiscencia (a voltajes similares al voltaje
de circuito abierto) puede ser utilizada como un pardmetro adicional para
optimizar y comparar las prestaciones de diferentes células solares. En este
trabajo, una célula solar de MAPbI; sera caracterizada también como LED,
polarizandola y midiendo la electroluminiscencia. Al aumentar el voltaje
aplicado, las altas corrientes y la consecuente disipacion de calor pueden causar
la répida degradacion del material activo. Una solucion a este problema es la
aplicacion de una corriente pulsada. En estas condiciones es posible aplicar altas
corrientes por un tiempo muy corto, dejando que el sistema se relaje y que el calor

acumulado se disipe cuando la corriente aplicada vuelve a cero. En este capitulo
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se presenta un dispositivo multifuncional que presenta al mismo tiempo buena
actividad fotovoltaica e intensa electroluminiscencia. La capa de perovskita se
deposita por co-evaporacion, y las propiedades luminiscentes se evallian a través

de la aplicacién de corriente continua y pulsada.

6.3.2 Metodologia

Todos los materiales empleados en este trabajo estan disponibles comercialmente
y se han utilizado sin purificacion posterior a su adquisicion. La arquitectura del
dispositivo consiste en: ITO/PEDOT:PSS (80 nm)/polyTPD (20 nm)/MAPDI3
(320 nm)/PCBM (100 nm)/Ba (10 nm)/Ag (100 nm). La capa de PEDOT:PSS se
prepard por spin-coating, mientras que la capa de polyTPD se deposité mediante
meniscus coating. Después de cada deposicion las capas fueron sometidas a un
tratamiento térmico como descrito en la metodologia del capitulo 2. La capa de
perovskita MAPDbI; se prepar6 mediante co-evaporacion de yoduro de
metilamonio y yoduro de plomo. La perovskita se recubrié con una capa de
PCBM de 100 nm de grosor, mediante meniscus coating. El dispositivo se
completd con la deposicién térmica en vacio de un catodo metalico formado por
10 nm de Ba 'y 100 nm de Ag.

6.3.3 Discusion

La co-evaporacion es una técnica que permite la formacién de capas altamente
cristalinas y con éptimas calidades opto-electrénicas, como se demuestra por el
patron de difraccion de rayos-X, asi como por el espectro de absorcion. La
ecuacion de Scherrer permite estimar el tamafio medio de los cristales de
perovskita en la capa, que en este caso resulta de alrededor de 35 nm. Para
asegurar una buena inyeccion de carga en el dispositivo se utilizé un catodo de
bario (la plata depositada sirve principalmente para proteger el bario), cuya baja

funcion de trabajo asegura que no haya barreras energéticas para la inyeccion de

106



electrones (Fig.13). Cuando el dispositivo se mide como una célula solar,
presenta altas EQE con maximo de 90 % a 570 nm (Fig. 15a). Esto resulta en una
corriente de cortocircuito que supera los 18 mA cm2y que, junto con alto Voc

(1.08 V) y alto FF (64%), genera una eficiencia ligeramente inferior a 13%.

Posteriormente a la caracterizacion fotovoltaica, el mismo dispositivo se
caracteriz6 como si fuera un LED. Para esto, la corriente y la intensidad de
electroluminiscencia (irradiancia, ya que el dispositivo emite en el infrarrojo
cercano) se midieron durante un barrido de voltaje. La curva de la corriente-
voltaje presenta muy baja corriente de fuga, confirmando la baja defectuosidad
del dispositivo. Los diferentes regimenes de la curva de diodo son claramente
identificables (Fig. 16a). En correspondencia con la inyeccion de carga, la
electroluminiscencia sube rapidamente, llegando a 84 uW cm? a 2.5 V. El
maximo del espectro de electroluminiscencia esta posicionado en 765 nm, de
acuerdo con el ancho de banda de la perovskita. A pesar del bajo voltaje necesario
por obtener electroluminiscencia, que apunta a las buenas caracteristicas de
transporte del dispositivo, la EQE de electroluminiscencia es muy baja (0.014%),
si se compara con otros LEDs que emiten en el infrarrojo. A diferencia de los
OLED:s, la electroluminiscencia de los dispositivos de perovskita es directamente
proporcional a la densidad de corriente, debido al progresivo llenado de los
niveles asociados a trampas que causan la reduccion de la recombinacion
radiativa. Asi que, en principio, al aumentar la corriente podria alcanzarse una
eficiencia mas alta. Desafortunadamente, como estaa explicado anteriormente, la
disipacion de calor causado por altas corrientes puede ser perjudicial para la
estabilidad de la capa emisora. A fin de evitar este efecto, se ha utilizado una
corriente pulsada a una frecuencia de 100 Hz, con forma de onda cuadrada y
ciclos de trabajo del 50%. Esto corresponde a un pulso de corriente de 5 ms
alternado a un tiempo en reposo equivalente (Fig. 17a). Con esta técnica es
posible aplicar corrientes de pico de 2300 mA cm (equivalentes a una corriente
media de 1150 mA c¢cm?), obteniendo una irradiancia de 770 uW cm. La mayoria

de las células medidas en corriente pulsada presentan un EQE de
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electroluminiscencia de 0.03%, que es el doble de lo obtenido con la aplicacion

de corriente continua.

6.3.4 Conclusiones

Se ha demostrado como los materiales de perovskita tienen un gran potencial
tanto en aplicaciones fotovoltaicas como en dispositivos emisores de luz. Una
célula solar de MAPI con eficiencia cerca de 13% exhibe también
electroluminiscencia que, contrariamente a los LEDs orgénicos, incrementa al
aumentar la densidad de corriente. Se ha demostrado que con la utilizacién de
corriente pulsada, en lugar de la continua, es posible aplicar corrientes muy
elevadas sin degradar la capa activa, alcanzando asi valores de EQE de mas del

doble con respeto a los obtenidos en corriente continua.
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Capitulo 6.4

Compuestos de perovskita-oxido de aluminio

altamente luminiscentes.

6.4.1 Introduccion

Recientemente las perovskita tridimensionales hibridas de bromo (MAPbBrs;)
han sido sefialadas como posibles materiales emisores en dispositivos
electroluminiscentes. La EQE es un parametro muy importante para definir las
prestaciones de los dispositivos, y es proporcional al rendimiento cuéntico de
fotoluminiscencia (PLQY) (Ecuacion 8). En consecuencia, la mejora del PLQY
del material es fundamental para obtener dispositivos eficientes. Sin embargo, las
perovskitas, como el MAPbBr; presentan PLQY muy baja, con luminiscencia
apreciable sélo por medio de excitacion intensa como la obtenida con un laser.
Esto puede ser debido a la alta concentracién de trampas electronicas en el
material, que aumentan la probabilidad de recombinacion no-radiativa
reduciendo el PLQY. La elevada concentracién de carga generada con una fuente
de excitacion intensa permite llenar las trampas, con el consecuente incremento
de la intensidad de fotoluminiscencia. Desde una perspectiva de dispositivo,
materiales con altos PLQY a bajas intensidades de excitacion son muy deseables,
dado que esto se traduce en un bajo consumo de energia. La morfologia tiene una
fuerte influencia sobre las propiedades foto-fisicas de las perovskitas, y mediante
la formacién de nanoparticulas es posible aumentar sustancialmente el PLQY de
MAPDBr; (en analogia con los puntos cuanticos de semiconductores
inorganicos). Una alternativa a la sintesis de nanoparticulas consiste en mezclar
la perovskita con un material que confine su crecimiento, como un polimero,
donde el tamafio de las particulas depende de la agregacion y de la cantidad de
polimero afiadido. Otra posibilidad para reducir el tamafio de los granos de

MAPDBI; es la infiltracion de la disolucidn de precursores de la perovskita en
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una matriz porosa de 6xido metélico. Se ha demostrado que la fotoluminiscencia
del MAPDbBr; aumenta si se deposita el material sobre Al,O3z mesoporoso, aunque
no se ha cuantificado el PLQY. El medio poroso de alimina se prepard con un
proceso de sinterizacion a alta temperatura, lo que limita la aplicacion de esta
técnica a sustratos que sobrevivan a estas condiciones. En este capitulo se
presentara una estrategia mas versatil que consiste en la formacion simultanea de
la perovskita y de la matriz de dxido de aluminio a baja temperatura y en aire. Se
prestara particular atencion a la composicion del precursor de la perovskita, cuya

estequiometria ha sido optimizada en un estudio preliminar.

6.4.2 Metodologia

Todos los materiales empleados en este trabajo estan disponibles comercialmente
y se han utilizado sin purificacion posterior a su adquisicion. Por el estudio
preliminar del precursor de la perovskita, se prepararon una solucion
estequiométrica (MA/Pb = 1) y una no-estequiométrica (MA/Pb = 3) de MABry
PbBr; (70 mg/mL en DMF). Con estas disoluciones se prepararon capas delgadas
de perovskita (denominadas F1 y F3 la estequiométrica y la no-estequiométrica,
respectivamente) sobre vidrio por spin-coating. Las capas fueron sometidas a un
tratamiento térmico de 90 °C durante 15 minutos. Estos estudios se Ilevaron a
cabo en atmosfera inerte en una caja de guantes. Para las medidas de difraccion
de rayos-X y de resonancia magnética nuclear (NMR) en estado solido, se
prepararon muestras de polvo de perovskita por precipitacion desde una
disolucion al 40 % en peso (en DMF) de precursores estequiométricos (P1) y no-
estequiométricos (P3), usando clorobenceno como agente precipitante. Los
materiales policristalinos obtenidos se secaron en horno a 70 °C durante 48 horas.
Parte de la muestra P3 fue sometida a un ulterior tratamiento térmico a 115 °C
durante 24 horas. Las mismas disoluciones se utilizaron también para la
preparacion de los diodos emisores de luz. La estructura de los dispositivos
preparados es ITO/PEDOT:PSS:Nafion (80 nm)/MAPbBr; (900 nm)/BmPyPhB
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(40 nm)/Ba (5 nm)/Ag (100 nm). La deposicion de la capa de perovskita se llevo
a cabo por spin-coating en caja de guantes con atmosfera de N, seguida por un

tratamiento térmico a 100 °C por 15minutos.

Para la preparacion de los compuestos perovskita-alumina, diferentes cantidades
en peso (30%, 50% y 75%) de nanoparticulas de alimina se afiadieron a la
disolucion no-estequiométrica de perovskita (70 mg/mL en DMF). También en
este caso, la capa delgada se depositdé por spin-coating, con un tratamiento
térmico de 90 °C por 1 hora. La deposicion de las capas y el tratamiento térmico

se llevaron a cabo en aire.

6.4.3 Discusion

Las perovskitas estequiométricas y la no-estequiométricas presentan diferencias
tanto desde el punto de vista morfolégico, como en sus propiedades opto-
electronicas. Por tanto, antes de preparar los compuestos de alimina y perovskita,
se llevé a cabo un estudio para evaluar que estequiometria de perovskita es la mas
adapta. La difraccion de rayos-X (Fig. 19 izquierda) de la muestra P3 presenta
numerosos picos adicionales comparada con la P1, debido al exceso de
metilamonio. El mismo exceso es también apreciable en los espectros de C
NMR (Fig. 19 derecha). En el compuesto P3 coexisten dos sefales de
metilamonio, uno correspondiente a la sal enlazada (presente también en la
muestra P1, pero ausente en la muestra de referencia de metilamonio puro), y otro
asociado al metilamonio libre (Gnica sefial presente en la referencia de
metilamonio). Es interesante destacar como, a diferencia de la correspondiente
perovskita de yodo, el exceso de metilamonio se mantiene a pesar del tratamiento
térmico adicional (como demuestran los dos picos en el espectro de NMR). Esto
implica que el exceso de precursor organico se mantiene en la perovskita y, por
tanto, tendrd un efecto en la morfologia del material. De hecho la muestra
estequiométrica se caracteriza por la presencia de cristales cubicos grandes

(micrométricos) con conectividad limitada y un bajo grado de recubrimiento del
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sustrato. Por otra parte, la perovskita no-estequiométrica presenta una superficie
uniforme y compacta, recubriendo completamente el sustrato. EI cambio en la
morfologia se traduce ademas en un cambio de las propiedades optoelectronicas
de los materiales. El espectro de absorcion de la muestra F1 se caracteriza por la
presencia de un pico excitonico, caracteristico de estructuras de gran tamafio, y
el material no presenta fotoluminiscencia. Por el contrario, la muestra F3 no
presenta sefiales excitonicas, pero si exhibe fotoluminiscencia. Las prestaciones
de los dispositivos electroluminiscentes preparados con las dos perovskitas
reflejan sus diferentes morfologias. En particular el LED3, fabricado con
perovskita no-estequiométrica, luce la eficiencia mas alta. Este estudio preliminar
demostré como el exceso de metilamonio resulta beneficioso para la formacién
y para la luminiscencia de la perovskita. Por eso, los compuestos de perovskita-
alumina se prepararon empleando una disolucion de perovskita con exceso de
metilamonio. Se prepararon compuestos de alumina-perovskita con tres
concentraciones diferentes de nanoparticulas de alimina: 30%, 50% and 75% en
peso. Los espectros de absorcidn indican como la muestra con mas alto contenido
en éxido no muestra las caracteristicas tipicas de la perovskita de bromo, cuya
formacidn es inhibida por la alta cantidad de nanoparticulas inorgéanicas. Por otro
lado, de los espectros de fotoluminiscencia se puede apreciar facilmente el efecto
benéfico de la alimina en el PLQY. En particular, para el compuesto al 50% de
alimina, se han obtenido valores de PLQY de hasta el 39 %. En cambio, el PLQY
tras la incorporacién de las nanoparticulas de éxido de aluminio es claramente
apreciable en el cambio de tiempo de vida de los estados excitados, que resultan
mucho mas largos comparados con MAPDbBrs. Esta modulacion en la fotofisica
de los compuestos se debe a un cambio en su morfologia. Las imagenes obtenidas
con microscopios electrénicos de barrido y de transmision ensefian que en las
capas coexisten nanoparticulas y cristales grandes. El incremento del rendimiento
cuantico de fotoluminiscencia es debido al aumento de la energia de enlace de
los excitones, causado por la reduccion del tamafio de las particulas de perovskita,
asi como a una pasivacion de las trampas que se traduce en una menor constante

de recombinacién no-radiativa.
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6.4.4 Conclusiones

En este capitulo se ha investigado como la incorporacion de nanoparticulas de
6xido de aluminio puede incrementar sensiblemente el PLQY de MAPbBrs;. Se
Ilevé a cabo un estudio preliminar sobre el efecto de la estequiometria de la
perovskita, demostrando como un exceso de bromuro de metilamonio resulta
beneficioso en términos de morfologia y fotoluminiscencia de la capa. Por tanto,
se empled perovskita con exceso de metilamonio en la preparacion de los
compuestos con la alumina. El mayor PLQY (39 %) fue registrado para la
muestra con el 50 % de 6xido de aluminio, y los andlisis morfoldgicos revelaron
la formacion espontdnea de nanoparticulas de perovskita, responsables del

aumento del PLQY y del tiempo de vida de fotoluminiscencia.
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Capitulo 6.5

Conclusiones generales

El objetivo de esta tesis consistia en el desarrollo de métodos y materiales para la
preparacion de dispositivos optoelectronicos de perovskita. Para la formacion de
capas delgadas de perovskita, se emplearon un amplio espectro de técnicas de

deposicion, preparando tanto células solares como diodos emisores de luz.

En el capitulo 2 se presento la evaporacion flash, una técnica novedosa para la
deposicion de capas aptas para ser implementadas en células solares. Para
conseguir dispositivos eficientes, es esencial el perfeccionamiento del protocolo
de evaporacion. En particular, la calidad de la capa evaporada puede ser
sustancialmente modificada dependiendo de la forma de la perovskita empleada
como precursor. Los mejores resultados se obtuvieron cuando el material para
evaporar es depositado en forma de capa delgada encima de la hoja de metal,
asegurando un intercambio de calor uniforme entre metal y perovskita y causando
la rapida evaporacién del MAPbIs. Con este método se prepararon células solares
caracterizadas por una eficiencia superior al 12% con capas activas de perovskita

de tan sélo 250 nm de grosor.

En el capitulo 3 se ha estudiado la relacion entre fendmenos fotovoltaicos y
electroluminiscentes en dispositivos de perovskitas. En particular se ha
evidenciado como diodos de MAPbIs;, empleados principalmente como células
solares, pueden comportarse también como dispositivos emisores de luz. La
electroluminiscencia de las perovskitas, a diferencia de la de los diodos orgéanicos
emisores de luz, es directamente proporcional a la densidad de corriente
inyectada en el dispositivo. Por tanto, para aumentar la eficiencia de
luminiscencia sin dafar los dispositivos por el estrés térmico que conlleva las

altas corrientes, se ha medido el diodo de perovskita en corriente pulsada. De este
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modo, se ha podido obtener eficiencia doble comparada con la obtenida mediante

corriente continua.

Los resultados presentados en el capitulo 3 indican que las perovskitas
tridimensionales de metilamonio se caracterizan por una alta concentracion de
trampas electronicas, que disminuyen las recombinaciones radiativas afectando
negativamente la eficiencia de la electroluminiscencia. Por esta razon, un
incremento del rendimiento cuantico de fotoluminiscencia es necesario para la
preparacion de diodos de perovskitas emisores de luz. El capitulo 4 propone una
estrategia para aumentar el PLQY de MAPbBTr3, consistente en la preparacién de
compuestos de perovskita y Al,Os;. Previamente se condujo un estudio para
evaluar el efecto de la estequiometria de la perovskita, a través del cual se observé
gue un exceso de MABr ayuda a la formacidn de capas uniformes y compactas,
y que ademas presentan un mayor PLQY. Cuando se afiade el éxido de aluminio
a la perovskita, el tamafio de los granos es reducido por efecto de la matriz de
Al;O3, obteniendo un incremento del PLQY hasta el 39%. El comportamiento
Optico de los compuestos perovskita-alimina esta dictado por la cantidad de
Al;O3, y luminiscencia mas intensa se ha alcanzado con el 50 wt.% de alimina.
En estas condiciones, el tiempo de vida y la constante radiativa de foto-
luminiscencia se alargan gracias al mayor caracter excitonico de las
nanoparticulas de perovskitas, mientras que la componente no-radiativa se ve

reducida por la pasivacién de las trampas.
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