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Summary of the thesis

Photovoltaics have become one of the most popular renewable source
of energy. Photovoltaic technologies transform sunlight into electricity, they
are available worldwide, and they do not depend on the conversion of motive
power, making this technology quite easy to implement. Nowadays, silicon is
still the most used material for photovoltaics. Anyway, new photovoltaic
technologies have emerged as alternatives to silicon, as they are cheaper, easier
to process, and, they are possible to use on flexible substrates. Among them,
lead halide perovskites have become one of the most popular choice in the
scientific community, due to the great properties that this material presents.
While efficiencies have risen above 25%, which is close to their maximum
theoretical limit, there is still debate about the processes happening in the
device. In this thesis, we try to gain insight into charge carrier processes from
their generation to their recombination at both perovskite interfaces, and also
in the bulk of the material. Using advanced characterization techniques, such
as transient photovoltage (TPV), transient photocurrent (TPC), charge
extraction (CE), and femtosecond transient absorption spectroscopy (fsTA) we
obtained important findings about charge carrier losses, and artifacts affecting
charge carrier recombination in functional devices that lead to lower power

conversion efficiencies.
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Resumen de la tesis

La energia fotovoltaica se ha convertido en una de las alternativas mas
populares como fuente de energia renovable. Se basa en la transformacién
directa de radiacion solar en electricidad. Se encuentra disponible a escala
global y ademas no precisa de ningin transformador para convertir la energia
mecanica en energia eléctrica, lo que hace que sea facil de implementar. Hoy
en dia, el material mas utilizado para aplicaciones fotovoltaicas sigue siendo el
silicio. En cambio, el desarrollo de nuevas tecnologias, mas baratas, faciles de
procesar y que ademds pueden utilizarse en sustratos flexibles, ha surgido
como alternativa al silicio. De todas ellas, las perovskitas basadas en haluros de
plomo se han convertido en una de las mejores opciones para la comunidad
cientifica debido a las excelentes propiedades fotovoltaicas que presenta.
Aunque las eficiencias de los dispositivos preparados con perovskitas han
alcanzado el 25%, un valor que se encuentra muy cercano a su maximo tedrico,
los procesos que tienen lugar en estos dispositivos aun no son del todo
conocidos. En esta tesis se trata de obtener informacion acerca de los procesos
de los transportadores de carga, desde como se generan hasta la
recombinacion, tanto en las interfaces como en el interior del propio material.
Para ello, se han utilizado distintas técnicas de caracterizacion avanzadas como
el fotovoltaje transitorio (TPV), fotocorriente transitoria (TPC), la extraccion
de carga (CE) y la espectrocopia de absorcién transitoria en la escala del
femtosegundo (fsTA), obteniendo importantes conclusiones sobre pérdidas y
procesos que afectan a la recombinacion de transportadores de carga que

llevan a peores eficiencias en celdas solares.
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Resum de la tesi

L'energia fotovoltaica s'ha convertit en una de les alternatives més
populars com a font d'energia renovable. Es basa en la transformacio6 directa
de radiacio solar en electricitat. Es troba disponible a escala global i a més no
necessita de cap transformador per convertir l'energia mecanica en energia
eléctrica, el que fa que sigui facil d'implementar. Avui en dia, el material més
utilitzat per a aplicacions fotovoltaiques segueix sent el silici. En canvi, el
desenvolupament de noves tecnologies, més barates, facils de processar i que
a més poden utilitzar-se en substrats flexibles, ha sorgit com a alternativa al
silici. De totes elles, les perovskita basades en halurs de plom s'han convertit
en una de les millors opcions per a la comunitat cientifica a causa de les
excel-lents propietats fotovoltaiques que presenta. Tot i que les eficiéncies dels
dispositius preparats amb perovskita han arribat al 25%, un valor que es troba
molt proper al seu maxim teoric, els processos que tenen lloc en aquests
dispositius encara no son del tot coneguts. En aquesta tesi es tracta d'obtenir
informacid sobre els processos dels transportadors de carrega, des de com es
generen fins a la recombinacid, tant en les interficies com a l'interior del propi
material. Per aix0, s'han utilitzat diferents técniques de caracteritzacio
avancades com el fotovoltatge transitori (TPV), la fotocorrent transitoria
(TPC), l'extracci6 de carrega (CE) i 'espectroscopia d'absorcié transitoria en
l'escala del femtosegon (FSTA), obtenint importants conclusions sobre pérdues
i processos que afecten la recombinacio de transportadors de carrega que

porten a pitjors eficiéncies en cel-les solars.
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Figure 4.4. (A) Light intensity dependence with Jsc and (B) Voc for the
different HTM under study.

Figure 4.5. (A) Normalized PL spectra of the MAPI and MAPI/HTM films. (B)
PL decay dynamics of the perovskite/HTM films under. Both measurements
were obtained after a excitation at 470 nm.

Figure 4.6. TPV decays measured under 1 Sun conditions for all the devices
studied, (A) spiro-OMeTAD, (B) PTB7, (C) P3HT, and (D) PCPDTBT. It is also
shown the monoexponential fit to obtain the perturbation lifetime.

Figure 4.7. Perturbation lifetime obtained from the TPV decays as a function
of the voltage generated at different light intensities.

Figure 4.8. (A) Differential Capacitance plot as a function of the Voc for the
different HTM used including the geometric capacitance. (B) Differential
Capacitance after subtracting the geometric capacitance.

Figure 4.9. (A) Carrier density obtained from the integration of the differential
capacitance at the same voltages. (B) Carrier density obtained after the
subtraction of the geometrical capacitance, reflecting the carriers stored in the
perovskite bulk. (C) Carrier density obtained from the CE method.

Figure 4.10. (A) Carrier lifetime as a function of the carrier density in the
device considering the geometric capacitance and (B) after the subtraction of
the geometric capacitance.

Figure 4.11. ]V measurements of the hole only devices for each HTM under
study. The lines correspond to the fitting of the SCLC method.

Figure 4.12. UV-Vis absorption spectra of the MAPbI; film.

Figure 4.13. FsTA spectra in the visible and NIR of MAPbI; films using Aexc =
460 nm and a laser fluence of 130 pJ/cm?.

Figure 4.14. (A, C) Differential absorption spectra of MAPbI; with time delays
of 0.5 ps (blue), 3 ps (purple), and 20 ps (orange) (A). Time absorption profiles
of MAPbI; at 480 nm (blue) and 760 nm (orange) (C) using Aexc = 460 nm and
a laser fluence of 130 pJ/cm?. (B, D) Differential absorption spectra of MAPbI3
with time delays of 0.5 ps (blue), 3 ps (cyan), and 20 ps (green) (B). Time
absorption profiles of MAPbI; at 480 nm (blue) and 760 nm (green) (D) using
Lexc = 695 nm and a laser fluence of 130 pJ/cm?.

Figure 4.15. FsTA spectra of TiO2/MAPI films with Aex = 460 nm. Differential
absorption spectra (A) with time delays of 0.5 ps (blue), 3 ps (purple), and 20
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ps (orange). Time absorption profiles (B) at 480 nm (blue), 760 nm (purple),
and 970 nm (orange) showing the electron injection into the TiO; layer.

Figure 4.16. UV-Vis absorption spectra of the different MAPbIs/HTM and
HTM films. (A) MAPbDIs/spiro-OMeTAD and spiro-OMeTAD films; (B)
MAPDBI;/PTB7 and PTB7; (C) MAPDI/P3HT and P3HT; and (D)
MAPDI;/PCPDTBT and PCPDTBT. The dashed blue line indicates the
excitation wavelength in the fsTA experiments.

Figure 4.17. Differential ~ absorption  spectra  obtained by
spectroelectrochemical oxidation at different voltages for spiro-OMeTAD
(Vspiro—OMeTAD =+0.27 V) (A), PTB7 (VPTB7 =+1.52 V) (B), P3HT (VPSHT= +1.07 V)
(C), and PCPDTBT (Vecpprsr = +0.07 V) (D). All potentials vs Fc/Fc*.

Figure 4.18. Comparison of the differential absorption spectra in the visible
and NIR region of the different films, MAPbIs, TiO, / MAPbIs, MAPbIs / spiro-
OMeTAd, MAPbI; / PTB7, MAPbIs / P3HT, and MAPbI; / PCPDTBT at 1.2 ps

with Aexc = 460 nm and a laser fluence of 130 uJ/cm?.

Figure 4.19. Time absorption profiles obtained at the maximum of the polaron
features for every HTM: (A) spiro-OMeTAD, (B) PTB7, (C) P3HT, and (D)
PCPDTBT. The fast component of the decay is associated with hole injection.

Figure 4.20. (A-C) FsTA spectra in the visible and NIR (600-1100 nm) of
MAPbI; (A), MAPbIs/spiro-OMeTAD (B), and MAPbIs/PCPDTBT (C) using
Lexc = 460 nm and a laser fluence of 64 pJ/cm?. (D) Differential absorption
spectra with a time delay of 0.5 ps for MAPDbIs (grey), MAPbIz/spiro-OMeTAD
(green), and MAPbIz/PCPDTBT (pink). Solid lines are added to highlight the
PIA signals of hot carriers (780 nm). Vertical dashed lines highlight the polaron
of spiro-OMeTAD at 965 nm and PCPDTBT at 905 nm. Horizontal dashed
lines indicate the time delay of 0.5 ps.

Figure 4.21. Comparison of differential absorption spectra at 0.5 ps with Aexc =
460 nm and laser fluences of 26 uJ/cm? (A), 64 pJ/cm? (B), 130 pJ/cm? (C), and
191 y/cm? (D) of MAPbI; (grey). MAPbIs/spiro-OMeTAD (green), and
MAPbI;/PCPDTBT (pink).

Figure 4.22. Time absorption profiles of spiro-OMeTAD (A) and PCPDTBT (B)
polaron signals at 965 nm and 905 nm, respectively with increasing laser
fluences from 26 to 191 pJ/cm?.

Figure 4.23. Kinetic traces obtained for MAPbI; (grey), TiO2/MAPbDI; (blue),
MAPDbI;/spiro-OMeTAD (green), and MAPbI:;/PCPDTBT (pink) using Aexc =
460 probing at 780 and a laser fluence of 130 pJ/cm? (A). Kinetic traces probing
at 760 nm and a laser fluence of 130 pJ/cm? (B) and a laser fluence of 26 pJ/cm?

(C). (D) Scheme showing the proposed mechanism. Hot electrons are either
injected into TiO, (1) and/or PCPDTBT (2). The electrons injected into
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PCPDTBT are transferred back to MAPbI; (3). Additionally, there is the hole
injection into the HTM (4).

Figure 5.1. ESEM images of the four different architectures employed in this
study (A) cTiO, (B) cTiO2/Ceo, (C) mTiOz, and (D) mTiO>/Cso.

Figure 5.2. JV curves of the champion devices of the four different types of
devices under study. Both forward (dashed lines) and reverse (solid lines) were
measured under 1 Sun conditions (100 mW/cm?, AM 1.5G) with a scan rate of
40 mV/s. The shadowed area shows the degree of hysteresis in every device.

Figure 5.3. Photovoltaic parameters derived from the JV measurement in both
forward and reverse conditions of 15 PSC. All JV curves were measured under 1
Sun conditions (100 mW/cm?, AM 1.5G) with a scan rate of 40 mV/s.

Figure 5.4. (A) DiffCap plots as a function of the applied light bias. (B) DiffCap
after subtracting Cge, (carriers stored at the contacts). (C) Total charge carrier
density at different Voc values, including carriers in the bulk and the contacts.
(D) Charge carrier density in the perovskite bulk.

Figure 5.5. Small perturbation lifetime from TPV experiments as a function of
the light bias. The lines relates to the exponential fit from Equation 5.4.

Figure 5.6. Small perturbation lifetime from TPV measurements as a function
of the carrier density in the devices after subtracting Cgeo (A) and including Cyeo

(B).

Figure 5.7. Carrier lifetime obtained from the TPV measurements as a function
of the carrier density based on the DiffCap method. The lines show the power
law fitting used to estimate the recombination order.

Figure 5.8. Voc stabilization times for mTiO>/MAPbI; and mTiO./Ceo/MAPDI3
devices. The dotted vertical lines indicate the times at which TPV transients
were acquired in Figure 5.9.

Figure 5.9. TPV transients measured after 3, 5, 10, and 30 s of illumination at
1 Sun conditions for mTiO>/MAPDI; (A) and mTiO2/Ceo/MAPDI; (B) using a
laser excitation wavelength of 590 nm.

Figure 5.10. Differential absorption spectra at 0.7 ps of the different
ETM/MAPDI; films with (A) ¢TiO; and cTiO2/Ceo; (B) mTiO2 and mTiO2/Ceo
compared with the reference MAPbI; using Aexc = 695 nm and a laser fluence
of 64 pJ/cm?.

Figure 5.11. Kinetic traces probing at 950 nm of the different ETM/MAPbI3
films with (A) ¢TiOz and cTiO2/Ceo as well as (B) mTiO; and mTiO/Ceo
compared with the reference MAPbI; using Aexc = 695 nm and 64 pJ/cm? as
laser fluence
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Figure 5.12. Normalized kinetic traces probing at 780 nm (A, B) and as-
measured kinetic traces probing at 780 nm (C-F) of the different ETM/MAPbI3
films with (A, C, E) cTiO2/Ceo, as well as (B, D, F) mTiO,, and mTiO2/Ceo
compared with the reference MAPbIs using Aexc = 695 (A-D) and 460 nm (E,F)
using a laser fluence of 64 uJ/cm?.

Figure 5.13. PIA intensity dependence with the laser fluence ranging from 26

to 191 pJ/cm? which results in an exponential dependency for MAPbI; and
cTiO2/MAPDL; and linear dependency for cTiO,/Cso/MAPbIz (A). The
dependency is linear for mTiO,/MAPbI; and mTiO,/Cso/MAPDI; in (B).

Scheme 5.1. Energy levels characteristics in the early stages of illumination.
The presence of ions at the interface drives ions into the opposite direction of
extraction (A). The use of Ce layer mitigates this effect blocking ionic
movement and improving carrier collection (B).

Figure 6.1. (A) Photovoltaic parameters obtained from the JV curves of the
devices measured on day 3 and 45. (B) JV curves of the same device measured
on day 3 and day 45. All the measurements were done at 1 Sun conditions (AM
1.5 G, 100 mW/cm?) and a scan rate of 40 mv/s.

Figure 6.2. ]V curves of the same solar cell measured on different days, while
it was stored under air or N> conditions. The shadowed area shows the degree
of hysteresis on the device.

Figure 6.3. V,. stabilization over time of the devices measured on days 3 and
45. Dashed lines show the times at which TPV pulses for transient of the
transient were acquired.

Figure 6.4. Scheme showing the possible band diagrams in different stages.
Dashed lines show the Fermi levels, complete lines show the valence and
conduction band of the perovskite, and the squared positive and negative
symbols shoe the ions in the perovskite.

Figure 6.5. (A) TPV signals of the device measured on day 3 with different
illumination times. (B) TPV signals of the device measured on day 45 with
different illumination times.

Figure 6.6. Amplitude of the negative transient deflection at different
illumination times obtained from the TPV measurements.

Figure 6.7. (A) Small perturbation lifetime as a function of the photovoltage
generated in the devices with the exponential fitting (A) and the calculation of
the capacitive discharge (dashed lines, B).

Figure 6.8. ]V curves under different light intensities for the devices measured
on day 3 (A) and day 45 (B). Js values at different light intensities and the
fitting to a power law dependence in reverse conditions (C). V,. dependence
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with the light intensity in reverse conditions (D) used to estimate the ideality
factor.

Figure 6.9. (A) Differential capacitance at different voltages (light bias). (B)
Carrier density obtained upon integration of the capacitance at the same
voltages. (C) Differential capacitance plot after the subtraction of the
geometric capacitance (carriers at the contacts), and (D) carrier density
obtained upon the integration of the capacitance in (C) showing the carriers
stored in the bulk of the perovskite.

Figure 6.10. Small perturbation lifetime as a function of the carrier density
obtained from the integration of differential capacitance.

Figure 6.11. Small perturbation lifetime obtained from the TPV as a function
of the carrier density obtained from the integration of the differential
capacitance after the subtraction of the geometric capacitance.

Figure 6.12. (A) Carrier density obtained at different voltages using the CE
technique. (B) Small perturbation lifetime as a function of the carrier density
obtained from CE.
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Introduction

1.1. Energy consumption

Global electricity demands are constantly increasing. To cover all these
demands, the major source to generate electricity is still burning coal, which is
associated with the large CO; emissions. The good news is that the use of
renewable energies already covers one-quarter of the total global electricity
needs, and, just in 2018, the use of photovoltaics, wind, and hydropower
increased 30% compared to the previous year. Yet, this does not cover all the
new electricity demands, and therefore, the use of fossil fuels also increased to

meet all the needs'.

A larger fossil fuel consumption supposes larger CO; emissions, which
are directly related to global warming. The consequences of it are already
perceived, and it is urgent to take action. We need to reduce the use of fossil
fuels to minimize CO; emissions, and the use of renewable sources appears to
be the best choice to generate electricity. Between these, the best alternative is
the use of photovoltaics that directly transform sunlight into electricity.
Nowadays, the fabrication costs of silicon panels are reduced to the minimum,
and, additionally, huge research efforts are driven to new photovoltaic
technologies which are paving the way towards an efficient, clean, and cheap

source of electricity.

1.2. Historic overview of photovoltaics

The photovoltaic effect was first reported in 1839 by Edmond
Becquerel, when he created the first photovoltaic cell. The device consisted in
two silver plates, working as electrodes, immersed in an electrolytic media.
When the electrodes were exposed to light, he observed a current flowing
between them?. Then, in the 1870s, Adams and Day reported that light cause a
flow of electricity in solid materials when light irradiates selenium bars’. Later
on, in 1883 Fritts fabricated the first solar cell. He employed selenium bars

coated with a thin layer of gold obtaining a continuous and constant current®.
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Another breakthrough was the description of the photoelectric effect,
in 1905, by Einstein, who described the emission of electrons when light hits a
material. He discovered that light contains packets of energy, now called
photons, whose energy is dependent on the wavelength. For this discovery,

Einstein received the Nobel Prize in 1921.

However, it was not until the 1950s when Bell laboratories in the USA
announced the invention of the first practical solar cell’. It was based on a
silicon p-n junction with an efficiency of 6%. This opened the way to the
development of photovoltaic technologies based on silicon, which has reached

nowadays 26.7% with silicon single crystals.

In the last 30 years, intense research efforts are driven to the
developments of new photovoltaic technologies, to obtain low-cost and high-
efficiency devices that can compete with silicon solar cells in the solar market.
In 1991, Gratzel and O’'Regan developed the Dye-Sensitized Solar Cells (DSSC)S,
which use a film coated with TiO, nanoparticles, and sensitized with an

organic dye. This resulted in low cost, and highly efficient solar cells.

Another emerging technology is Organic Solar Cells (OSC), which has
attracted the interest of many research groups. OSC show great characteristics,
they are fabricated via solution-process methods, they are low-cost,

lightweight, and environmentally friendly.

In the last ten years, the development of hybrid organic-inorganic lead
halide perovskite has supposed a revolution in the field of photovoltaics. Many
research groups turn their eye into this technology. These efforts have resulted
in a big race for the highest efficiency that surpassed this year 25 %7, which is

already really close to the values obtained for silicon.
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1.3. Lead Halide Perovskites

1.3.1. Crystalline structure

The term perovskite refers to a class of materials that present the same
crystal structure as the mineral perovskite, calcium titanate (CaTiOs). This
mineral was discovered in 1839 by Gustav Rose, who named it after the Russian
mineralogist Lev Alekseevich Perovski®. Perovskite materials follow the ABX3
chemical formula where A and B are the cations and X are the anions. The B
cations are located in the corners of a cubic structure, and they are bonded by
the X anions, which are located at the center of the edges. Then, A, which is

bigger than B, is located in the center of the cube (Figure 1.1).

In the case of lead halide perovskites, the A cation is the organic
fraction, which usually is methylammonium (CH3NHs*), formamidinium
(NH>CHNHo>?), or alkaline cations like Cs*, although it has been reported Rb",
K*, or even Na*. In the B position, metals from the group 14 of the periodic
table, normally Pb?, is found. In order to avoid the Pb compounds, there is
increasing interest in Sn** perovskites (known as lead-free). The X anions
correspond to the halides, which most commonly is occupied by I or Br,

although CI" has also been used.

Figure 1.1. Perovskite crystalline structure following the ABX3 chemical formula.



Chapter 1

1.3.2. Evolution of Perovskite Solar Cells

The first report on lead halide perovskite was given by Wells in 1892°.
However, it was not until 1959 when the crystalline structure was deduced by
Moller. Also, he observed photoconductivity in CsPbX;!°. Later on, in 1978,
Weber described for the first time the hybrid organic-inorganic perovskites!.
In the following decades, there were several reports studying the diverse

125 while in

optical, magnetic, and electronic properties on these perovskites
the 1990s there was an increasing interest in perovskites for fabrication of field-
effect transistors'®, or light emitting diodes”. Although they show excellent

optoelectronic properties, they were not applied on photovoltaic devices.

Then, in 2009, Miyasaka' and co-workers reported for the first time
the use of lead halide perovskites in solar cells using methylammonium lead
iodide (CHsNH3Pbls). The first use was as a dye in DSSCs, obtaining an
efficiency of 3.8%. Another approach for perovskites used as DSSCs was given
by Park and co-workers in 2011°. In this case, they used perovskite quantum
dots as dye sensitizers reaching efficiencies of 6.5 %. However, both
approaches suffered great stability issues due to the use of the liquid
electrolyte, which dissolved the perovskite material. For this reason, at the

beginning, perovskite did not receive much attention.

A major breakthrough occur in 2012 when two different papers were
published almost at the same time. The first one, by Park’s group, which
implemented perovskite in solid state DSSC (ssDSSC), using spiro-OMeTAD
as hole transporting material (HTM)?. Spiro-OMeTAD was already well-
known as HTM in ssDSSCs, since the first reported use was in 1998 by Gratzel’s
group®. The use of spiro-OMeTAD in perovskite solar cell increased both,
device efficiency up to 9.7 %, and stability (up to 500 hours). The second paper
was published by Snaith and co-workers and their work was based on the

substitution of the mesoporous TiO> scaffold with Al,Os?2. They observed that
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although AlOs is an insulator, device efficiency increased. This led to the
conclusion that perovskite was not acting only as an absorber, but it was
capable of charge transportation, which suggested that perovskites can work

in a planar configuration, without the use of a mesoporous layer.

The reported low trap density and long carrier diffusion length in lead
halide perovskites®*?* direct the device fabrication towards thicker perovskite
layers, thus, the absorption is improved, avoiding the possible shunts between
the contacts. These findings open the way to the development of both
mesoporous perovskite devices, in which the mesoporous layer is reduced, as
well as the introduction of planar perovskite devices, either in n-i-p

configuration or p-i-n configuration.

The next challenge for perovskites in order to obtain high efficiencies
was to obtain high-quality perovskite films, with big crystal size, and without
pinholes. This was achieved introducing sequential deposition methods, most
commonly known as two-step deposition, introduced by Burschka et al.*® In
this approach, a solution of Pbl; is spin-coated followed by a deposition of a
methylammonium iodide (MAI) solution by spin coating or dipping. Other
alternatives to obtain high-quality films are vapor deposition?¢, in which the
MALI powder are heated up, and their vapors react with the Pbl; film to form
the perovskite layer. Another alternative is the deposition of the material

precursors using thermal evaporation in ultra-high vacuum conditions®.

Afterwards, advanced engineering techniques were developed, leading
to >20 % device efficiencies. These techniques were based in solvent
engineering, deposition process, as well as band-gap engineering. Solvent
engineering is referred to the mixture of solvents in the perovskite solution
preparation that allows us to use single step deposition processes resulting in
uniform perovskite films. The most common approach is the mixture of DMSO

with DMF introduced by Jeon et al.>® DMSO forms an intermediate phase with
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Pbl; and MAI that delays the crystallization process. This results in bigger and
more uniform perovskite crystals. Also introduced by Jeon et al.?® is the anti-
solvent treatment, which consists in dripping a solvent while the substrate is
still spinning. The most common solvents used for this approach are
chlorobenzene, toluene, or diethyl ether, among others. The anti-solvent
procedure accelerates the nucleation and crystal growth of the perovskite

films.

Furthermore, we like to comment on the band-gap engineering for
perovskite solar cells. This is achieved by mixing different precursors that
introduces in the perovskite structure different cations for the A and B
position, and halides for the X position. The most typical have been the
introduction of mixtures of methylammonium (MA*) and formamidinium
(FA*) in the A position, and the mixture of I and Br in the X position?’.
However, there have also been examples using Sn?* in order to replace Pb**.
From all these approaches, the use of the commonly known triple cation
perovskite®®, which combines MA*, FA*, and Cs* in the A position together with
Pb?* as cations with mixtures of I and Br~ has become the most employed and
the reference composition in perovskite solar cells. With this mixture, it is
possible to obtain a perovskite that absorbs towards lower energies, increasing
the current density. The introduction of Cs* stabilizes the solar cell, and also

reduces the trap density and carrier recombination’’.

Nowadays, in order to continue increasing the device efficiencies
towards the theoretical maximum, the trend is to passivate the interfaces in
order to reduce the interfacial recombination. For example, very recently, it
was reported that the use of phenylethylamine effectively passivates defects at
the surface of the perovskite, increasing the efficiency to 23.3 %2 All of these
advances in perovskite solar cell research have made that in just ten years

efficiencies have increased from the initial 3.8 % to 25.2 % recently reported’.
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1.3.3. State-of-the-art of perovskite solar cells

Perovskite solar cells are based on a stacked structure in which the
perovskite layer is sandwiched between the selective contacts. Depending on
which selective contact is deposited on top of the conductive glass, we
differentiate between two types of perovskite architecture. First, the n-i-p
architecture, which has also been referred as “regular” structure and presents
the n-type selective contact on top of the glass. The second, the p-i-n or
“inverted”, where the p-type selective contact is deposited on top of the
conductive glass. From this two, we can also split into two different kinds for
the n-i-p structure, depending on the use of a mesoporous layer or not®.

Figure 1.2 summarizes the three main architectures explained in this section.

e Mesoporous n-i-p perovskite solar cells. In this device, which is still the

most used, normally fluorine tin oxide (FTO) is employed as the
transparent conductive oxide (TCO). Then, a thin layer of compact
TiOz is deposited followed by a mesoporous TiO: layer. The thickness
of the mesoporous layer has been reduced over time, and nowadays, a
thin layer of about 100-150 nm is deposited. Then, the perovskite layer,
with a thickness between 400-600 nm. The next layer is the HTM.
Despite of being the most used spiro-OMeTAD, it presents some
stability problems, reason why there is huge research efforts to
synthesize new HTM?%. As an alternative to it and with competitive
results, several commercially available polymers such as PTAA® or
P3HT>® have been used. The last step of the device fabrication, is the

deposition of a metal electrode, usually gold or silver.

e Planar n-i-p perovskite solar cells. Normally, FTO is used as TCO,

although indium tin oxide (ITO) can also be used. Then, some
examples using compact TiO; are reported, but in many cases they

suffer from a strong hysteresis behavior and low stabilized efficiencies,

11
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which is linked to the energetic barrier due to the amorphous nature of
the compact TiO2”. Recently, the highest efficiencies have been
reported using SnO, as ETM?2. Then, the perovskite layer is deposited,
and finally, the HTM, which is the same as in the previous architecture,
spiro-OMeTAD, PTAA, or P3HT are deposited. The device is completed

with the metal contact, usually gold or silver are used.

Planar p-i-n perovskite solar cells. Finally, this is the third most used
perovskite architecture. Now, ITO is usually used, then as HTM
PEDOT:PSS or PTAA are used, followed by the perovskite layer and as
ETM fullerene derivatives are usually employed, being evaporated Ceo,
or solution processed PCqBM, or PC7BM?. In most examples, a thin
layer of BCP is deposited afterwards, and finally, silver as the metal

electrode.

It has been challenging for the scientific community to get efficient devices

with all three different architectures. Last year, Saliba et al. published an article

with a very detailed procedure to prepare solar cells in these three different

architectures®.
O] @ © ©) @ |©

Au Au Ag

ETM
Perovskite

ETM ETM
TCO TCO TCO

Mesoporous n-i-p Planar n-i-p Planar p-i-n

Figure 1.2. Scheme showing the different perovskite architectures employed in literature.

1.3.4. Working mechanism of perovskite solar cells

In a perovskite solar cell, the absorption of light generates excitons or

free carriers that are excited to the conduction band of perovskite. If the energy

of the photons is larger than the band-gap of the perovskite, hot carriers are
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created. Then, these carriers relax to the conduction band minimum and they
diffuse through the perovskite absorber. Once they reach the interface, charge
carriers (holes and electrons) are injected into the selective contacts, and,
finally, after some time, they are collected in the electrodes. However, in this
time frame, different mechanisms of recombination take place, radiative, non-
radiative, and interfacial recombination. Once charge carriers are in the
electrodes, they are transported through an external electric circuit and load
to produce electrical work. The timeline of these processes is summarized in
Figure 1.3 and they will be extensively studied in the following sections of this

Chapter.

Carrier
Generation

Hot Carriers

Charge Carrier

Charge Carrier

Relaxation Recombination Stability
fs ps ns us ms s h
Time
| | | | | | | >
Charge Carrier lon Migration
Injection
[ ® P PY °
fsTA TRPL TPV JV Curves
TPC
CE

Figure 1.3. Timeline showing the different processes happening in a perovskite solar cell and the
different techniques employed in this thesis to analyze them.

1.3.5. Charge carrier generation

In order to analyze the dynamics of excited states in perovskite, it is
necessary to know the origin of these photoexcited states®. Therefore, the
determination of the band structure and the possible optical transitions in
perovskites have been the focus of several research groups***. A reliable
model for the band structure has been obtained using density-functional
theory (DFT) simulations. For methylammonium lead iodide (MAPDI;)

perovskite at room temperature the valence band maximum (VBM) is formed
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by a combination of anti-bonding 5p I orbitals and 6s Pb orbitals, while the
conduction band minimum (CBM) is mainly formed by empty 6p Pb
orbitals**? (Figure 1.4).
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Figure 1.4. Isosurface plot of the electron density associated with the VBM and the CBM of
MAPDbI;. Reproduced from Brivio, F.; Walker, A. B.; Walsh, A. APL Mater. 2013, 1 (4), 042111 with
the permission of AIP Publishing.

From the DFT calculations, it is deduced that the optically allowed
transitions from the VBM to the CBM at the R high symmetry point correspond
to the band-gap energy?®*. The R high symmetry point corresponds to the
corner point of the first Brillouin Zone while the M point is located at the
center of the edge in a cubic structure®. It is also important to note that there
is a clear connection between the M and R points in the reciprocal space that
allow the photogeneration of charge carriers in a wide range of wavelengths
that will relax into the R point associated with the CBM* (Figure 1.5). These
observations explain the observed optical transitions with energies bigger than
the band-gap energy, and also the shape of the UV-Vis absorption spectrum
with the presence of the two bands at 480 and 760 nm that correspond to the

optical transitions at the M and R points respectively.
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Figure 1.5. (A) Reciprocal space 3D view showing the first Brillouin Zone of the Pm3m space
group. Points of high symmetry are denoted with the letters I' (center of the Brillouin zone), X
(center of a face), M (center of an edge), and R (corner point). (B) Electronic band structure of
MAPbI3, adapted from the DFT calculations. Adapted with permission from Even, J.; Pedesseau,
L.; Katan, C., J. Phys. Chem. C 2014, 118 (22). Copyright © 2014 © 2014 American Chemical
Society.

After photoexcitation, three types of carriers can be found: free charge
carriers which are electrons and holes; and coulombically bound electron-hole
states, namely excitons*¢. The excitons present an associated binding energy
(Eg) that should be overcome to generate free carriers, electrons and holes®.
Thus, a small Egis desirable for photovoltaic applications. In the case of lead
halide perovskite, with their hybrid organic-inorganic nature, there has been
debate about the nature of the carriers, if they are excitonic or free carriers.
Although it exists a wide deviation in the estimation of the Eg of perovskites,
there is a consensus about the direct generation of free charges from
photoexcitation at room temperature?’. However, the Ep values increase with
the band-gap energy, obtained after the modification of the halide and cation
composition*®. Also, Ej is affected by the perovskite’s microstructure, as it was
found the exciton features increased in larger crystals, while films with smaller
crystals suppress their formation*®. Additionally, Es has been found to be
dependent with the temperature, observing a more excitonic behavior when
decreasing temperatures*. In summary, at room temperature, most of the

photogenerated carriers are free charges, with a small portion of excitons®S.
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1.3.6. Hot carriers

Photons with an energy greater than the perovskite band-gap can
create carriers with an excess energy. The temperature of such carriers is higher
than the lattice temperature, thus they are termed as hot carriers***°, If these
hot carriers are extracted before they relax to the band edge the efficiencies
can extend surpassing the Shockley-Queisser limit for solar cells®'. This open

the way for the so-called hot carrier solar cells*.

Perovskite solar cells have demonstrated exceptional properties, with
an ultraslow cooling of hot carriers, that have made them a potential candidate

for hot carrier solar cells?.

Hot carriers in perovskite solar cells were first described by Xing et al.
They reported the slow formation of the ground state bleach (GSB) associated
with the band edge, which was assigned to carrier cooling to the band edge
(Figure 1.6.A)>*. The most typical observation of the hot carriers in the
perovskite and the calculation of their temperature is done following the
formation of a high energy tail of the GSB in the early times after
photogeneration(Figure 1.6.B)*~8, This broadening is associated with the
presence of a non-equilibrium carrier distribution. Additionally, the
description of a photo-induced absorption (PIA) at 1.58 eV was associated to

the presence of hot carriers?%>°,
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Figure 1.6. (A) Normalized bleaching kinetics at 480 nm and 760 nm which show the slow
formation of the GSB at 760 nm after excitation at 400 nm (top) and 600 nm (bottom).
Reprinted with permission from Xing, G.; Mathews, N.; Sun, S.; Lim, S. S.; Lam, Y. M.; Gratzel,
M.; Mhaisalkar, S.; Sum, T. C. Science 2013, 342 (6156), 344-347 Copyright © 2013, American
Association for the Advancement of Science. (B) Spectral broadening of the GSB to higher
energies after the excitation at 2.25 eV. Reprinted with permission from Price, M. B.; Butkus, J.;
Jellicoe, T. C.; Sadhanala, A.; Briane, A.; Halpert, J. E.; Broch, K.; Hodgkiss, J. M.; Friend, R. H.;
Deschler, F. Nat. Commun. 2015, 6 (May), 8420 Copyright © 2015, Springer Nature.

1.3.7. Charge carrier relaxation

In a typical semiconductor, an incident photon with an energy higher
than the band-gap energy are absorbed, they generate carriers in higher excited
states causing a non-thermal carrier distribution. Then, very rapidly, these
carriers form a thermal energy distribution, following the Fermi-Dirac
statistics. This process, denominated thermalization, is done by carrier-carrier
scattering (electron-electron or hole-hole)**°. After thermalization, carriers
present a much higher temperature compared to the lattice temperature,
reason why they are referred as hot carriers. Richter et al.% directly observed
this process using 2D electronic spectroscopy, and they found a carrier

thermalization time between 10 and 85 fs.

Next, a slower cooling, through carrier interactions with the lattice,
mainly via carrier-optical phonons interactions. Carriers reduce their
temperature until they reach the lattice temperature. This process, carrier

cooling, is exceptionally slow in lead halide perovskite, which have made them
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a possible candidate for hot carrier solar cells**¢%6263, Figure 1.7 summarizes

the thermalization process.
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Figure 1.7. Scheme showing the different stages on the carrier relaxation process. Adapted with
permission from Richter, J. M.; Branchi, F.; Valduga de Almeida Camargo, F.; Zhao, B.; Friend,
R. H.; Cerullo, G.; Deschler, F. Nat. Commun. 2017, 8 (1), 376. Copyright © 2017, Springer Nature

Different mechanisms have been proposed to explain which properties make

perovskites present such slow carrier cooling times.

Among the slow hot carrier cooling mechanisms, it has been proposed
the hot phonon bottleneck effect, described by Yang et al.’®. This process
occurs at high excitation densities, when a non-equilibrium phonon
population is created. Here, the probability of an electron absorbing a phonon
increases, reducing the cooling rate of carriers, and thus extending the hot

carrier lifetime2°0%4,

Together with the hot-phonon bottleneck, the Auger heating effect can
extend carrier cooling times even longer. In this process, the energy of the
electron-hole recombination is transferred to another carrier, promoting it to
higher excited states***”. This process is observed also in high carrier excitation

densities regimes.

Due to the ionic nature of perovskites, the formation of large polarons
is one of the mechanisms suggested for slow hot carrier cooling. A polaron

quasi-particle is a charge carrier localized in a generated potential due to the
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polar response of the lattice®. The formation of polarons has been proposed
by Zhu and co-workers®®-%8, It has been suggested that the formation of large
polarons is due to the deformation of the Pbls inorganic lattice, rather than
the cation®®®. Also, recently, Batignani et al. using impulsive vibrational
spectroscopy determined the phonon modes that provide the lattice
modification upon photogeneration, and that proves the polaronic nature of
perovskites’. Frost et al. suggested that at low carrier density, the formation
of polarons is predominant, while at n > 10" ¢m™ polarons start to overlap,
which favors the formation of the hot-phonon bottleneck effect®. The
formation of large polarons screens the interaction of charge carriers with
phonons, with charge defects, and with other charges, obtaining longer hot

carrier cooling times®.

At high charge carrier densities, there are many body effects and state
filling effects that also affect the charge carriers dynamics. It is possible to study
these effects with transient absorption techniques. Just after photoexcitation,
when it exists the hot population, a band-gap renormalization observable as a
red-shift of the band edge is detected. This is caused by photoinduced carriers
that force the band-gap to shrink®>>>°°, As carriers thermalize, they occupy
states at the band edges which results in state filling, thus, only higher energy
states are available for optical transitions. This effect is known as state-filling
or Burstein-Moss effect, and it is detected in perovskites as a blue-shift of the

band-gap with increasing carrier densities®>>>°%7.,

1.3.8. Charge carrier injection

The extraction of photogenerated charge carriers is of paramount
importance for efficient perovskite solar cells. Thus, the use of carrier selective
contacts, either hole or electron transport materials is needed in order to
facilitate the carrier transport to the corresponding electrode. Some

requirements are to possess a high LUMO level in the case of HTMs and a low
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HOMO level for ETMs, to act also as carrier blocking layer and avoid back-
injection; they should also have energy levels matching the VBM and CBM of
the perovskite’. Although it seems favorable for charge carrier injection to
have an energy offset between the perovskite VBM and HOMO level of the
HTM for hole injection, and also between the perovskite CBM and the LUMO
level of the ETM for electron injection, this is not the case in perovskite solar
cells, as these will introduce a non-radiative recombination component that
will affect the final device Voc”. The recombination of charge carriers in

perovskite will be commented in depth in the following sections.

The determination of charge carrier injection is still a matter of debate.
Different techniques, such as femtosecond transient absorption or reflection

81-8 or time resolved

spectroscopy’# 8, time resolved microwave conductivity
terahertz spectroscopy® have been employed, and a wide range of charge
injection timescales, from sub-picosecond to several nanoseconds, have been

proposed.

Grancini et al. determined the electron injection following the
spectroscopic features associated with the electrons in the TiO; layer with the
observation of a PIA in the near-IR region. The formation of this peak was
completed in the first picosecond after photoexcitation, therefore, ultrafast
electron-transfer was observed®. Piatkowski et al. followed a similar approach,
obtaining similar conclusions, with electron injection taking place on the first
200 fs7. In this timescale, the electron injection competes with the electron

thermalization in the perovskite layer.

The mechanism of hole injection has not been very well understood
yet. In samples containing spiro-OMeTAD as HTM, a broad range of hole
injection times have been reported, from sub-ps injection’*””8 to the
nanosecond timescale’*8° Apart from spiro-OMeTAD, the hole injection

into other molecules has been reported. For a series of semiconductor
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polymers, such as P3HT, PTAA, and PCPDTBT, Brauer et al. reported injection
times on the ns timescale”. However, Ishioka et al.” suggested that hole
injection in the PTAA occurs orders of magnitude faster, between 1-2 ps. In this
timescale, they also assigned the hole injection to PEDOT:PSS. The injection
in NiO was identified at 40 ps, which is in contrast with the values deduced by

Corani et al.3*

, which identified sup-ps hole injection timescales. Very recently,
Droseros et al. studied hole injection in a series of organic HTMs with different
ionization energies (IE). They found that hole injection happens in the sub-ps

timescale independently of the IE of these molecules’®.

In summary, the reported values indicate that in those timescales, hot
carrier injection might be feasible in perovskite solar cells. Also, the variability
of the values reported for the carrier injection can be explained in terms of film
quality, and, of course, the use of different materials leads to differences in

carrier injection rates.

1.3.9. Charge carrier recombination

Charge carrier recombination in photovoltaic devices has a very
important role. The extraction of charges competes with carrier
recombination, therefore, long carrier lifetimes are desirable to obtain efficient
devices®®®. In a typical semiconductor, carrier recombination rates are

obtained with the following equation:

dn
E =- kl n- 1(2 I'l2 - 1(3 n3 (11)

In Equation 1.1 n is the charge carrier density, k; is the rate associated
with the trap-assisted Shockley-Read-Hall (SRH) recombination, k; is the
bimolecular charge carrier recombination rate, and finally ks is related to the
Auger recombination. The predominant recombination mechanism is ruled by
the photoexcitation carrier density. At low carrier densities (<10® cm?), trap-

assisted recombination will dominate. At intermediate carrier densities (10" -
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107 c¢m?), after all the trap states are filled, the dominant recombination
mechanism is the band-to-band bimolecular recombination. At even higher
carrier densities, it is Auger recombination the dominant recombination

mechanism?. The three different recombination mechanisms are summarized
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in Figure 1.8.
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Figure 1.8. Recombination mechanisms in perovskite. (A) Trap-assisted recombination, (B)
band-to-band bimolecular radiative recombination, and (C) Auger recombination, which
involves a third component, the energy of recombination is transfer to another carrier and it is
also possible to be assisted by phonons.

Recombination in the bulk of the perovskite

The case of perovskite is exceptional, as its properties (high trap density
and strong light absorption) do not explain the long carrier lifetimes reported
for this class of materials®. However, just a small amount of these traps are
actually active®. Also, following the detailed balance principle, large
recombination rates are expected from strong absorption coefficients.
However, there are some processes happening at the perovskite that can
extend their carrier lifetimes, what makes long carrier lifetimes in perovskite,
actually expected, and not surprising®. This issue was addressed in a recent
review by DeQuilettes et al®®, they reached the conclusion that carrier
lifetimes in perovskite are so long due to the photon recycling effect and the

presence of polarons, while the continuous trapping and detrapping of carriers,
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and the Rashba effect, which is a direct-indirect band-gap behavior, do not

have a strong influence extending carrier lifetimes.

Shockley-Read-Hall trap assisted non-radiative recombination

9293 is a one

Shockley-Read-Hall (SRH) trap-assisted recombination
particle process, either an electron in the conduction band, a hole in the
valence band, or an exciton. In perovskite materials, there is agreement that at
room temperature only free carriers are generated. Thus, it is expected that the
monomolecular decay consists on an electron or a hole lying on trap-states,
from where they recombine non-radiatively to the valence band®*. Solar cells
at 1 Sun conditions operate in the low carrier density regime, where trap-

assisted recombination is the predominant. For this reason, the passivation of

these trap states has been the focus of attention for many research groups,

95,96 32,97

obtaining longer charge carrier lifetimes”™”° and better efficiencies

These trap states are created by point defects of the perovskite lattice.
Meggiolaro et al.” determined for MAPbI; that the only stable and active trap
states are the interstitial iodine defects, although interstitial
methylammonium and lead vacancies are the most common point defects in
this perovskite configuration. Interstitial iodine introduces both electron and
hole deep traps, however, the latter appear to be the only ones with detrimental
effects. In addition, the hole traps can be deactivated by exposure to mild
oxidative conditions and/or by halide mixing. All of this would explain the
defect tolerance of perovskites®. Park et al.®® also determined that those
interstitial iodine defects segregate to grain boundaries, where it is possible to
find high defect concentration, which act as trap recombination centers. Thus,
passivation of grain boundaries reduces trap density in the perovskite

obtaining extended lifetimes.

It is important to note that for non-radiative trap mediated

recombination to occur, carriers should exchange their energy with the lattice
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via the emission of phonons. The low energy phonons present in polar
materials, as it is perovskite, make them to suppress non-radiative
recombination by many orders of magnitude®”. This effect is even more
pronounced if the trap states are shallow defects, which is the case in most of

perovskite point defects®>%.

Band-to-band radiative recombination

This type of recombination involves two particles of different charge
(electron and hole) that recombine radiatively. The energy of the emitted
photon depends on the band-gap energy. It can also be described as the inverse

process of light absorption”+19°,

Following the principle of detailed balance', the radiative
recombination is equal to the carrier generation. As we have already appointed,
perovskites feature a strong absorption, thus, high radiative recombination
rates are expected'??'%2, Besides, charge carrier diffusion lengths are calculated
to be already in the micron regime®, which is larger than the average thickness
of perovskite solar cell devices, where a thin layer around 500 - 600 nm is used.
In summary, for photovoltaic devices, which operate in a low carrier density
regime, it is favorable to have higher absorption coefficients, although this

suppose high radiative recombination rates'.

In contrast, usually the radiative recombination rates are not in
accordance with the detailed balance principle. However, this long
recombination rates can be justified if photon recycling is taken into account.
Also, it has been suggested that the presence of polarons can extend the
radiative rate, while other processes such as the Rashba effect is not having

such an important effect over radiative recombination rates®’.

Auger recombination
Auger recombination is a many-body recombination type, in which an

electron and a hole recombine non-radiatively transferring their energy to a
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third carrier, electron in the conduction band, hole in the valence band, or
exciton, that it is excited to higher excited states. Most probably, this process

is also phonon assisted, via the absorption or emission of phonons**19>104,

For solar cells application, Auger recombination presents little
importance over carrier recombination rates, as it is only operative in high
carrier density regimes (> 107 cm?) which is far from the carrier densities for
photovoltaic applications (10” - 10" ¢cm™). Yet, it presents high importance for
other semiconductor applications which operate at higher carrier densities,

such as LEDs or lasers.

Interfacial recombination
Apart from trap-assisted recombination, another source of non-
radiative recombination is the interfacial or surface recombination, which

strongly affects to the overall perovskite solar cell performance.

The interfacial recombination occurs across the interface between the
absorber perovskite and the carrier selective contacts. At each interface,
perovskite/ETM and perovskite/HTM, the majority carriers are in the selective
contacts, while the minority carriers, which are the limiting species in this
process, are in the perovskite'”’. The selectivity of a contact is defined by the
capability of injection and extraction of majority carriers while recombination

of minority carriers is as inefficient as possible’>'%2,

The interfacial recombination losses in functional devices induces both
Voc and fill-factor (FF) losses. Thus, it is important to understand the origin
and mechanism of interfacial recombination to obtain highly efficient solar

cells'.

Although non-radiative recombination in the bulk of the perovskite
introduces losses that affects the Vo, it has been suggested that the limiting

factor determining the final Voc of a perovskite solar cell is the interfacial
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recombination, being the least selective layer the one setting the final Voc”1%¢

198 The introduction of thin interfacial layers between the absorber and the
selective contacts reduces interfacial recombination, obtaining higher Voc

Value5106'107’109.

Additionally, to maximize the Voc, an energy alignment between the
perovskite and the selective contact is desirable, as an energetic offset assists
in obtaining increased interfacial recombination”", Also, it has been seen that
materials with a high-doping density increases carrier recombination, as they
can act as recombination centers'®!"!2 Thus, reduced doping density is
required to obtain higher performances, which compromise the mobility in the
selective contacts. To compensate the reduced mobility, thinner layers should

be used'.

Another parameter which affects importantly interfacial carrier
recombination is the ionic presence at the interfaces, which has been
associated with the hysteresis observed in perovskite solar cells"™>"™, Ions
accumulated at the interfaces create space charged layers where a higher
concentration of minority carriers increases carrier recombination. The
presence of ions and how they affect carrier recombination have been the
matter of study of many research groups'>'2!>2l [n case of solar cells that
claim no hysteresis, the presence of moving ions is not suppressed, but it has
been suggested that fast ions can screen the electric field inside of the solar

1121

cell”, or that carrier recombination is reduced, resulting in an efficient charge

collection"8.

1.3.10. lon migration
Although lead halide perovskites have received much attention due to
their electronic properties, it is known that they are mixed ionic-electronic

122,123

conductors . Actually, direct measurements of ionic conductivity in

perovskites were done in the 1980s?*'2>. However, the ionic conduction did
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not receive much attention until the first report of current-voltage hysteresis
appeared'®. From that moment, the presence of moving ions received much
attention and it has also been linked to the different processes, such as the
switchable photovoltaic effect'?, light induced halide redistribution'?” or phase

separation in mixed halide perovskites'?, to cite a few.

Ion migration in lead halide perovskite should occur via defects in the
perovskite film, which can be either vacancies (Schottky defects) or by

)122,123,129,130

interstitials (Frenkel defects , and any of the ions conforming the

perovskite can migrate. The calculation of the activation energy (Ea)

determines how easy ions can migrate!?>1129-B1

. There is a large discrepancy
between the reported values for the Ex of the defects, but there is agreement
that the lowest E, is found for I ions, followed by MA*, and Pb?* for MAPbI;
perovskite, which is the most extensively studied perovskite 2>5%-B2 [t is also
known that I are the most mobile species, with diffusion coefficients orders of
magnitude higher than that of the MA* species, making I defects to diffuse to
the electrodes in the us timescale, while the diffusion of MA* is in the order of
tens of ms to minutes?>P%P33 jkewise, it should be highlighted the role of
grain boundaries on ion migration, as it is described that ion migration
through grain boundaries is faster than in the bulk of the perovskite!?*>54,

Direct observation of ionic migration is possible using Kelvin Probe Force

Microscopies techniques, as reported by Birkhold et al.®>"® and Weber et al."’.

Among the reported effects associated with ionic migration, the most
important and studied one is the presence of current-voltage hysteresis. There
is agreement that the presence of ions at the interfaces cause the observed
hysteresis!'*B253859 However, which ions cause this effect is matter of debate.
['ions accumulate at the interface, which can cause the hysteresis observed in
devices'”. Nevertheless, the reported diffusion values and activation energies

for I suggest that these species are too fast to have an influence in the current-
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voltage curves. Some authors suggest that the slower cations in the perovskite,
mainly MA®, are responsible of the hysteresis observed, as they migrate in the
same timescale the hysteresis is observed®®Pl. Another interesting approach
was given by Weber et al.®”. Using Kelvin Probe Force Microscopy, they suggest
that instead of the slow migration of ions, an interfacial charge layer is formed
by the adsorption of ions, mostly related with I" ions. The slow release of this
interfacial layer modifies the charge extraction in the device and it dominates

the hysteresis behavior in perovskite solar cells.
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Motivation and Aims

In order to satisfy the increasing energy demand around the world, it is
necessary to look into the different energy resources that are available.
Photovoltaic technologies are one of the most promising renewable energy
sources to produce electricity. They can directly transform the sunlight energy
into electrical energy without the use of any intermediates. Silicon is still the
most used material to fabricate solar panels to produce electricity. Although
the production costs are getting lower and lower, silicon still presents some
disadvantages, such as the high energy required in their production or the
impossibility of being implemented into flexible substrates, which made

researchers look for alternatives to silicon.

From the emerging photovoltaic technologies, lead halide perovskites
have received the focus of many research groups since their implementation as
light harvesters in 2009. Huge efforts were directed into developing
fabrication methods and techniques to get higher power conversion
efficiencies. These efforts have been very fruitful, as efficiencies have increased
from 3.8% to a very recent 25.2% in just ten years. To obtain such high
efficiencies, it is of paramount importance to understand the processes
happening in perovskite devices. Although many of these processes have been
described theoretically and confirmed experimentally, there is not a complete
consensus in the research community. Thus, more research is needed to fully
understand the working mechanisms and the physics that govern perovskite

solar cells.

The principal aim of this thesis is to shed light on the charge carrier
processes that take place at different timescales, from the charge carrier
generation to the charge carrier recombination. For this purpose, it is necessary
first to develop efficient solar cells based on lead halide perovskites. Once this
is accomplished, a complete physical-chemical characterization of the material

should be carried out. After having characterized both films and devices, we
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moved on the study using advanced characterization techniques, such as
transient photovoltage (TPV), transient photocurrent (TPC), and charge
extraction (CE) for complete devices; and femtosecond transient absorption
spectroscopy (fsSTA). We use these techniques to study charge carrier processes
in the bulk of the perovskite material and the different perovskite/selective

contacts interfaces.

In this Chapter, the objectives and contents of every chapter will be
briefly described.

Chapter 1 includes an introduction to perovskite solar cells, and a
description of the state-of-the-art of the fabrication of perovskite solar cells. A
timeline describing the different charge carrier processes, starting from the
femtosecond timescale with the description of charge carrier generation to the
second timescale. Finally, the description of the influence of ionic migration

on perovskites is given.

Chapter 3 gives a detailed description of the experimental procedures
for the fabrication of perovskite-based solar cells. All the characterization
techniques used in this thesis are described focusing on the advanced

characterization techniques (TPV, TPC, CE, and fsTA).

Chapter 4 is focused on the charge carrier processes happening at the
interface perovskite/hole transporting material (HTM). With this purpose, we
used a series of semiconductor polymers, namely PTB7, P3HT, and PCPDTBT,
widely used in organic solar cells, and compared them to the standard HTM,
spiro-OMeTAD. In the first part, we fabricated and characterized perovskite
solar cells with different HTM. Using transient optoelectronic techniques, we
studied which processes govern the final open-circuit voltage. In the second
part, in collaboration with Prof. Dirk M. Guldi and Dr. Bianka M.D. Puscher

from the Friedrich-Alexander Universitat at Erlangen (Germany), as part of my
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research fellowship, we studied the charge transfer processes at the interface

perovskite/HTM using fsTA spectroscopy.

Chapter 5 reflects the results obtained from the study of the other
interface, perovskite/ETM. Here, we modified the interface TiO»/perovskite
with the deposition of a thin layer of Ceo fullerene. Again, first, complete
devices were prepared and characterized. Using fullerenes was early showed as
a strategy to reduce the current-voltage hysteresis observed in perovskite solar
cells. In this Chapter, again in collaboration with Prof. Guldi and Dr. Puscher,
we studied how fullerene derivatives have an influence over charge carrier

processes at different timescales.

In the next chapter, Chapter 6, charge carrier processes in the bulk of
the perovskite are described. We monitored the influence of the aging of
perovskite solar cells in dry air conditions (< 10% H>O) on the photovoltaic
parameters and charge carrier recombination kinetics. With this purpose, we
used transient optoelectronic techniques (TPV, TPC, and CE) and a
modification of TPV, which is called transient of the transient photovoltage

(TROTTR).

Finally, Chapter 7 summarizes the main conclusions obtained in the

previous chapters.
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3.1. Solar Cell Fabrication

One of the biggest focus in Perovskite Solar Cells (PSC) research has

been the development solar cell fabrication procedures. Many different
strategies have been suggested over the course of the years, from solution
processing methods, using one'™ or two step spin coating processes, or by dip
coating?, to cite some examples. Additionally, it has been described ultra-high
vacuum deposition procedures’, or even, solid state reaction for perovskite

preparation®”’.

In the period of this thesis, many of these approaches have been
adapted to our initial procedure, with the corresponding increase in both

efficiency and stability of this kind of solar cells.

In this section, it will be described the fabrication procedure of regular
n-i-p perovskite architectures, which is the most employed architecture, and
the one that has been used during this thesis. The different layers in this
architecture are: FTO/ETM/perovskite/HTM/Metal Contact (Figure 3.1).

B
F e
.

/

Figure 3.1. (A) Scheme with the different layers of a n-i-p type perovskite solar cell. (B) Picture
of a complete solar cell view from the Au electrode side.

It will be described the procedure for different electron transport
materials (ETM), alongside with the description of different deposition

procedures for the perovskite layer, and, finally, the deposition of the hole
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transporting materials. In the following Chapters, the differences from the

procedures described here will be commented in detail in every chapter.

3.1.1. Substrate cleaning

For regular n-i-p PSC, we used pre-patterned 1.5 x 1.5 cm FTO substrates
(7 Q/sq, Pilkington TEC7, XinYan Technology Ltd.). The cleaning of the
substrates is a very basic step, but it should be done carefully, as it could lead
to detrimental consequences in the final operation of the device.

First, the substrates are brushed energetically with a diluted solution of

Hellmanex™

and HO, taking care of not damaging the FTO layer. The
substrates are then placed into a container with the same Hellmanex™/H,O
solution and they are ultrasonicated for 15 minutes. The substrates are rinsed
with H>O and acetone, placed again in a container with acetone, and
ultrasonicated again for 15 minutes. We repeat the rinsing step, but this time
with acetone and isopropanol. Once more, the substrates are ultrasonicated,

this time in isopropanol for 15 minutes. Finally, they are dried with a strong

airflow.

Before the deposition of the bottom contact, the substrates are treated
with UV/Os for 30 minutes. Right after, the bottom selective contacts are

deposited.

3.1.2 Bottom selective contacts

In the case of regular n-i-p perovskite architectures, the ETM will act
as bottom selective contacts. The most common ETM is TiO,, but it presents
several drawbacks, reason why there have been many attempts to replace it for
other metallic oxides (SnO., ZnO), other inorganic compounds or organic

ETMs3.
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In this thesis, TiO, was employed in the case of mesoscopic ETM, while
either TiO, or SnO, was chosen for planar devices. In this section, both

procedures are shown.

TiO; as Electron Transporting Material

First, a compact TiO: (cTiO) layer is formed by spin coating 30 pl of a
0.3 M Ti(iPrO).(acac); solution in 2-propanol using 4000 rpm, 1000 rpm/s for
25 s. The substrates are then dried at 120 °C for 5 minutes and calcined at 450

oC for 30 minutes.

Once the substrates cool down, they are immersed into a 40 mM TiCly
bath at 70 °C for 30 minutes. After that, they are rinsed with water and EtOH
and dried with a strong airflow. If the deposition of the mesoporous TiO; layer
is done just after finishing this step, is not needed to make a calcination step.

If that is not the case, the calcination at 450 2C for 30 minutes is needed.

To deposit the mesoporous TiO, (mTiOs) layer, a solution with a 30 nm
particle size is prepared by diluting a commercial paste (30NR-D, Greatcell) in
a 1:7 weight ratio in EtOH. 40 pl of this solution are spin coated at 6000 rpm,
with 1000 rpm/s for 30 s. The substrates are then dried at 120 °C for 5 minutes
and calcined at 450 °C for 30 minutes. If they are going to be used after the
calcination, they should be transferred to the glovebox while they are still
warm (remove them from the hot plate at 150 °C approximately) to avoid
humidity. If the substrates will be used in another moment, they should be
heated up to 150 °C for around 30 minutes prior to be transferred to the

glovebox.

SnO; as Electron Transporting Material

SnO; layer was grown by chemical bath deposition (CBD) technique on
top of the FTO substrates following the procedure by Anaraki et al.® . The
solution is prepared dissolving first 0.5 g of urea in 40 ml of deionized HO.

Then, 10 ml of mercaptopropionic acid and 0.5 ml of HCI (37 wt%) are added.
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Finally, SnCl, - 2H>O was added to the solution to a final concentration of 0.012
M. The solution is stirred for 2 minutes and transferred to a glass container
where the substrates are immersed vertically. The deposition is made by
putting them in a lab oven at 70 °C for 3 hours. Then, the substrates are
transferred to another glass container with H>O, and they are ultrasonicated
for 2 minutes in order to remove any loosely bound material. Then, the
substrates are dried and annealed at 180 °C for 1 hour. Prior to perovskite

deposition, SnO; films must be treated with UV/Os for 30 minutes.

3.1.3. Perovskite layer

The formation of the perovskite layer is the most critical step in the
fabrication of solar cells of this kind. When checking literature, it is possible to
find many different techniques to deposit the perovskite layer, most of them
claiming high efficiency and highly reproducible devices. What you will not
find in those papers is that perovskite deposition is not something trivial and
easy-to-do. There are many things and aspects to take into consideration and

it requires skills until you obtain decent perovskite devices.

In this section, one-step and two-step methods will be described, both
for MAPDI; perovskite and the triple cation containing perovskite, Csy(FAMA);.
(Pbls.,Bry.

All the steps for perovskite deposition are made into a N»-filled glove-
box, both solution preparation, spin coating, and annealing. Additionally, is
very important to maintain the glove-box atmosphere as clean as possible, as
the solvent vapors (DMF and DMSO) affect dramatically the perovskite
surface. We observed that the first samples always looked nicer than the last
ones prepared for every batch. For this reason, we always work with a
continuous N»-flow, that we achieved by putting the glove-box in quick purge
mode. In addition, we remove the cover-lid from the spin-coater, as the

solvents remained there, affecting the perovskite surface. Additionally, we
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protect the spin-coater walls with aluminum foil and it should be changed at
the beginning of every set of devices. We also recommend changing it once the
deposition of perovskite solution is finished and prior to deposition of the top

selective contact.

One-Step Perovskite Deposition

This method is the easiest one, and the first one I tried when this thesis
started. It does not require many skills, but the main disadvantage, which is
the reason why this method has been abandoned, is that we obtain a rough
perovskite top surface, which affects the final open-circuit voltage (Voc) of the

device, and, consequently, the final power conversion efficiency.

In this case, 1 M solution of both Pbl; and MAI are dissolved in DMF.
To help dissolution, it is heated up to 60 °C while stirring. The solution is then
filtered and 80 pl are dispensed on top of the substrate. It is spin coated at
2000 rpm, with 2000 rpm/s for 60 s. The substrates are then annealed at 100
°C for 1 h.

Then, the substrates were cooled down before top selective contact

deposition.

Two-Step Perovskite Deposition

As we already commented, the morphology of the perovskite surface is
a very important parameter that determines the overall efficiency. In this case,
using a two-step approach allows us to have a better control of the perovskite
surface. There have been many reports were the first step consisted in spin
coating a layer of Pbl; while the second is the dipping into a methylammonium
iodide (MAI) solution. This method presents two major problems, the first one
is to obtain the complete conversion of Pbl, and the second one is the control

of the morphology of the film surface due to the rapid crystallization process.
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To overcome this, we adapted a two spin coating procedure by Mao et
al.'’. First, 80 ul of 1 M Pbl; solution dissolved in DMF:DMSO (90:10, vol%) is
spin coated at 2000 rpm, with 2000 rpm/s for 90 s. DMSO forms a
PbI;(DMSO), complex that retards the crystallization process". Then, 100 ul of
a 50 mg/ml MAI solution in 2-propanol is deposited on the spinning substrate
30 seconds before the spinning process ends. Then, the substrate is annealed

at 100 °C for 45 minutes. All the solutions were filtered before deposition.

This process results in devices with a smooth surface that lead to great
efficiencies. The main disadvantage of this procedure is the control of the final

stoichiometry in mixed cation perovskite.

Antisolvent Perovskite Deposition

The use of antisolvents has become the most extended way to fabricate
PSC. The most commonly used solvents are toluene, chlorobenzene, and
diethyl ether, although other different solvents have been tested. The use of
antisolvents enhances crystallinity and allows us to have a better control of the

perovskite morphology™2.

With this method, we prepared the triple cation Cs containing
perovskite, which has become one of the most used perovskite configuration
due to its better film quality, stability, and overall performance®. On the other
hand, this kind of perovskite requires a fine control of the stoichiometry,

reason why it has not been used with the two-step procedure.

In order to prepare the triple cation perovskite with a stoichiometry
Cs0.(FA0.8sMAo15)Pb(I0.85Bro.s)3, a solution containing 1.2 M of Pbly, 1.04 M of
formamidinium iodide (FAI), 0.16 M PbBr3, 0.16 M methylammonium bromide
(MABr), and 0.1 M of CsI was prepared in DMF:DMSO (4:1, vol%). To help the
dissolution of the reagents, it is stirred at 60 °C for 30 minutes. Then, the
solution is filtered and 40 pl are spin coated using a two-step program. The

first step, a spreading step, consists on 2000 rpm, with 2000 rpm/s for 12 s.
| 60



Experimental procedures and characterization techniques |

Then, the process accelerates to 5000 rpm, with 2000 rpm/s and 25 s. The
antisolvent step is done 10 s before the spinning process ends by spin coating

100 pl of chlorobenzene on top of the substrate. Finally, the samples are

annealed at 100 ¢C for1h.

With this method, high quality films with a smooth surface, detected
with a mirror effect in the films. Also, it should be noticed that this method
requires practice, as the antisolvent step is the most important when preparing

the perovskite layer. It should be done not too fast neither too slow™.

3.1.4. Top selective contacts

In PSC, the most common HTM in n-i-p configuration is spiro-
OMeTAD. The best efficiencies have been obtained for spiro-OMeTAD based
devices, or, alternatively, PTAA as HTM. Spiro-OMeTAD presents major
drawbacks (doping, tedious synthetic route...), and huge efforts have been
made in order to find new HTM as an alternative to it”. Some of the newly
synthesized HTM have achieved similar performances as spiro-OMeTAD.
Nevertheless, it has not been replaced by any of these new HTM and continue

to be the most employed.

This step is done in a N»-fillled glove-box. It is very important that we
have a clean atmosphere before the deposition of the HTM. For this reason, it
is recommended to change the aluminum foil protecting the spin coater before

the deposition step and working with a constant N> flow.

To deposit the HTM layer, a 60 mM spiro-OMeTAD solution in
chlorobenzene is prepared just before the deposition step. A series of dopants
are employed in order to enhance spiro-OMeTAD properties as HTM. The
dopants used are 4-tert-butylpyridine (TBP), LiTFSI (from a 1.8 M stock
solution in acetonitrile), and Co(III) TFSI (from a 0.25 M stock solution in
acetonitrile). The molar ratio used is 1 spiro-OMeTAD : 3.3 TBP : 0.5 LiTFSI :

0.05 Co(III) TFSI. In some cases, not all the dopants have been used, as the use
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of Co(III) TFSI was not implemented until quite recently. 30 pl of the solution

are spin coated dynamically at 4000 rpm for 30 s.

The surface should look uniform and without the presence of spots,
which are associated with either aggregates or LiTFSI that has been hydrated.
To eliminate the possibility of aggregates or dust in the solution, it is

recommended to filter the solution before spin coating.

Once this process is finished, the substrates are keep overnight in dark

and air conditions with controlled humidity below 10 %.

The following day, the sides of the substrates are cleaned to deposit the
electrode also on top of the FTO, closing the circuit. After trying different
methods, our recommendation is to clean just once, at the end of the
fabrication, first with a sharp razor, and, secondly, if there is some remaining
material, using a cotton swab with DMF, but keeping it as dry as possible, as

DMEF vapors can damage the solar cell.

3.1.5. Metal electrode

Last, the metal contact is deposited on top of the different layers. 80
nm of gold are deposited using thermal evaporation and employing ultra-high
vacuum (1 - 10" mbar). A shadowing mask is used to deposit the metal contacts

with the desired pattern. The whole procedure is shown in Figure 3.2.

-\ -

Cleaning FTO ETM deposition Perovskite deposition
‘ ‘/ ‘\i\i
HTM deposition Cleaning sides Metal deposition

Figure 3.2. Scheme summarizing the different device fabrication steps.
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3.2. Characterization techniques

In this section, a description of the methods and techniques employed
in this thesis will be given. Both solar cell characterization techniques and film

characterization techniques will be explained.

3.2.1. Measurement of solar cell efficiency

The most fundamental characterization for solar cell devices is the
measurement of solar cell efficiency. The solar cell efficiency or Power
Conversion Efficiency (PCE) is the ratio between the maximum electrical
power output and the incident light power density under standard conditions.
In other words, we estimate the electrical energy generated by the solar cell

when it is irradiated'®.

It is calculated from the current density-voltage (JV) curve under 1 Sun
standard conditions (100 mW/cm?, AM 1.5) using a solar simulator (ABET
11000 Sun 2000) calibrated with a Si photodiode. These standard conditions,
Air Mass 1.5 (AM 1.5), refer to the solar radiation spectrum at mid-latitudes,
corresponding to the solar spectrum at a solar zenith angle of 48.2¢. In order
to measure the JV curve, the current that the solar cell generates under solar
irradiation is measured while a variable voltage is applied to the solar cell with
a source meter (Keithley 2400). The JV curve allows us to calculate the
photovoltaic parameters, open-circuit voltage (Voc), short-circuit current (Jsc),

fill factor (FF), and power conversion efficiency (PCE)" (Figure 3.3).

¢ Open-circuit voltage (Voc): Is the maximum voltage of a solar cell

and it occurs with a zero net current through the device.

e Short-circuit current (Jsc): Current when the voltage in the cell is
zero. It depends of different factors such as the area of the solar cell,
which is the reason why it is normally given as current density, or the

spectrum of the incident light.
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e Fill factor (FF): Is the ratio between the maximum power output and
the product of Voc and Jsc (Equation 3.1.). The point in the JV curve

where the fill factor is found is called maximum power point (MPP).

Prn _ VMPP ' JMPP

FF G

" Voc-Jse  Voc - Jse

e Power Conversion Efficiency (PCE) : As discussed above, the power
conversion efficiency is the ratio between the output electrical power
generated by the solar cell and the incident light power density (Pin,
100 mW/cm?) (Equation 3.2.). It is normally expressed as a

percentage.
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Figure 3.3. Typical JV curve of a perovskite solar cell (black line) and its power conversion output
(blue line). It is also shown the MPP (red), Voc, and Jsc (green). The ratio between the red and
grey rectangles areas is the fill factor.

The measurement of the JV curve can be done with two different scan
sweeps, forward, which means from Jsc to Voc conditions, and reverse, from
Voc to Jsc. In PSC, it is important to perform the JV measurement in both ways,
forward and reverse, as this kind of cells present the so-called JV hysteresis'®
mainly associated with ionic influences (it will be further discussed in the

following chapters) giving very different PCE depending on the scan direction
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(Figure 3.4.A). For the same reason, it is important to choose a proper scan

rate (Figure 3.4.B)"”. If not stated, we used 40 mV/s for every scan.
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Figure 3.4. (A) JV curve measured on forward (dashed) and reverse (solid line) conditions. This
cell presents high degree of hysteresis, which is corroborated by the difference between the areas
of the FF on forward (red area) and reverse (green area) conditions. (B) Influence of the scan
speed on the JV performance for a same solar cell, which presents negligible hysteresis at 40
mV/s, while some degree of hysteresis is observed at 200 mV/s. The shadowed areas indicate
the difference of the forward and reverse JV curves.

3.2.2 Voc and Jsc dependence with light intensity

Another possible analysis by means of current-voltage characteristics is
to determine the Voc and Jsc dependence with light intensity (®). The different
light intensities employed for these measurements are obtained with different
optical filters that allow more or less light to pass through them. These
measurements are done measuring the different JV curves under different light

intensities (Figure 3.5).

From the JV curves, Voc and Jsc values at each light intensity are
extracted. In the case of Jsc, it is fitted to a power law dependence with the light
intensity, Jsc a @ %, and it is possible to evaluate if there are photocurrent losses
at short-circuit conditions. If a = 1, there are no photocurrent losses at short-

circuit conditions®® (Figure 3.6.A).
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From the Voc dependence with the light intensity, we can calculate the
ideality factor (niq). The ideality factor shows how much the solar cell deviates
from the ideal diode behavior. It presents a value niq = 1 - 2, where niq = 1 means
band-to-band recombination and niq = 2 suggests that the Shockley-Read-Hall
(SRH) recombination or trap mediated is the predominant?"?2. The non-ideal

diode equation including the net current (J) is in Equation 3.3.

\%
J <o -Jo G% : 1> (33)

Where Jo is a constant, q is the elementary charge, Kg the Boltzmann
constant and T is the device temperature. At open-circuit conditions, net

current, ] = 0, so Equation 3.3. can be approximated to Equation 3.4.
9 Voc
]SC =]0 <enid Kp T —1> (3.4)

As the Jsc increments linearly with the light intensity (®), we can make
a final approximation to derivate the ideality factor, nia (Equation 3.5.). In
Figure 3.6.B it is plotted the fitting for a typical perovskite solar cell where it

is obtained njq.

Kg T
Voc= ——In® (3.5)

Njq q

It should be highlighted that the presence of mobile ions at the
interface can lead to errors in the nijq calculation. An alternative has been
suggested by Calado et al.” where they calculate a transient ideality factor with
different voltage preconditioning periods in order to obtain information about

the recombination mechanisms.
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Figure 3.5. JV curves measured under different light intensitites from 1 Sun to dark (100, 81.3,
51.5, 25.2,12.6, and 5.1 mW/cm?) on forward (dashed) and reverse (solid) conditions.
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Figure 3.6. (A) Jsc dependence with the light intensity obtained from the reverse JV curves on
Figure 3.5. obtaining a linear increment of Jsc with ®. (B) Voc dependence with ® obtained from
Figure 3.5. The njq found suggests a recombination regime ranging from interfacial to bulk
recombination.

3.2.3. Voc stabilization

The measurement of Voc stabilization time is very useful, mostly in
cells with n-i-p configuration, which show great degree of hysteresis. It is often
observed a slow rise in Voc, associated with the ionic movement. A model

explaining this behavior will be shown in Chapter 6.
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This measurement is done keeping the cell in open-circuit and dark
conditions. After few seconds in dark, the cell is illuminated at 1 Sun conditions

and the evolution of the Voc growth is registered.

3.2.4. UV-Vis absorbance spectroscopy
When ultraviolet and visible radiation (UV-Vis) is absorbed by a
semiconductor solid, this radiation is used to promote electrons from the

valence band to the conduction band.

In the case of perovskites, we work in the solid state, thus, we can use
UV-Vis spectroscopy to find the position of the valence band of the lead halide
perovskites. For example, in methylammonium lead iodide perovskite,
MAPDI;, the typical UV-Vis spectra show two distinguishable bands, one at 760
nm approximately and the second one at 480 nm (Figure 3.7)**®. The
presence of these two bands and their origin has been the topic of discussion

and will be further commented on Chapter 4.

These measurements were done in an Agilent Cary 60 UV-Vis
Spectrophotometer, equipped with two silicon detectors, double beam optics,
Czerny-Turner monochromator, 190-1100 nm range and the light source is a

Xenon Flash Lamp (80 Hz).
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Figure 3.7. UV-Vis absorption spectra of the MAPbI; perovskite. It is clearly observed the two
different absorbance features at 760 and 480 nm.
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It is also possible to measure the oxidized and/or reduced absorption
spectrum by applying a potential (either positive or negative) with a
potentiostat, while measuring the absorption spectra of a system. In this case,
it will be observed the reduction of the peaks previously observed in the steady
state, while the formation of new peaks associated with the newly formed
species will appear. Spectroelectrochemistry measurements were done in
solution, using a three-neck cell in argon-purged solutions. A three-electrode
system was used, with a platinum gauze working electrode, a platinum wire
counter electrode, and a silver wire pseudo reference electrode. The potentials
were applied using an FRA 2 mAutolab Type III potentiostat (Metrohm).
Absorption measurements were made with a Cary 5000 spectrometer (Varian)

equipped with a PMT detector, double beam and a range from 175 to 1300 nm.

3.2.5. Photoluminescence spectroscopy

In this technique, we examine the possible paths of radiative
recombination in the form of light emission of semiconductors. When a
photon is absorbed by a semiconductor, an electron is excited from its ground
state (HOMO level for molecules or valence band in the case of solid
semiconductors) to higher excited states (LUMO or conduction band
respectively). The electron will recombine radiatively to its ground state with
the emission of photons, which energy will be dependent with the energy of

the band-gap of the semiconductor?®?’.

For lead halide perovskites, the steady state photoluminescence (PL)
spectra shows a peak in the region around 760 nm (Figure 3.7). The emission
peak maximum will differ depending on the perovskite composition. It is also
possible to study the lifetime of the radiative recombination via Time
Correlated Single Photon Counting (TCSPC), which is a technique based on
the detection of single emitted photons over the time of the luminescence

decay?®. The measured PL lifetime of perovskites has been shown to be really
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large (> 1 ps)®7!, being the focus of study to explain which perovskite
properties make them present these long PL lifetimes, which was previously

explain in Chapter 1.

Steady state measurements were performed in a Fluorolog Horiba Jobin
Yvon spectrofluorimeter equipped with a photomultiplier (PMT) detector,
double monochromator and Xenon light source. The PL lifetime was measured
on a Edinburgh Instruments LifeSpec-II based on Time Correlated Single
Photon Counting (TCSPC technique), equipped with a PMT detector, double
subtractive monochromator and picosecond pulsed diode lasers (470 nm was

the most employed).

3.2.6. X-Ray Diffraction

The crystalline structure of perovskite has been determined using X-
Ray Diffraction (XRD). The incident X-ray beam interact with the atoms in the
crystalline structure, creating constructive interferences from waves reflected
from the ordered layers of atoms. Every plane of the crystalline structure
presents a characteristic angle of diffraction that follows Bragg’s law: n-A1=2
-d - sin 0, being A the incident wavelength, d the interplanar distance, and 6

the angle of diffraction®’.

These measurements were made with samples deposited on glass
substrates using a Siemens D5000 diffractometer (Bragg-Brentano
monochromator, incident and diffracted — beam Soller slits, a 0.06° receiving
slit and scintillation counter as a detector. The angular 26 diffraction range was
between 5 and 70°. The data were collected with an angular step of 0.052at 3 s
per step and sample rotation. CuKa radiation was obtained from a copper X-

ray tube operated at 40 kV and 30 mA.

3.2.7 Scanning electron microscopy
Scanning Electron Microscopy (SEM) and Environmental Scanning

Electron Microscopy (ESEM) were used to study perovskite film’s morphology.
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More precisely, we used SEM to make cross-sectional studies to observe all the
layers in a complete device, while ESEM was used from top-view, to study the

surface morphology of the films.

Electrons interact with the samples. Although different kinds of signals
are produced, in SEM we are interested in back-scattered electrons, which are
electrons reflected from the sample with an elastic interference. The detection
of these scattered electrons forms a 3D image that is quite simple to interpret.
This measurements needs ultra-high vacuum, so long time is required until the
adequate vacuum is reached. For this reason, if we do not need high resolution,
ESEM can be used. This technique was designed for working in low vacuum,

which make it an easier and faster approach to obtain SEM images***%.

SEM microscopy was performed in a JEOL JSM-6400 microscopy.

ESEM images were obtained with a FEI Quanta 600 microscopy.

3.2.8. Atomic Force Microscopy
Atomic Force Microscopy (AFM) was also used to study the surface

morphology of the perovskite or the materials deposited on top of it.

An AFM image is obtained with a sharp tip (probe) that is brought into
the surface proximity, generating forces between the tip and the surface that
cause the tip to deflect. This force is is derived from the Hooke’s law: F = -k - z,
where k is the stiffness of the tip and z is the distance that the tip is deflected.
Normally, the distance of the tip is controlled with a laser pointing on the top

of the tip, reaching a detector, and processing this signal into the final image®.

AFM images were obtained with a Pico SPM Il instrument. The images

were processed with the WSxM software’®.

3.2.9. Mobility measurements
Carrier mobility is measured with a method based on Space Charge

Limited Current (SCLC). To measure hole mobility, hole-only devices were
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prepared, with a configuration of ITO/Pedot:PSS/HTM/Au, and measuring
current-voltage characteristics from O to 4-5 V. These high voltages enable
current-voltage characteristic to be only ohmic, therefore conductivity only
depends on mobility and carrier concentration. The electric field dependent
SCLC mobility was estimated from Mott-Gurney’s law’’ (Equation 3.6):

2

A%
J = gSrSOHhF (36)

Where ] is the current density, & is the relative permittivity of the
material, o is the electric constant, p, is the hole mobility, V the effective

voltage in the device and L the device thickness.

3.3. Advanced Characterization techniques

3.3.1. Femtosecond Transient Absorption Spectroscopy
Principles

Femto-second transient absorption spectroscopy (fsTA) has been
demonstrated as a high-powered technique in the field of photovoltaics. It
helps to understand ultrafast photoinduced carrier processes in excited
electronic states. In PSC, there has been huge research using fsTA to
understand the nature of carrier generation, carrier protection and carrier
injection.

fsSTA is a pump-probe technique. The pump (lex) is selectively
promoting an electronic transition to a higher excited state by a vertical Franck
Condon transition. Only a fraction of the molecules is excited. On the other
hand, a weak probe pulse (Apwobe) is sent to the sample with a delay (t)
compared to the pump. A difference absorption spectrum (AA) is then
calculated, which means the absorption spectra in the excited state minus the

absorption spectra in the ground state. Registering the AA at different delay
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times, it is possible to construct a AA profile depending on the wavelength and

the delay time AA (A, 1) that contains information about the system under

38,39

study

Sample Detector
Iris

Figure 3.8. Scheme of the transient absorption principle.

It is possible to obtain both positive and negative signals associated

with different processes™:

1)

2)

3)

Ground state bleach: A fraction of the molecules have been excited
due to the action of the pump pulse; therefore, the ground state is
depopulated. For this reason, a negative signal for the AA is

observed.

Stimulated Emission: The molecules in the excited state can relax
with the emission of light to the ground state. This process will
occur when the probe light passes through the sample and will have
a shape similar to the fluorescence of the system. Stimulated
emission is observable as a negative signal due to an increase of
light in the detected signal. As one photon of the incident probe
induces the emission of another photon of the sample that is
emitted in the same direction as the probe, a bigger amount of light

arrives at the detector.

Excited-state absorption: It is possible that the probe light promotes

allowed transitions from the excited state to higher excited states.
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Thus, absorption at these certain wavelengths will occur with the

corresponding positive signal in the AA spectra.

4) Absorption of new photoproducts: Finally, it is also possible the
formation of new products or reactions involving the excited states.
Some examples are the charge transfer to another molecule, triplet

states, or isomerized states.

Setup

Generally speaking, a fSTA spectrometer consists on a laser, an optical
parametric amplifier (OPA), a delay line, a chopper, and a detector (Figure 3.9.
and Figure 3.10).

Ti:Saphire laser

S Delay line SR

Figure 3.9. Picture of a fsTA spectrometer with the main components highlighted.

As the laser source, in this thesis we have used a Ti:Sapphire laser (Clark
MXR) with an output of 775 nm, 1 kHz of repetition rate, a full width at half
maximum (FWHM) of 150 fs. The laser pulse is divided into two beams that

will act as the pump and the probe of the measurement.

To shift the wavelength of the pump pulse, an OPA or non-collinear
OPA (NOPA) is used (NOPA Plus - Clark MXR). These systems allow us to
obtain all the wavelengths from UV to mid-IR, with relatively high energetic

pulses.
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The other laser beam, used as the probe pulse, is concentrated in a
sapphire or CaF; plate, generating a white-light continuum. This pulse is sent
through an optical delay line that permits the measurement from the
femtosecond to the nanosecond timescale. Then, it is focused on the sample

with a spot overlapped to the pump pulse and using a slightly smaller spot.

Before the pump pulse reaches the sample holder, it passes through a
mechanical chopper. Therefore, it is measured alternatively the excited and the

non-excited spectra, allowing the measurement of the AA spectra.

Finally, the probe pulse reaches the detector (HELIOS, Ultrafast
systems LLC). It is based on a charge coupled device (CCD) for the UV-Vis

38,39

range and for the near-IR detection an InGaS sensor

The whole setup is depicted in Figure 3.10.

Pump <\

laser Probe \

Ti:Sapphire

Chopper

Sample

Figure 3.10. Schematic description of the fsTA spectrometer setup.
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3.3.2. Optoelectronic transient techniques

In this section, the description of transient techniques, such as charge
extraction (CE), transient photovoltage (TPV), and transient photocurrent
(TPC) will be given. Those are powerful tools to study both carrier transport,

accumulation and recombination kinetics under close to operando conditions.

They can be divided into small and large perturbations techniques, if a
small laser perturbation is studied or the light is switched on and off
correspondingly. In every case, voltage or current is registered before and after
the perturbation is applied. The data collected should be treated and analyzed

carefully, in order to extract the correct information.

Charge extraction (CE)

Charge Extraction (CE) is a technique designed to quantify the charge
stored in the solar cell under operational conditions*’. In order to do so, the
device is illuminated while it is kept at open-circuit conditions until a stable
Voc is obtained. Then, at the same time, the device is switched to short-circuit
and the light is switched off. The current transient obtained from the discharge
of the device is integrated in order to obtain the charge in the device*. Figure
3.11 summarizes the measurement process. Doing the measurement at
different light intensities, it is possible to obtain the charge stored in the device

at different Voc*2.
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Figure 3.11. Scheme summarizing the CE measurement process.

As shown in Figure 3.11, the solar cell is kept under constant
illumination at open circuit conditions until a stable Voc is obtained. The
white-light source is a LED array (LED from LUXEON Lumileds and powered
by an Aim-TTi PLHI120-P power supply) that allows us to use different light
intensities that determine the device Voc. As explained in section 3.2.3, Voc
stabilization in the case of PSC takes long time because of the presence of
mobile ions, which means that longer illumination times are required in this
kind of solar cells. Once steady state is reached, the light is switched off, and,
at the same time, the device is short circuited through a small and known
resistance (R = 50 Q). The system is connected to an oscilloscope (Yokogawa
DLM2052 with an internal resistance of 1 MQ) that measures the voltage drop
across the resistance. Using Ohm’s law, it is possible to obtain the charge in

the device integrating the transient voltage over time**? (Equation 3.7).

- tV(t) dt (3.7)

0 1
Rt=0
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Where Q is the charge, R is the small 50 Q resistance, and V(t) is the
voltage at every time. Measuring the device under different light intensities it

is possible to obtain the charge stored in the device at different values of Vo,

so we can plot the dependence of the charge with the Voc (Figure 3.12).
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Figure 3.12. (A) CE decay from a perovskite device (blue), the exponential fit (orange), and the
integrated charge density (pink). (B) Charge density obtained from the integration at different
light intensities plot as a function of the voltage and fitting to Equation 3.10.

In Figure 3.12.B two different regions are observed. In the linear part,
the geometrical capacitance Cgeo, already described in both organic solar cells
(0OSC)*** and PSC** can be observed. It is assigned to the accumulation of
charges in the selective contacts and the electrodes. It follows a parallel plate
capacitor model and grows linearly with the voltage (Equation 3.8).

€0 €A
d

Q=Cyeo V= vV  (3.8)

Where ¢ is the electric constant, ¢ the relative permittivity, A the
active area of the plate of the capacitor, and d is the distance between the two

plates.

The second regime observed, the exponential part, is associated with
the chemical capacitance in the solar cell. At higher illumination intensities,
the selective contacts are depleted, and thus, the charges start accumulating in
the perovskite bulk**. The charge extracted grows exponentially with voltage,

following the Maxwell-Boltzmann distribution*® (Equation 3.9).
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Q= [eXp (mcg T) ) 1] G9)

Where Qo is the charge density in equilibrium, KgT/q is the thermal
voltage and m is a factor related with the deviation from the thermal voltage.
With the subtraction of 1 to the exponential factor we obtain zero charge for

zero voltage®.

Combining Equation 3.8 and Equation 3.9 we obtain an expression

for the charge extraction as a function of the voltage (Equation 3.10).

Q=Cyeo V+Q, [exp (quZ )1 6o

Transient photovoltage (TPV)

Transient photovoltage (TPV) is a technique that has been previously
applied in dye sensitized solar cells (DSSC)***® and OSC**°°°! to study carrier
recombination. In PSC it has also been applied, although there is still debate
about the interpretation of the data, as it seems that many factors, for example
the ionic nature of perovskite, can lead to a misinterpretation of the data®*>%.
It is based on the application of a laser pulse while the device is kept at open
circuit conditions under constant illumination. The laser pulse induces a small
perturbation in the Voc, generating a small amount of charges, directly related
with a small perturbation in the quasi-Fermi level. Then, we observe the decay
of the Voc to its steady state value associated with the light illumination. From

the kinetics associated with this decay, we can obtain the carrier lifetime that

it is associated with the major recombination rate in the solar cell*2.
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Figure 3.13. Scheme summarizing the TPV measurement process.

In order to perform a measurement (Figure 3.13), the solar cell is kept
under constant illumination using a white LED array, the same one used for
CE, that allows the use of different light illuminations and keep a constant and
stable Voc. The solar cell is kept at open circuit conditions to ensure no current
flowing in the device. In order to do so, it is connected to an oscilloscope with
a large internal resistance (1 MQ) that also registers the Voc evolution. After
reaching a stable Voc, a laser pulse is applied that generates the small
perturbation on the Voc(AV). We use a nanosecond nitrogen laser (PTI GL-
3300) that allows a tunable excitation wavelength with the use of different
organic dyes. Unless it is stated, the excitation wavelength employed is 590 nm
using the emission of Rhodamine 6G (R6G). The pulse is triggered using an
Aim-TTi TG330 analog function generator that generates a square wave pulse
with a duration of 1.5 ns. The intensity of the laser pulse is filtered to ensure a
small perturbation regime using a semitransparent optical filter. The extra
carriers generated with the laser pulse are forced to recombine as the device is
in open circuit conditions and they cannot be extracted. The small
perturbation lifetime (tan) is obtained from the monoexponential fitting of the

transient decay (Figure 3.14.A), and it is associated with the recombination
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rate. In some cases, biexponential decays have been described™. It is important
to highlight that, as the light intensity increase, the Voc increase as well and
Tan decreases. It is possible to compare 1, with the Voc (Figure 3.14.B), fitted

with an exponential decay**® (Equation 3.11).

q Voc

Where tano is the equilibrium carrier lifetime, 0 is the deviation from

the thermal voltage (KsT/q).

A

= TPV decay
Exponential decay fitting

10p 1 5

Voltage (V)

/

e Experimental t,,

) Fitting

0 5u 10p 15p 0.8 0.9 1.0 11 1.2
Time (s) Voltage (V)

Small Perturbation Lifetime (s) g

Figure 3.14. (A) Example of a TPV decay (blue) and the monoexponential fit (orange). We obtain
from this decay ta, and the intensity of the small perturbation, AV. (B) tan as a function of the
different photovoltage obtained (blue) and the exponential fit to Equation 3.11 (orange).

Although the comparison of Q can be useful to compare devices, as
carrier recombination kinetics depend on the charge density, it is convenient
to compare T, obtained from the TPV measurement with the charge density
obtained under the same illumination conditions*?. The charge density can be
obtained from the CE method or transient photocurrent (TPC) that will be

explained in detail below.

Transient of Transient Photovoltage (TROTTR)
This technique is a variation of TPV, introduced by Calado et al.>®> and
Pockett et al.”®. With this technique it is possible to study the evolution of the

TPV decays as the Voc of the solar cell stabilizes. Vo stabilization in n-i-p PSC
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is very slow (up to hundreds of seconds) due to the presence of ions at the
perovskite interfaces in dark conditions and their redistribution once the cell
is illuminated. We observe anomalous TPV decays, as a negative transient
deflection appears when the TPV decay is measured while the Voc is not stable.
The intensity of this negative deflection decreases as the Voc approaches to its
final Voc value. The negative peak is associated with an increased
recombination at the interface due to the presence of ions**>>>°, This behavior

will be explained and analyzed in detail in Chapter 6.

off On
Laser
pulse
VOC
VOC
stabilization

dt;r:a\;s J\ Vl\ " \ \

Open
circuit

Time
Figure 3.15. Scheme summarizing the TROTTR measurement process.
To do this measurement, it is necessary to register individual TPV

decays while the Voc is stabilizing. The rest of the setup is the same as TPV. A

summary of TROTTR is shown in Figure 3.15.

Transient Photocurrent (TPC) and Differential Capacitance (DiffCap)
Transient photocurrent (TPC) is a technique that allows us to estimate
the extra carriers generated by the small perturbation induced with the laser

pulse (AQ)*+60-62,
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The setup for a TPC measurement is very similar to the one used for
TPV, with the exception that the solar cell is kept at short circuit conditions,
connected to a small resistor (50 Q). The laser pulse generates a small
perturbation in the device current that is measured on the oscilloscope as a
voltage drop over the resistor that is easily converted into a transient current
using Ohm’s law. This transient current is measured and integrated over time
to calculate the amount of charges generated by the laser pulse (AQ). Figure

3.16 summarizes the measurement process.

Off On

Laser
pulse

Registered
voltage

Current N K
Integrated
current

Short
circuit

Time
Figure 3.16. Scheme summarizing the TPC measurement process.

However, TPC presents some limitations because it is only valid when
charge carrier losses are negligible at short circuit conditions, so, the charge
collection process is not affected by carrier recombination. In order to prove it,

three different measurements must be checked**:
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1. The Jsc dependence with the light intensity (section 3.2.2) must fit to
a power law (Jsc oo ©@*) where a = 1, as shown in Figure 3.6.A, which

implies that there are not major carrier losses at short circuit.

2. The TPC decays must be similar under different light irradiation
conditions. The extra carriers generated by the laser pulse must be

independent on the background light intensity.

3. TPC decay must be faster than the TPV decay, meaning that carrier

collection is faster than carrier recombination.

If all these requirements are accomplished, TPC can be used to estimate
the charge density in the solar cell via the differential capacitance (DiffCap)
method. DiffCap is an alternative to CE, which combines the data obtained
from TPV and TPC measurements to estimate the charge density in the solar
cell®®®! From the TPC we obtain the charges generated by the laser pulse (AQ)
that, as we already stated, should be the same at the different light intensities.
From the TPV we obtain the intensity of the perturbation created by the laser
pulse at every light intensity (AV) (see Figure 3.14). Therefore, DiffCap allows
us to measure the capacitance of the device at different light biases (Equation

3.12).

A
C(Voc) = A_Q

v (3.12)

DiffCap can be also defined as the ability of a solar cell to store the extra
charges (AQ) generated by the laser pulse, which creates a small perturbation
in the voltage (AV) under different light conditions. An example of a DiffCap
plot is found in Figure 3.17.A. Two different regimes are observed, first, a
constant part, associated with the geometric capacitance (Cgeo)’”*®*! which was
previously described in CE. Once the contacts are depleted with charges, they
start accumulating in the perovskite bulk, and it follows an exponential trend.

This second regime is the chemical capacitance™.
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Finally, the integration of DiffCap at every voltage (Equation 3.13)

gives us an estimation of the charges stored in the solar cell (Figure 3.17.C).

Voc
Q (Voc ) = J;) C (Voc) dvoc

3.13)

As we did in CE, the charge in the solar cell can be correlated with the

increasing voltage using Equation 3.10. As we will discuss further below, in

some cases, it is very useful to eliminate Cge, from the DiffCap plot in order to

study the charge density just in the bulk of the perovskite®* (Figure 3.17.B and

Figure 3.17.D).
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Figure 3.17. (A) Differential Capacitance plot obtained from a combination of TPV and TPC
decays at different light intensities as a function of the light bias. The pink line shows the
exponential fit. (B) Differential Capacitance plot as a function of the light bias after the
subtraction of the Cgeo. The pink line shows the exponential fit (C) Charge density as a function
of the light bias obtained from the integration of the differential capacitance. The orange line
shows the fit using equation 3.10. (D) Charge density as a function of the light bias obtained
from the integration of the differential capacitance after the subtraction of Cgeo. The orange line

shows the fit using equation 3.10.
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DiffCap and CE offer different alternatives to the estimation of charge
density, using small and large perturbation techniques respectively. However,
in the case of PSC, both techniques have resulted in different values for the
charge density estimated, contrary to what was obtained in both DSSC and
OSC>*. This behavior is dependent on the perovskite composition: higher
charge recombination, as it is in the case of MAPbI; showed larger differences,

compared to CsSFAMAPbDIBr (Figure 3.18).
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Figure 3.18. (A) Comparison for charge density obtained from the CE and DC methods for
MAPbDI; perovskite. (B) Comparison for the charge density obtained from the CE and DC
methods for CSFAMAPDIBr perovskite.

TPV as a function of the charge density

The comparison of the small perturbation lifetime obtained from the
TPV experiments, with the charge density, obtained from the CE or DiffCap
experiments, allows us to make a fair comparison between different devices.
Additionally, from this experiment, it is possible to obtain the recombination

order (8) that allows us to calculate the total carrier lifetime (1)°%*’.

Figure 3.19.A shows the comparison of the small perturbation lifetime
as a function of the charge density obtained from the DiffCap method. To
obtain the recombination order, we compare the values of small perturbation
lifetime around 1 Sun and we fit it with a power law dependence (Equation

3.14).
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A
TAn= TAno <ng> (3.14)

Where A is a parameter that describes the slope of the power law and is
correlate with the recombination order (8) as & = A + 1 °%; Qo is the charge
density in the equilibrium and tano is the equilibrium small perturbation
lifetime. If Cgeo is taken into account, in some cases, odd values of carrier
recombination are obtained. For this reason, we use the charge density after
the subtraction of Cgeo. This ensures that we are studying processes in the bulk

of the perovskite (Figure 3.19.B).
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Figure 3.19. (A) Small perturbation lifetime as a function of the charge density obtained from
the DiffCap method. (B) Small perturbation lifetime as a function of the charge density obtained
from the DiffCap method after the subtraction of Cge,. In pink it is shown the experimental data
for the CsSFAMAPDIBr perovskite with the power law fitting as a purple line, and blue shows the
experimental data from the MAPDbI; perovskite and the orange line the power law fitting.

Then, the small perturbation lifetime (tan) can be converted to the total
carrier lifetime (t) using the recombination order, T = tan - 8 (Figure 3.20)°.
From the total carrier lifetime values, it is possible to obtain meaningful

comparison of recombination rates between different devices.
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Figure 3.20. Total carrier lifetime obtained from the correction of the small perturbation
lifetime with the recombination order as a function of the charge density obtained from the
DiffCap method. The fittings are the power law which present the same slope as in Figure 3.18.B.

Finally, we take into consideration one limitation for TPV that was
recently pointed out by Kiermasch et al.*>*? In these publications, it was
described a capacitive component in small perturbation lifetimes obtained
from TPV decays (tp). It is associated with the release of free charges
accumulated at the perovskite contacts that can shorten the decay time
constants. In order to check if the small perturbation lifetime that we are
studying is corresponding to bulk carrier recombination dynamics, or, it is
related with this capacitive component, it is possible to calculate its associated
lifetime, tc.p (Equation 3.15, Figure 3.21).

nig K T Cyep

Teap = a7 (Vo) B.15)

Where niq is the ideality factor, obtained from Equation 3.5, KgT/q is
the thermal voltage, Cgeo is the geometric capacitance, obtained from the
intercept of the DiffCap plot (Figure 3.17.A) and Jsc(Voc) is a relationship
described by Tvingstedt et al.’. Additionally, to be completely sure that the
lifetimes we are comparing are correlated with bulk perovskite dynamics, we
eliminate Cge, to the charge density calculations, and we compare the lifetimes

obtained around 1 Sun light intensities, where the capacitive effect is negligible.
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Figure 3.21. Small perturbation as a function of the light bias in the region around 1 Sun (orange)
and calculated tcp using Equation 3.15 that confirms that we are measuring lifetimes

corresponding to bulk dynamics.
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4.1. Abstract

In this chapter, we studied charge carrier processes happening at the
perovskite/hole transporting material (HTM) interface. For this purpose,
several low band gap semiconductor polymers, widely used as donor materials

in Organic Solar Cells', were implemented in complete devices.

First, perovskite solar cells with the different polymers were prepared
and characterized. Later on, to gain insight into the carrier processes
happening at this interface, the devices were characterized with optoelectronic
techniques, such as TPV, TPC, and CE (described in Chapter 3), finding out
that, independently of the energy levels of the HTM, there are other processes

that governs the device Voc.

Thereafter, we moved forward on the study of carrier processes at early
stages after photogeneration using fsTA in collaboration with Prof. Guldi group
from the Friedrich-Alexander University (FAU) at Erlangen (Germany). We
investigated interfacial charge transfer between the perovskite and the
different HTMs. Interestingly, we identified a carrier loss process, which has

an impact on the photocurrent of the studied devices.

4.2. Introduction

Since the rise of perovskite solar cells (PSC)*, great efforts have been
directed to the synthesis and implementation into devices of new HTMs’.
Nevertheless, only few of them, e.g. PTAA or P3HT, have been capable of
replacing spiro-OMeTAD in n-i-p perovskite solar cells. Apart from high
production costs and difficult synthetic routes, spiro-OMeTAD is not suitable
for long term stability due to the need of chemical dopants to enhance its hole

mobility®’.

Despite the enormous advances in perovskite solar cells, there is am
ongoing debate about the working principles of PSC. Many different

techniques, such as terahertz spectroscopy?®, time-resolved
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photoluminescence® or laser transient absorption spectroscopy'®'* have been
used to analyze the nature of charge carriers, charge carrier injection into the

selective contacts, and the lifetime of charge carriers”2.

In addition to that, the origin of carrier losses and different strategies

22-24

to overcome them have also been the matter of study The main carrier

losses in PSC are radiative, trap mediated, and interfacial recombination™?.
Different techniques, such as transient optoelectronic techniques or

impedance spectroscopy have been very useful to find out carrier losses?*2%-28,

In this chapter, we prepare PSC with several low band gap
semiconductor polymers, poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[l,2-b:4,5-
b’]dithiophene-2,6-diyl] [3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-
b]thiophenediyl]] (PTB7)  poly(3-hexylthiophene-2,5-diyl) (P3HT), and
poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-
4,7(2,1,3-benzothiadiazole)] (PCPDTBT) (Scheme 4.1). These polymers have
been widely applied as donor materials in organic solar cells. We will

implement them as efficient HTM in n-i-p PSC.
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Spiro-OMeTAD

P3HT PCPDTBT
Scheme 4.1. Molecular structure of the different HTM employed in this chapter.

Efficient PSC have been obtained with these polymers. However, we
obtained different photovoltaic parameters when compared them to spiro-
OMeTAD. Therefore, we investigated which processes were limiting the
efficiency in this kind of devices. Using different techniques that cover a wide
range of timescales, from the femtosecond, studying carrier injection into the
different HTMs, to the microsecond timescale on the analysis of the carrier

recombination.

4.3. Device Fabrication

Solar cell devices were prepared following the procedure described for
the 2-step MAPbI; perovskite in Chapter 3. TiO,, both compact and
mesoporous, was used as electron transporting material (ETM). Spiro-
OMeTAD doped with TBP and LiTFSI was employed as the reference HTM,

and the conditions for the polymers studied were as follows.
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The concentrations for the semiconductor polymers solutions were 20
mg/ml in chlorobenzene for PTB7 (1-Material), and P3HT (Rieke Metals Inc.),
while 30 mg/ml was employed for PCPDTBT (1-Material). The solutions were
spin coated at 3000 rpm with 1500 rpm/s for 30 seconds.

For the fs-TAS measurements, films containing ETM/MAPbI; or
MAPDI3/HTM were prepared on glass substrates. Additionally, the perovskite
deposition procedure needed to be adapted to obtain samples thin enough to
allow the probe light to pass through the sample and reach the detector. For
this purpose, 1 M solution of Pbl, was spin coated at 8000 rpm with 2000
rpm/s for 90 s. In a second step, 50 mg/ml MAI solution was spin coated 30
seconds before the end of the spinning process, obtaining approximately 200
nm thickness of the perovskite layer. Finally, the films were encapsulated in N>
atmosphere to avoid degradation due to air exposure and humidity using

Meltonix 1170-60PF and a cover slide on top of it.

4.4 Results and discussion

4.4.1. Surface characterization

High quality perovskite films were prepared as it can be observed from
the XRD and AFM measurements (Figure 4.1.). The XRD pattern was obtained
from Burda et al.?’ We assigned all the peaks to the different crystallographic
planes. On the AFM image of MAPbI;, relatively big perovskite crystal grains
are observed. In the case of the AFM images of MAPbIs covered with the
different HTMs under study, spiro-OMeTAD, PTB7, P3HT, and PCPDTBT, all
of them presented a complete coverage. Nevertheless, we observed different
film roughness for each one of them, which is correlated with the different
thicknesses employed. Spiro-OMeTAD, with the thickest layer, presents the
smoothest layer, the different organic HTM present different ways of

crystallization.
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—— MAPblI,
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Figure 4.1. (A) XRD pattern of MAPbI; perovskite. AFM images of MAPbI; (B) and MAPbI;
covered with the different HTM under study, spiro-OMeTAD (C), PTB7 (D), P3HT (E), and
PCPDTBT (F).
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4.4.2. Current-Voltage Characteristics

Then, MAPbI; perovskite solar cells were prepared and characterized
measuring first the current density voltage characteristics under 1 Sun
conditions (AM 1.5G, 100 mW/cm?). JV curves of the best performing devices
(reverse scan) and the statistic distribution of photovoltaic parameters
obtained are shown in Figure 4.2, Figure 4.3, and Table 4.1. All cells present
high degree of hysteresis in the JV curves (Figure 4.3 and Figure 4.4) leading

to differences in photovoltaic parameters depending on the direction of the JV

30,31 32,33

scan’?!, which has been attributed to the presence of mobile ions

From the cells studied, it is evident that both Voc and Jsc values for
spiro-OMeTAD are much greater compared to the polymers, PTB7, P3HT, and
PCPDTBT. If these values are compared with the HOMO levels of the HTM,
depicted in Figure 4.2.B, it is obvious that the differences in Voc of the cells
are not only due to the differences in the HOMO levels, as they are very similar.
In this Chapter we will try to discern which factors make polymer-based
perovskite solar cells not as efficient as they are when spiro-OMeTAD is used
as HTM. Compared to other results in bibliography, we find that, nowadays,
efficiencies using some of these polymers, especially P3HT?*, have increased
considerably. It is also worthy to mention that these efficiencies are greatly
affected by the molecular weight of the polymer that has been chosen for the
device fabrication®>?°. Nevertheless, for the time this research was conducted,
the power conversion efficiency (PCE) obtained for PCPDTBT surpassed the

previous record reported in literature®’.
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Figure 4.2. (A) JV curves of the best performing devices on reverse scan (Voc to Jsc) under 1 Sun
conditions. (B) Scheme containing the energetic levels of the different HTM compared to
MAPDI;.

Table 4.1. Photovoltaic parameters obtained from the JV curves in Figure 4.2. In parentheses,
the average and the standard deviation is shown for the efficiency of all the devices.

Voc Jsc PCE
HTM Sweep FF
(V)  (mA/cm?) (%)
Forward 0.936 24.4 0.55 12.6 (9.0 £1.5)
Spiro-OMeTAD
Reverse 1.068 243 0.74 19.1(14.9 £2.0)
Forward 0.856 213 0.45 8.2(7.2+1.2)
PTB7
Reverse 0.908 214 0.62 12.0(10.8+1.2)
Forward 0.807 17.8 034 4.9(4.8:0.8)
P3HT
Reverse 0.866 19.6 0.65 11.0 (10.2 +0.9)
Forward 0.853 134 0.43 4.9 (4.6 + 0.6)
PCPDTBT
Reverse 0.91 14.6 0.56 7.4 (6.5 +1.0)
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Figure 4.3. Statistical distribution of the photovoltaic parameters obtained from the JV curves
measured under 1 Sun Conditions. The box limits show the 25 and 75 percentile while the
whiskers show the maximum and minimum value obtained.

Then, we measured the Jsc dependence with the light intensity (®)(Figure
4.4.A). As already described in Chapter 3, it follows a power law dependency,
Jsc proportional to @ %, and a close to 1 for each HTM (0tspiro-ometap = 0.98; owpr7
= 0.97; apsur = 0.92; apceprer = 0.94). This behavior indicates that there is
minimal light intensity dependence for charge collection, so, there are no

photocurrent losses at short-circuit conditions®.

In addition, we evaluated the Voc dependence with ®. We use the
values obtained from the reverse scans of the JV curves, as it is also coincident
with the value of Voc obtained in the optoelectronic transient techniques (TPV,
TPC, and CE; Chapter 4.4.4). After the analysis of Voc dependence with @,

and, as we already explained in Chapter 3, we obtain an approximation of the
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ideality factor (njq) that shows how much the solar cell deviates from the ideal

diode behavior (Equation 4.1).

Kg T

Njq

Vo= In® (4.1)

Where the niq presents values between 1 and 2, being niq = 1 band-to-
band recombination, while niq = 2 suggests that trap-assisted recombination

is the predominant in the device®*.

In this case, it seems that the
recombination mechanism is through deep traps, as values close or even bigger
than 2 are obtained (nidspiro-OMeTAD = 2.2; Nig,p3HT = 2.2; Nid,pcppTBT = 1.7) €xcept for

PTB7 (niqprs7 =1.4).
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Figure 4.4. (A) Light intensity dependence with Jsc and (B) Voc for the different HTM under
study.

4.4.3. Photoluminescence analysis

Then, we moved on the study of the photoluminescence (PL)
characteristics of the MAPbI; perovskite, and how it is affected by the
implementation of the different HTMs!®*%2 To analyze the radiative
recombination dynamics, we employed time-resolved photoluminescence
(TRPL), which was acquired with Time Correlated Single Photon Counting
(TCSPC) technique.
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The PL spectrum of the perovskite/HTM films deposited on top of a
glass substrate (Figure 4.5.A) shows a single emission peak centered around
750 nm, with negligible differences between samples. Additionally, the
4142 (

dynamics were acquired and fitted to a bi-exponential function Equation

4.2).

Y=Yo+ A1 /) 4 A, e (/) (4.2)
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Figure 4.5. (A) Normalized PL spectra of the MAPbl; and MAPbIs/HTM films. (B) PL decay
dynamics of the perovskite/HTM films. Both measurements were obtained after an excitation at
470 nm.

In Equation 4.2, A; and A, are the amplitude of the respective
components, while 1 and 1> are the lifetimes from the fast and the slow
component, respectively. As already described before, perovskite
recombination mechanisms are governed by trap assisted recombination, thus
Shockley-Read-Hall (SRH) recombination. Therefore, in a PL decay, the fast
component (1) has been related to the filling of those traps, while the slow
component (1) is related with the radiative recombination in the perovskite
bulk'®*2, These measurements have been performed in MAPbI;/HTM films, so,
we correlate the fast component of the PL decay to carrier transfer processes
from the perovskite to the HTM, having in mind that, as it has been described,

carrier injection happens in earlier timescales.
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Table 4.2. TRPL lifetimes obtained from the fitting of PL decays in Figure 4.5.B to a bi-
exponential fitting.

HTM t1(ns) 12 (ns)
Spiro-OMETAD 3.2 9.0
PTB7 4.8 30.8
P3HT 3.8 21.8
PCPDTBT 4.4 20.2

Comparing the lifetimes of the films with MAPbI;/HTM, faster lifetimes
are obtained (Figure 4.5.B and Table 4.2), both for 1; and 12, compared with
films with just MAPbIs (11 = 47.4 ns and 1> = 232.5 ns). This behavior suggests
that we have an efficient carrier transfer to the HTM, and a faster

recombination is expected due to the lower amount of available carriers.

In Figure 4.5.B TRPL was measured at the same acquisition time for
each HTM shown that is the reason behind the different PL intensities for every
decay. As can be seen, in the case of PCPDTBT, which is the HTM that leads to
the lowest device efficiency, the perovskite luminescence is the highest. This
behavior implies that the hole transfer from the perovskite to the HTM does
not occur efficiently. Thus, the sequence of the efficiency for the hole transfer,
PCPDTBT < PTB7 < P3HT < spiro-OMeTAD, is in agreement with the

efficiencies obtained in working devices, described in Table 4.1.
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4.4.4. Charge storage and recombination using optoelectronic
transient techniques

We moved into the characterization with optoelectronic transient
techniques, such as transient photovoltage (TPV), transient photocurrent
(TPC), and charge extraction (CE), already described in Chapter 3. These
techniques are really useful to gain insight into carrier recombination and

charge storage in working devices, close to operando conditions®*.

Although CE has been demonstrated as a reliable method to estimate
charge density in different kind of solar cells, in perovskite solar cells, in
particular with MAPDI; devices, the measured charge is overestimated?®¢. This
behavior was already described by O’'Regan et al.*’, and as an alternative, they
suggested to estimate charge density via the integration of differential
capacitance (DiffCap) that was also demonstrated as a reliable method in both
Organic Solar Cells and Dye Sensitized Solar Cells***°. DiffCap measurement
and interpretation has been already described in Chapter 3. In contrast to
other photovoltaic devices, in perovskite devices, especially MAPbI;, CE, and
DiffCap led to a very different estimation of charge stored in the solar cell

(Figure 4.9).

For DiffCap, we need to know the amplitude of the laser pulse that
induces the generation of extra carriers. This is obtained from the TPV, which
also allows us to study carrier recombination processes in the device, as also
explained in Chapter 3. All of our TPV decays show a mono-exponential
behavior (Figure 4.6) which has been previously linked to a very good coverage
of the perovskite layer on top of the TiO,*®. Having a good perovskite coverage
avoids a direct recombination path between the HTM and the TiO; layer,

avoiding bi-exponential TPV decays®.
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Figure 4.6. TPV decays measured under 1 Sun conditions for all the studied devices, (A) spiro-
OMeTAD, (B) PTB7, (C) P3HT, and (D) PCPDTBT. It is also shown the mono-exponential fitting
to obtain the perturbation lifetime.

It is possible to obtain the TPV lifetime at different Voc measuring
under different light intensities. Then, the perturbation lifetime decreases with

the increment of Voc (Figure 4.7), following the equation 4.3.
~9Voc
Tan= Tan € 0 K8T (4.3)

Where tano is the equilibrium lifetime and 0 is the deviation from the
thermal voltage KgT/q. We observed that at 1 Sun illumination conditions
(Figure 4.6 and 4.7) spiro-OMeTAD and PTB7 presented the fastest lifetimes,
approximately 1 ps, while for PHT and PCPDTBT is more than 2 ps. From the

0 parameter, it was also observed that the bigger deviation from the thermal

voltage leads to worse performance.
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Figure 4.7. Perturbation lifetime obtained from the TPV decays as a function of the voltage
generated at different light intensities.

After that, using the DiffCap technique that combines TPV and TPC,
we obtained an estimation of the capacitance of the cell. For that, we used the
definition of the capacitance C = AQ/AV, so, the carriers generated with a
variation of voltage in the device. The variation of voltage is the small
perturbation generated by the laser pulse. The intensity of the laser pulse that
generates this small perturbation AV is obtained from the TPV decay, being
dependent from the light bias, while the carriers generated by the laser pulse

AQ is obtained from TPC decays, that should be independent of the light bias.

Figure 4.8 shows the DiffCap measured under different light
intensities that led to different Voc. Two different regimes were observed in
the capacitance plots. The constant part at lower voltages, obtained at lower
light intensities, is associated with the charge stored in the contacts. This term
of the capacitance is called geometric capacitance, Cgeo, and it is associated
with a parallel plate capacitor, so its value is dependent on the electric
permittivity, €, the area of the capacitor, a, and the distance separating the two

plates, d, with the relation Cgeo=€ @/ - The second regime, the exponential

part, is related to the accumulation of charges in the active layer, in this case
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the perovskite layer. Therefore, subtracting Cge, (Figure 4.8.B) we obtained

information about charge in the perovskite layer.
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Figure 4.8. (A) Differential Capacitance plot as a function of the Voc for the different HTM used
including the geometric capacitance. (B) Differential Capacitance after subtracting the
geometric capacitance.

From Figure 4.8 the most characteristic feature is the difference
observed in the exponential part comparing the spiro-OMeTAD with the rest
of the semiconducting polymers. While this shift agrees with the Voc values
obtained for these devices, it is not correlated with the HOMO (Figure 4.2.B)
reported from cyclic voltammetry in solution®®. The Voc will increment with
the Quasi Fermi Level Splitting (QFLS) with the increasing illumination
intensity until the depletion layers at each interface are filled and the charges
start accumulating at the bulk of the perovskite. We expected that the QFLS
will be correlated with the HOMO levels of the HTMs, but we observed that
this is not the case. Very recently, Stolterfoht et al. suggested that some
polymers, such as P3HT, suffer from band bending, with a much larger effect
over the Voc rather than the QFLS?%.

An estimation of the charge density of the devices is obtained with the
integration of the DiffCap plots. As it is shown in Figure 4.9, it is possible to
observe the influence of the geometric capacitance over the total charge

density. Additionally we plotted in Figure 4.9.C the charge density estimation
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from the CE technique. It is clear when we compared the DC method, that CE

overestimates the charge density in this perovskite composition.

Furthermore, we compared the perturbation lifetime at every charge
density obtained from DiffCap, shown in Figure 4.10. Carrier lifetime as a
function of the voltage gave us longer lifetimes for spiro-OMeTAD compared
to the rest of the semiconducting polymers (Figure 4.7). In contrast, we
observe for the same amount of charge in the device spiro-OMeTAD presents
the slowest lifetime. This scenario changes completely if we remove Cgeo.
Recently, Kiermasch et al. described a capacitive component that affects to the
carrier lifetime, therefore, it would be an optimal approximation to remove Cgeo

°L52 Tn this case, the fastest lifetimes were

in order to study bulk carrier lifetime
found for spiro-OMeTAD devices, but, it should also be noted that the slope of
both spiro-OMeTAD and PTB7 were quite similar, and their lifetimes increased
rapidly with the decrease of charge, which was not the case for P3HT, and

PCPDTBT.

| 116



>

Charge Density (C/cm?)

Processes at the perovskite/HTM interface |

B
- 80n —
= spiro-OMeTAD = spiro-OMeTAD
200n{ o PTB7 & o PTB7 5
A P3HT ‘.E, A P3HT
o PCPDTBT / o 80n1 o pcpoTBT
150n K A
a4 @ 40n- * !
100n - A J S f? f
& ?, Py 4 .
IS
50n 4 L, ® ® © 20n- A® _i'
[} ~0 )
° S5 g =
0 & 04 o= $ =
00 02 04 06 08 10 12 00 02 04 06 08 10 12
Voltage (V) Voltage (V)
C
400n .
= spiro-OMETAD
- o PTB7
£ A P3HT 2
o 300n1 o pcppTBT ok f
S A7 .
-‘z‘ & '.
@ 200n- i
[ )
[=] L4 0
S 100n a2
© = A o®
5 A oo ¢
0{ &b°
00 02 04 06 08 10 12
Voltage (V)

Figure 4.9. (A) Charge density obtained from the integration of the differential capacitance at
the same voltages. (B) Charge density obtained after the subtraction of the geometrical
capacitance, reflecting the charge stored in the perovskite bulk. (C) Charge density obtained
from the CE method.
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Finally, we measured the hole mobility of the HTM using the space
charge limited current (SCLC) method. In order to apply the SCLC there should
be just one type of carrier present, the current is not trap limited, the current
is drift only, and the electric field at the contacts is zero>. The JV curves of the
hole only devices prepared for the measurements (with the architecture
ITO/PEDOT:PSS/HTM/Au) are shown in Figure 4.11. We obtained hole
mobility values that are in accordance with values reported previously in
literature®*>°. In addition, these results confirmed that doped spiro-OMeTAD
present a better hole mobility 1.5 - 102 cm? Vs compared to the rest of the
HTMs (2.0 - 10* cm? Vs for PTB7, 1.9 - 10 cm? Vs for P3HT, and 3.5 - 10
cm? Vst for PCPDTBT).
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Figure 4.11. JV measurements of the hole only devices for each HTM under study. The lines
correspond to the fitting of the SCLC method.
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4.4.5. Spectroscopic findings in MAPbI;
In this second part of the Chapter, we used femtosecond transient
absorption spectroscopy (fsTA) to study carrier processes happening at the

interface MAPbIs/HTM in the early stages after photoexcitation.

Following the absorption spectra of thin MAPbI; (Figure 4.12), we
selected 460 nm and 695 nm as excitation wavelengths (Lex). The use of these
wavelengths allows us to study the differences when exciting at the two valence
bands (VB) described for the perovskite, VB; at 760 nm, which has been
associated with the band gap transition, and the VB; at 480 nm according to

Sum et al.””.
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Figure 4.12. UV-Vis absorption spectra of the MAPbI; film. The dashed vertical lines indicate
the excitation wavelengths in the fsTA experiments, 460 nm (blue), and 695 nm (red).

Figure 4.13 shows the fsTA of the MAPDI; film. It is characterized by
two ground-state bleaching (GSB) at 480 and 760 nm, which corresponds to
the characteristics observed in the steady state absorption spectra (Figure
4.12). Additionally, a broad photo-induced absorption (PIA) between the two
GSB, as well as in the near—infrared (NIR) region are detected. There are many
studies that assign the two GSB to the depopulation to two valence bands (VB
and VB,)'%°7-%%, Another study, by Even et al.%' raised the possibility that the

760 nm and 480 nm GSB are caused by photoexcitation at the R and M high
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symmetry points of the perovskite cubic phase. Photogenerated electron-hole
pairs at the M point (480 nm) can relax to the R valley, assisted by the emission
of phonons. From now on, we will refer to the 480 nm GSB as the depopulation
of the VB,, although the conclusion is applicable to the excitation across the M

point.
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Figure 4.13. FsTA spectra in the visible and NIR of MAPDI; films using Aex = 460 nm and a laser
fluence of 130 pJ/cm?.

Independently of the excitation wavelength employed, both GSB are
present. The differences observed rely on the kinetics. When using excitation
wavelengths of higher energy than VB, (480 nm), the kinetics at 480 nm were
much faster than those registered for 760 nm (Figure 4.14).

Another important spectroscopic feature observed in MAPbI; films is
the presence of hot electrons that are typically registered as a weak PIA at 780
nm on the sub-ps timescale!*%? (Figure 4.13), before the GSB forms. Hot
carriers are clearly observed when there is an excess energy, obtained with Aexc
that allows excitation above the conduction band of the perovskite. Therefore,
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we observed this peak with Aexe = 460 nm but not in the case of 695 nm. In
literature, hot carriers have also been identified in the broadening of the GSB

at 760 nm.
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Figure 4.14. (A) Differential absorption spectra of MAPbI; with time delays of 0.5 ps (blue), 3 ps
(purple), and 20 ps (orange) using Aexe = 460 nm and a laser fluence of 130 pJ/cm? (B) (A)
Differential absorption spectra of MAPbI; with time delays of 0.5 ps (blue), 3 ps (cyan), and 20
ps (green) using Aexc = 695 nm nm and a laser fluence of 130 pJ/cm?. (C) Time absorption profiles
of MAPDI; at 480 nm (blue) and 760 nm (orange) using Aexc = 460 nm and a laser fluence of 130
w/cm? (D) Time absorption profiles of MAPbI; at 480 nm (green) and 760 nm (blue) using Aexc
=695 nm and a laser fluence of 130 pJ/cm?.

4.4.6. Electron and hole injection at the MAPbI3/TiO; and
MAPDI3/HTM interfaces

After identifying the principal spectroscopic features assigned to
MAPbDI;, we continued using a mesoporous TiO; layer as ETM. In this case, the
electron injection into the mesoporous layer is associated with the growth of a
PIA in the NIR region with a maximum at 970 nm (Figure 4.15). The maximum

of this peak appears after 0.5 ps, much faster than the carrier relaxation, what
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makes possible to associate it with hot electron injection®®%. However, this will

be commented with more detail in Chapter 5.
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Figure 4.15. FsTA spectra of TiO2/MAPbI; films with Aexe = 460 nm. Differential absorption
spectra (A) with time delays of 0.5 ps (blue), 3 ps (purple), and 20 ps (orange). Time absorption
profiles (B) at 480 nm (blue), 760 nm (purple), and 970 nm (orange) showing the electron
injection into the TiO; layer.

Now, we will focus our study into the processes happening at the
MAPbBIz/HTM interface. The HTMs under study were the same used in the
previous sections, spiro-OMeTAD, PTB7, P3HT, and PCPDTBT. Figure 4.16
shows the UV-Vis absorption spectra of the different MAPbI3s/HTM and HTM

films.
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Figure 4.16. UV-Vis absorption spectra of the different MAPbIs/HTM and HTM films. (A)
MAPbI3/spiro-OMeTAD and spiro-OMeTAD films;
MAPbDI3/P3HT and P3HT; and (D) MAPbIs/PCPDTBT and PCPDTBT. The dashed blue line
indicates the excitation wavelength in the fsTA experiments.

(B) MAPbLI;/PTB7 and PTB7; (C)
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Figure 4.17. Differential absorption spectra obtained by spectroelectrochemical oxidation at
different voltages for spiro-OMeTAD (Vpiro-oMeran = +0.27 V) (A), PTB7 (Vprp7 = +1.52 V) (B),
P3HT (Vpsur= +1.07 V) (C), and PCPDTBT (Vpcpprer = +0.07 V) (D). All potentials vs Fc/Fc*.

In order to study both charge injection and carrier lifetime at this
interface, we will follow the polaron spectral features of every HTM>$64%, The
different  polaron  signatures are determined measuring the
spectroelectrochemistry of the different materials in chlorobenzene. The
differential absorption spectra of the oxidized HTMs were identified upon
chemical oxidation which reveals the polaron features in the NIR region
(Figure 4.17). It should be noted that these measurements are red-shifted in

the fsSTA due to the aggregation in thin films.

Next, we measured fsSTA of MAPbIz/HTM thin films using spiro-
OMeTAD (150 nm thick), PTB7 (90 nm), P3HT (90 nm), and PCPDTBT (110
nm) as HTM. We used 460 nm as excitation wavelength (blue dashed line in
Figure 4.16) as it is one of the wavelengths available that allows us to excite
selectively the perovskite layer, and not the HTM layers, as we excite from the

MAPbDI; side. With the excitation of the MAPDI; layer we observed the
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depopulation of VB, and VB%, as well as the charge transfer processes across

the different MAPbIs/HTM interfaces.

Comparing MAPbIz and MAPbI;/HTM films, we found differences in
the fsTA, especially in the NIR region (Figure 4.18). The characteristics
features correlated with MAPbIz were observed, but, newly developed
characteristics were observed in the NIR. These characteristics are in
agreement with the spectroelectrochemical findings of the HTMs under
oxidative conditions, taking into account the red-shift due to the aggregation
in thin film. The spectroscopic features found for the HTMs are corroborated
in literature®”-®°, Thereby, the presence of the HTM polarons, which are

products from the hole transfer from the MAPbI; to the HTM is confirmed.

We studied the charge injection kinetics analyzing the time absorption
profiles from the HTM polaron spectral characteristics. The charge injection
rates were obtained from the fast component of the oxidized HTM transient
decay (Figure 4.19 and Table 4.3). In every case, we observed an ultrafast hole
injection, between 1 and 2 ps, which is in agreement with previous reports in
literature. Spiro-OMeTAD appears as the most efficient hole extracting
semiconducting material with the fastest charge injection rate. We consider
the “apparent driving force” for charge injection as the difference between the
valence band maximum of the perovskite and the HOMO level of the HTM7°7,
It increases going from PCPDTBT < spiro-OMeTAD < P3HT < PTB7, which
goes in accordance with the hole transfer rates. However, we can conclude
from here that hole injection rate is not a key factor for solar cell efficiency
because PCPDTBT, which presents similar hole injection rates compared with
spiro-OMeTAD, reveals the lowest power conversion efficiency of all the

devices**”2.
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Figure 4.18. Comparison of the differential absorption spectra in the visible and NIR region of
the different films, MAPDbI;, TiO2/MAPbI;, MAPbDIz/spiro-OMeTAD, MAPDI3/PTB7,
MAPbI;/P3HT, and MAPbI;/PCPDTBT at 1.2 ps with dexe = 460 nm and a laser fluence of 130

uJ/cm?2.

Table 4.3. HOMO and LUMO values of the different HTMs, hole injection rates derived from
the fastest component in the kinetic traces of the oxidized species of the HTMs, and power
conversion efficiencies obtained from Table 4.1 on the reverse sweep conditions.

HTM HOMO LUMO Charge injection PCE
values (eV) values (eV) rate %)

102 (s)
spiro-OMeTAD -5.22 -2.2 0.82+0.03 149+2.0
PTB7 -5.15 33 5911 10.8 £1.2
P3HT -5.2 33 42+0.8 10.2+0.9
PCPDTBT -53 -3.55 1.00 + 0.05 6.5+1.0
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Figure 4.19. Time absorption profiles obtained at the maximum of the polaron features for every
HTM: (A) spiro-OMeTAD, (B) PTB7, (C) P3HT, and (D) PCPDTBT. The fast component of the
decay is associated with hole injection.

From now on, we will focus on the comparison between MAPbIs/spiro-
OMeTAD and MAPbI3/PCPDTBT, which correspond to the best and the worst
device efficiency, respectively. From the kinetic analysis, we have not reached
any round conclusion that justify this behavior. It is important to highlight that
even using low pump fluences, we have measured in a range between 26-191
w/cm?, it is possible to observe the characteristic polaron signature for every
HTM (Figure 4.20 and Figure 4.21). In Figure 4.20, the fsTA spectra acquired
with a time delay of 0.5 ps using a laser fluence of 64 uJ/cm? is shown and the
spiro-OMeTAD polaron feature is observed as a PIA at 965 nm, while in the
case of PCPDTBT the PIA is at 905 nm. This make us suggest that the
formation of the PIA peak associated with the hole injection and its detection
is not affected by the pump fluence. Additionally, we have highlighted the
signal associated with the hot carriers, which will be commented later. Also,
the dependence of the HTM polaron signal as a function on the laser fluence

is shown in Figure 4.22.
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4.4.7. Hot electron injection

In the last part of the Chapter, we focused on the study of the hot
electrons in MAPbIz when the different HTMs are present. As already
described in the previous sections, the spectroscopic feature associated to the
hot electrons is a PIA at 780 nm that is only observable at early times. These
hot electrons, which are located in higher energetic states in the conduction
band of the perovskite, are cooled via the emission of the longitudinal optical
(LO) phonons®®2, Because of the relaxation to the conduction band

minimum, the PIA evolves into a GSB.

Figure 4.23.A shows the 780 nm PIA kinetics for the MAPDI;,
MAPDI5/spiro-OMeTAD, MAPbI;/PCPDTBT, and TiO,/ MAPDI; films using
Aexe = 460 nm. As we have previously stated, mTiO; films are capable of hot
electron quenching, and therefore, this behavior is observed in the PIA at 780
nm. Surprisingly, we also observed the quenching of the 780 nm PIA in
MAPbIz/PCPDTBT films. This behavior is not expected, as PCPDTBT acts as a
HTM rather than an ETM. Therefore, there is a competition for hot electron
injection into the TiOz layer or into low LUMO level semiconductors polymers,
as it is PCPDTBT. On the other hand, spiro-OMeTAD, which presents a high
LUMO level, acts as an electron blocking layer, and, thus, there is not a hot

electron injection competition.

If both holes and electrons are injected into the HTM, there are two
plausible scenarios: In the first one, electrons and holes recombine in the HTM
resulting in radiative recombination, the fluorescence coming from the
polymer. Yet, we did not appreciate any spectroscopic feature associated with
the fluorescence of the polymer, making this scenario not possible. In the other
scenario, those electrons in the PCPDTBT are transferred back to the MAPbI3

layer.
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Figure 4.23. Kinetic traces obtained for MAPbI; (grey), TiO2/MAPDI; (blue), MAPbIs/spiro-
OMeTAD (green), and MAPbI3/PCPDTBT (pink) using Aex = 460 probing at 780 and a laser
fluence of 130 pJ/cm? (A). Kinetic traces probing at 750 nm and a laser fluence of 130 pJ/cm? (B)
and a laser fluence of 26 uJ/cm? (C). (D) Scheme showing the proposed mechanism. Hot
electrons are either injected into TiO; (1) and/or PCPDTBT (2). The electrons injected into
PCPDTBT are transferred back to MAPbI; (3). Additionally, there is the hole injection into the
HTM (4).

The back transfer of electrons from the PCPDTBT to the MAPDI; layer
was confirmed following the kinetics of the GSB correlated with VB; at 750 nm
(Figure 4.23.B). The GSB maximum peaks at approximately 4 ps with MAPbI;,
TiO2/MAPbI3, and MAPbI3/spiro-OMeTAD films. If the injected hot electrons
into PCPDTBT are later back injected into MAPbI3, the maximum of the GSB
should be delayed to longer time delays. In fact, the maximum of the GSB is
found at 9 ps, which confirmed our hypothesis (Figure 4.23.B). This behavior
was also observed when using low pump fluences, where we found that the
maximum of the GSB is delayed even more, reaching its maximum at around

25 ps, while for the rest of the samples it is found at 6-8 ps approximately
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(Figure 4.23.C). The demonstrated hot electron injection competition and the
subsequent back electron injection, summarize in figure 4.23.D, suppose a
charge carrier loss pathway that affects to the final power conversion efficiency

in complete devices.

4.5. Conclusions

In the first part of the chapter, we fabricated efficient perovskite solar
cells using a series of semiconductor polymers with similar HOMO values and
they have been compared to the standard spiro-OMeTAD. From the results,
we conclude that there is no correlation between the HTM HOMO level and
the final Voc of the device. Also, from the measurement of the perovskite
photoluminescence, spiro-OMeTAD presents the most efficient hole transfer,
while PCPDTBT is the less efficient. Indeed, the photoluminescence quenching

is directly correlated with the final efficiency of the perovskite solar cells.

From the DiffCap measurements, we find a clear shift in voltage
between spiro-OMeTAD and the polymers that justify the Voc obtained. This
confirms the fact that Voc is not dependent on the HOMO level of the HTM.
In addition, we obtained the mobility values for all the HTM. Spiro-OMeTAD

presents the best charge mobility values.

Then, in the second part of the chapter, using fsTA we have identified
and analyzed the spectroscopic features associated with the MAPDbI;, as well as
the charge carrier transfer processes happening at the interface MAPbIzs/HTM.
We have found the spectroscopic signatures of the polarons in the HTM, which
are formed after the injection of hole carriers into the HTM layer. Hole carrier
injection into the organic HTM happens in the subpicosecond to 2 ps range,
which is coincident with previous reports. Moreover, we have documented a
new loss pathway for hot electrons which are close to the MAPbIs/HTM
interface. Instead of being transferred to TiO>, they are injected into the low

LUMO level organic semiconductor. The injection of hot electrons into the
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HTM represents an unexpected carrier loss pathway, which has detrimental
effects on complete devices, as it was demonstrated in the first part of the

chapter.

In summary, for the future design of novel HTM for perovskite solar

cells, high LUMO level should be considered to avoid these losses.
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5.1. Abstract

In Chapter 5, we will get a better understanding of the carrier processes
happening at the interface perovskite/electron transporting material (ETM).
For this purpose, we introduce Ceo-fullerene (Ceo) at the interface between
TiO and methyl ammonium lead iodide perovskite (MAPbIs). Using fullerenes
and their molecular derivatives assists the reduction of the current-voltage
hysteresis and correlates with the interfacial carrier injection and the
recombination processes that limit the power conversion efficiency of working

devices.

Here, we thoroughly study the processes at different timescales,
ranging from femtoseconds to seconds, and we observed that Cso influences on
carrier lifetime, injection, and recombination. Ceo has been capable of
extracting hot carriers generated at the early stages after the photoexcitation,

which makes Cgo a suitable material for hot carrier solar cells.

5.2. Introduction

In Perovskite Solar Cells (PSCs), the right selection of n-type and p-type
selective contacts, which result in a fast and efficient extraction of charge
carriers, and reduce their recombination, is key to get better efficiencies. For
this reason, the effects of the selective contacts over the processes that govern

the PSCs solar cell efficiency have been extensively studied'”.

Many inorganic wide band gap semiconductors have been tested as n-

type selective contacts (TiO2, SnO>, ZnO, BaSnOs, etc)®’. Among them, TiO;

7101 while SnO; has been described in

is the most used in highly efficient PSCs
the most efficient PSCs to date'?. With n-type organic semiconductors, the
choice is concentrated in fullerene (Ceo) and its molecular derivatives, like
PCsiBM, PC7BM, Ceo-SAM (Self-Assembled Monolayer)®. They have been
implemented either as Electron Transporting Material (ETM) in most cases

15,17,18

covering the perovskite layer in the p-i-n architecture , or as an interfacial
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modification between the inorganic n-type semiconductor and the perovskite
layer in n-i-p architectures'®?°. Fullerenes have shown not only electron
transporting properties but also passivation effects on perovskite. First, using
Ceo and its derivatives reduce the trap density at the perovskite surface and at
the grain boundaries, which, in turn, decreases the interface carrier

recombination”?!

. Second, fullerenes inhibit ion diffusion along the grain
boundaries, which were described as the main ion migration channel under
applied bias'®. Hence, with fullerenes as ETM, the current-voltage hysteresis in

PSCs is reduced”.

In this Chapter, we prepared PSCs with and without a Ceo interfacial
modification layer (30 nm) between either compact or mesoporous TiO and
methyl ammonium iodide (MAPDIs) perovskite. Rather than PCgBM and other
fullerene derivatives that have a cascading energy level alignment when
implemented between MAPbI; and TiO,®2%?2, we select C¢o whose lowest
unoccupied molecular orbital (LUMO) lies below the conduction band (CB)
level of TiO,. With this molecule there are no moieties increasing the
disorder’™, and there are not anchoring groups influencing the interaction
between Ceo and TiO,2%*2. We observed a great reduction of the hysteresis in
devices modified with Ceo that is associated with an excellent electron transfer,
despite the energy level misalignment, confirmed by differential capacitance
measurements. Furthermore, we investigated the fast electron injection of
photogenerated charge carriers using femtosecond transient absorption

spectroscopy.

5.3 Device Fabrication

In this case, we used a n-i-p perovskite architecture in which the
different layers are FTO/ETM/MAPbIs/spiro-OMeTAD/Au, where ETM stands
for compact TiO, (cTiO), mesoporous TiO> (mTiO), cTiO2/Ceo, or

mTiO2/Ceo. In mTiO; devices prior to the mesoporous layer, a compact TiO>
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layer was also deposited. cTiO, and mTiO; layers were deposited following the
protocol explained in chapter 3.1.2. Additionally, these layers were modified
with a 30 nm thick layer of Ceo, deposited using thermal evaporation, with a

deposition rate of 0.2 A/s.

MAPDI; was the perovskite composition employed. It was prepared
using the two-step deposition protocol, as explained in chapter 3.1.3. Then,

spiro-OMeTAD was the HTM employed and Au the metal contact.

In the case of the films prepared for femtosecond transient absorption
spectroscopy (fsTA), we used the following architecture Glass/ETM/MAPbDL.
The perovskite layer was prepared using a 0.7 M Pbl; solution in DMF/DMSO
(90/10, vol%); 80 pl were deposited at 4000 rpm with 2000 rpm/s for 90 s.
100 pl of MAI solution (100 mg/ml in IPA) were deposited 30 s before the end
of the spinning process. The samples were annealed at 100 °C for 45 minutes.
Finally, the films were encapsulated in a Ny-filled glovebox to avoid

degradation with Meltonix 1170-60PF (Solaronix) and a cover slide on top of'it.

5.4 Results and discussion

5.4.1 Hysteresis reduction

In this chapter, we will study the influences of Ceo on both cTiO, and
mTiO,. The high-quality of the MAPbI; films on top of the ETM layer can be
observed from the cross-section ESEM images that show full coverage and

homogeneous layers along solar cell (Figure 5.1).
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spiro-OMeTAD
MAPbDI,

cTiO,/Cy,

spiro-OMeTAD spiro-OMeTAD

MAPbDI,

mTio,

Figure 5.1. ESEM images of the four different architectures employed in this study (A) cTiO,
(B) cTi02/Cep, (C) mTiO3, and (D) mTiO2/Ceo.

First, current-voltage characteristics were obtained for these devices
(Figure 5.2, Figure 5.3, and Table 5.1). From the analysis of the JV curves, it
appears evident that the use of a Ceo layer effectively reduces the hysteresis
observed in the TiO; based devices. In Figure 5.2, the shadowed area indicates
the difference between both scan directions, giving an idea of how hysteresis
is reduced. Additionally, when Ceo is employed, a better reproducibility of the

results is obtained (Figure 5.3).
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Figure 5.2. ]V curves of the champion devices of the four different types of devices under study.
Both forward (dashed lines) and reverse (solid lines) were measured under 1 Sun conditions (100
mW/cm?, AM 1.5G) with a scan rate of 40 mV/s. The shadowed area shows the degree of
hysteresis in every device.
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Figure 5.3. Photovoltaic parameters derived from the JV measurement in both forward and
reverse conditions. All JV curves were measured under 1 Sun conditions (100 mW/cm?, AM 1.5G)
with a scan rate of 40 mV/s.

Table 5.1. Summary of the photovoltaic parameters obtained from the JV measurement under 1
Sun conditions. The given values are the mean and the standard deviations obtained for the
different set of devices.

Jsc Voc PCE

ETM Sweep (mA/cm?) V) FF (%)

Fwd 193 +£3.0 1.016 + 0.029 0.53+0.12 104 +31
cTiO,

Rev 193+£26 1.041 £ 0.024 0.71+0.04 143+£23

Fwd 20.8 1.1 1.037 £ 0.021 0.72 +0.03 155+11
cTi0,/Ceo

Rev 20.7 £11 1.038 £ 0.018 0.75+0.02 16.2 +11

Fwd 20.8+13 1.025 + 0.041 0.60 £0.07 3.0+£23
mTiOz

Rev 215+0.7 1.048 + 0.020 0.77 + 0.02 173+ 0.6

Fwd 21.0+£ 09 1.034 + 0.017 0.71+0.04 155+0.9
mTiOz/Ceo

Rev 211+ 0.8 1.042 + 0.011 0.77 £ 0.02 170+ 0.3
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The effect of fullerenes on perovskite solar cells has been extensively
studied>®??4, focusing on which properties make fullerenes reduce the
hysteresis observed in this kind of devices. Hysteresis has been linked to the
presence of the mobile ions in the perovskite?>?°, On the other side, fullerenes
have been suggested to passivate trap states at the grain boundaries of the thin

film perovskite®"

, which are correlated with iodine vacancies at the grain
boundaries'®*’. Therefore, it seems that hysteresis in the devices studied is
suppressed via the passivation of defects at the grain boundaries of the
perovskite solar cell®®®, Fullerenes can diffuse along the bulk of the
perovskite and reach the defects at the grain boundaries, where they will
“block” the ionic movement'®. However, they do not diffuse easily, but an
annealing step will improve their diffusion kinetics®. As we deposit the Ceo

layer prior to the perovskite deposition, the annealing of the perovskite layer

(100 2C, 45 min) will also enhance the diffusion of Cep.

5.4.2. Trap passivation and charge carrier recombination

Even though the LUMO level of Ceo is energetically below the CB of
MAPDI;, we still observe improved charge transfer into the TiO», and, in turn,
an effectively reduced hysteresis in devices containing a thin Ce layer. In order
to analyze the passivation effects when Ce is deposited on top of the TiO,
layer, we made use of optoelectronic transient techniques, such as transient
photovoltage (TPV), transient photocurrent (TPC), and differential
capacitance (DiffCap)®~'. These techniques, as already explained in Chapter

3, give information about carrier energetics and carrier recombination kinetics.

All of them are based on the application of a small perturbation in
voltage (AV) by means of a laser pulse that generates extra charge carriers (AQ).
Keeping the device at open circuit conditions (TPV) the extra carriers
generated by the laser pulse are forced to recombine with an associated lifetime

(tan). At short circuit conditions (TPC) the extra carriers are extracted before
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they recombine. We obtain values at different Voc measuring with different

light intensities.

DiffCap is a combination of TPV and TPC that enables the calculation
of the device capacitance at different Voc values. We combine AQ, which is
independent of the Voc, and AV, the small perturbation in voltage created by

the laser pulse at every Voc (Equation 5.1).

A
C(V) = ﬁ (5.1

>
w
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Figure 5.4. (A) DiffCap plotted as a function of the applied light bias. (B) DiffCap after
subtracting Cge, (charge stored at the contacts). (C) Total charge density at different Voc values,

including charge in the bulk and the contacts. (D) Charge density in the perovskite bulk.

Figure 5.4.A shows the results obtained from the DiffCap at different

light biases. Two regimes are observed in the DiffCap plots. First, a constant
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part which is directly linked to the geometric capacitance (Cgeo), that is, the
charge stored in the electrodes?*'. Cge, depends on the electrical permittivity
(€), the area of the capacitor (a), and the thickness (d), Cgeo = € a/d. Figure 5.4
underlines that devices containing a thin layer of Ceo are linked to smaller
capacitances. This is attributed to the difference in ¢, as £(TiO2) > &(Ce0)*>*.
The larger specific surface area of mesoporous TiO; based devices ensure a
larger capacitance compared to the planar TiO, based devices. The second
regime, the exponential part, is correlated with the chemical capacitance of the
perovskite layer, charge stored in the active layer as the photoinduced quasi-
Fermi level splitting approaches to its valence band and conduction band

26,31

edges

The exponential part has also been linked to carrier accumulation in
energetic states at the interface between perovskite and the selective
contacts®. Figure 5.4.B shows the capacitance of the device after the
subtraction of Cgeo, which give us a direct estimation of the capacitance in the
bulk of the perovskite. Then, it is possible to estimate the total charge density
(Q) stored in the device upon the integration of the differential capacitance

(Equation 5.2)

Q(V..)= j cdv  (52)

In Figure 5.4.C, the total charge density in the device is shown. It
clearly reveals the influence of Cge, over the total charge density. Recently, it
was suggested that the release of the carriers associated with Cge, may affect
the interpretation of the data obtained from TPV?**, Thus, we subtracted Cgeo
to compare the charge carriers, which are stored in the perovskite bulk, with
their recombination kinetics. Charge density in Figure 5.4.D is fitted to

Equation 5.3°°.
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0-0u or (Sz)1) 0

Where Qo is the equilibrium charge density and m is the deviation from
the thermal voltage (KsT/q). In Figure 5.4.D, we compare the charge stored in
the bulk of the perovskite. A very important characteristic is the voltage at
which the exponential part of the plot is discernable. These differences account
for changes in carriers stored in sub-bandgap tail states’®, which are been
commonly referred as shallow trap states in perovskite solar cells. Such energy
shifts can also be assigned to the energetic alignment differences between the
materials when contacted with the perovskite’. As aforementioned, fullerenes
passivate traps at the grain boundaries of the perovskite bulk™!. Thus, we have
a direct evidence for this effect from the observation of the exponential part of
the charge density at much higher voltages when C¢o layers are present. We
correlate this shift to the carriers stored in the sub-bandgap states, normally
associated with defects at the grain boundaries, which are the main ion

migration channel'®?’.

In the next step, we compared carrier recombination in these devices.
For this purpose, we used the small perturbation lifetime (tan) obtained from
the exponential fitting of the TPV decays. tan depends exponentially on the Voc

obtained under different light conditions (Equation 5.4).

9 Voc

In Equation 5.4 tano is the equilibrium carrier lifetime and 6 is the

deviation from the thermal voltage. The results are shown in Figure 5.5.
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Figure 5.5. Small perturbation lifetime from TPV experiments as a function of the light bias. The
lines relates to the exponential fit from Equation 5.4.

From Figure 5.5, we observed that faster ta, are obtained around 1 Sun
when Ceo is present, that will be correlated with faster carrier recombination.
Although we obtained valuable information from this plot, same voltages lead
to different charge densities, therefore, it is better to compare ta, as a function
of the charge density. In order to perform a fair comparison of bulk carrier
recombination, we compared the values of lifetime around 1 Sun, where the
exponential part in Figure 5.4 was visible. At low light intensities, were Cge, is
predominant, the small perturbation is affected by a capacitive component due

3435 In order to avoid the effect

to the release of charge stored in the contacts
of the capacitive component, we compared the small perturbation lifetime
obtained from the TPV as a function of the charge density without Cge, (Figure

5.6.A). Figure 5.6.B shows the comparison including Cgeo.
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Figure 5.6. Small perturbation lifetime from TPV measurements as a function of the charge
density in the devices after subtracting Cgeo (A) and including Cgeo (B).

Figure 5.6.A is fitted to a power law dependence (Equation 5.5) with
a slope, A, which is correlated with the recombination order, §, viad = A +1°7.
From Figure 5.6.A we conclude that Cg¢o reduces the recombination order:
8(cTiOz) = 3.0; 8(cTiO2/Ceo) = 2.1; 3(mTiO>) = 4.0; 3(mTiO>/Ceo) = 2.5.

0 2
TAn= Tang <Q_o> (5.5)

Finally, the small perturbation lifetime is converted to the total carrier

lifetime or pseudo-first order lifetime of total excess charge carriers (t) via

T = Tand . Independently of the lifetime, the fitting to obtain the

recombination order remains unchanged (Figure 5.7).
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Figure 5.7. Carrier lifetime obtained from the TPV measurements as a function of the charge
density based on the DiffCap method. The lines show the power law fitting used (equation 5.5)
to estimate the recombination order.

5.4.3. lonic influences on charge carrier recombination

Next, we turned to the study of the impact of the ionic process on the
solar cells. Mobile ions are one of the most important factors that govern
hysteresis in PSCs*>%¢. JV curves on Figure 5.2 show that devices containing a
Ceo interfacial layer on top of the TiO. present reduced hysteresis, which
suggest that Ceo may have an influence over ionic motion. To confirm our
hypothesis, we use a derivation of TPV, namely “transient of the transient
photovoltage” (TROTTR)?**° which has been explained in Chapter 3.3.2. With
this technique, we measure TPV decays before a stable Voc is reached. PSCs
with a n-i-p architecture usually present long Voc stabilization times (Figure
5.8) due to the rearrangement of the ionic profile*®*. A model, which will be
described in depth in Chapter 6, have been suggested by different authors to

understand the influence of the mobile ions on the PSCs properties®>#0-44,

First, in dark conditions, a built-in voltage (V) is generated to
compensate the differences in the Fermi level of the contacts. An internal
electric field is created and drives ions to the interfaces. Once at the interfaces,

the internal electric field is canceled in the perovskite layer, but creates an ionic
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charged layer at the interfaces. Once illuminated, the quasi-Fermi levels split,
responsible of the Voc observed. Subsequently, ions start to redistribute in
order to cancel the photogenerated electric field. However, they do it slowly,
so ions will remain at the interfaces for some time and the initial electric field
will persist, forcing photogenerated carriers into the opposite direction of
extraction, which will increase recombination at the interfaces, and, thus,
lower Voc values. Once ions redistribute and cancel the internal electric field,

a stable Voc is obtained.

In agreement with the model, we observed a slow Voc stabilization in
the case of TiO-based devices. On the other hand, an almost instant
stabilization is observed when Ceo is deposited on top of the TiO; suggesting

that ionic motion is blocked (Figure 5.8).
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Figure 5.8. Voc stabilization times for mTiO2/MAPbI; and mTiO,/Cso/MAPDI3 devices. The
dashed vertical lines indicate the times at which TPV transients were acquired in Figure 5.9.

To evaluate how the ionic motion influences carrier recombination, we
measured TPV at the early stages of Voc stabilization. TPV decays were
measured after 3, 5, 10, and 30 s of light irradiation (dashed lines in Figure
5.8).

In Figure 5.9 we show the results of TPV measurements after different

illumination times, for mTiO, and mTiO./Ceo devices. A negative transient
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deflection appears at early illumination times in TiO, based devices (Figure
5.9.A). This negative transient deflection is correlated with a higher degree of
recombination due to carrier accumulation at the wrong interface based on the
fact that ions remain at the interfaces. Yet, this is not the case with mTiO,/Cso
devices (Figure 5.9.B) where no negative transient deflection is detected. We
conclude that ionic motion is reduced through the action of Cso which

passivates defects at the grain boundaries, reducing the main ion migration

channels.
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Figure 5.9. TPV transients measured after 3, 5, 10, and 30 s of illumination at 1 Sun conditions
for mTiO2/MAPDI; (A) and mTiO2/Ceo/MAPDI; (B) using a laser excitation wavelength of 590
nm.

5.4.4. Charge carrier injection

In this last section, we use femtosecond transient absorption
spectroscopy (fsTA) to investigate the effects of Ce as interfacial layer at the
MAPDBI;/ETM interface over the photogenerated charge carriers at the very
early times. Several reports suggest that polycrystalline PCBM reduces the
energy disorder compared to amorphous PCBM, and, additionally, more
discrete states are potentially available for hot carrier extraction®*. The
properties and harvesting of hot carriers have been widely studied using
spectroscopic techniques, as their extraction could greatly improve the final

power conversion efficiency in devices*6-3,
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By means of fsTA we studied the improved electron extraction when a
Ceo layer is deposited between MAPbI5 and TiO;. The most common feature
described in literature for the identification of hot carriers in perovskite
samples is following the broadening of the perovskite ground state bleaching
(GSB) at 750 nm towards higher wavelengths in the sub-ps timescale*6*°.
Additionally, the photo-induced absorption (PIA) peak observed at 780 nm
has been associated with the presence of hot carriers in perovskites when using
laser excitation wavelengths with excess energy?’. The excess energy was
obtained using high excitation energies (460 nm) to excite above the

conduction band minimum, and high laser fluences to obtain high density of

photogenerated charge carriers.
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Figure 5.10. Differential absorption spectra at 0.7 ps of the different ETM/MAPDbI; films with
(A) cTiO; and cTiO2/Cgo; (B) mTiO; and mTiO2/Ceo compared with the reference MAPbI; using
Aexc = 695 nm and a laser fluence of 64 pJ/cm?.

The spectra obtained 0.7 ps after the photoexcitation with a 695 nm
excitation wavelength (Aex) of the different ETM/MAPDI; films are shown in
Figure 5.10. In MAPbI; reference films there is a PIA that peaks at 1200 nm is
related to intraband transitions in the excited state*®*°. Using Lexc = 695 nm,
the excess energy required for the generation of hot carriers is not
accomplished and the corresponding signal at 780 nm is not observed?’. In the

case of cTiO2/MAPDI; films (Figure 5.10.A), the signal associated with
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electrons in the TiO; is observed as a PIA at 950 nm with its maximum after
0.7 ps °!. This suggests a fast injection of a fraction of the electrons close to the
interface. Contrary to the results obtained from MAPbIz, mTiO>/MAPbI5, and
as our previous work shown in Chapter 4, the PIA signal at 780 nm associated
with hot carriers is observed in cTiO2/MAPbI; films using Aexc = 695 nm, which
we attribute to charge carrier accumulation at the interface associated with a
slow extraction of the remaining electrons. This peak at 780 nm is no longer
observed when Ceo is employed as interfacial layer, and, the signal of the
electrons in the TiO; is even more noticeable. Similar features are observed in
Figure 5.10.B for mTiO2/MAPblz and mTiO./Ceo/MAPDBI; films, with a
pronounced signal of electrons in the TiO, (PIA in the NIR region), which
reflects the better electron extraction properties of mTiO> compared to cTiO..
The mesoporous layer creates a high surface area that gives a faster electron
extraction. Additionally, no PIA is observed at 780 nm for mTiO»/MAPbIz and
mTiO2/Cso/MAPDI; films. This confirms the better electron extraction and lack

of carrier accumulation at the ETM/MAPDbDI; interface.
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Figure 5.11. Kinetic traces probing at 950 nm of the different ETM/MAPDI; films with (A) cTiO,
and cTiO2/Ceo as well as (B) mTiO and mTiO,/Ceo compared with the reference MAPDI; using
Aexe = 695 nm and 64 pJ/cm? as laser fluence
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Figure 5.12. Normalized kinetic traces probing at 780 nm (A, B) and as-measured kinetic traces
probing at 780 nm (C-F) of the different ETM/MAPDI; films with (A, C, E) c¢TiO2/Cqo, as well as
(B, D, F) mTiO;, and mTiO2/Cep compared with the reference MAPDI; using Aexe = 695 (A-D)
and 460 nm (E,F) using a laser fluence of 64 pJ/cm?.

In Figure 5.11 and Figure 5.12 we analyze the increased electron

density when Ceo is employed on top of TiO; following the kinetics at A = 780

nm and 950 nm.
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The kinetics at 950 nm (Figure 5.11) reveal two decays for all the TiO»
based films. A fast decay is observed until a time delay of 10 ps which evolves
in a slow decay that extends in all the time window. While mTiO,/MAPbI;
films show a pronounced signal in both regimes, the PIA of c¢TiO2/MAPDbI3
films is already reduced to ~10 % of its maximum intensity after 10 ps. This
behavior reflects the lower electron density in the compact TiO. layer
compared to the mesoporous film. Also, the use of Cso as interlayer with either
the compact or mesoporous layer increases drastically the intensity of the PIA

at 950 nm, especially with the cTiO2/Cso/MAPDI; film.

We followed studying the kinetics at the 780 nm PIA (Figure 5.12) to
study the charge carriers close to the interface. Starting at 1 ps, there is a
contribution of the band-edge population and an intensification of the GSB
because of the Stark effect, spectral changes in the presence of an external
electric field*?. For clarity, we compared the normalized kinetics (Figure
5.12.A, and Figure 5.12.B, not-normalized kinetics are shown in Figure 5.12.C
and Figure 5.12.D). There is a red shift in the GSB minimum compared to the
absorption profile of the perovskite which is caused by the band gap
renormalization associated with free charge carriers, which are the primary

photogenerated species in perovskite**>

. These photogenerated species
thermalize slowly, with a band gap build up population that peaks at 10 ps. In
Figure 5.12.A, we observed that both the thermalization and the decay are
almost the same for MAPbIs and cTiO,/MAPbI; films. This suggests that most
of the charge carriers remain in the perovskite rather than being injected into
the cTiO; layer. Contrary to that, mTiO2/MAPDI; (Figure 5.12.B) presents a
faster GSB regeneration. The extracted electrons seem to cancel the band gap
renormalization. Most important is the effect of Cso in both cases because we

did not observe any band gap population build up; instead, the GSB

immediately decays.
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From the analysis of the fsTA we conclude that cTiO; forms an interface
with the perovskite that is not sufficient for carrier extraction because of its
small surface area that does not ensure a fair electron transfer in the early
stages of photogeneration. Although a small fraction of the photogenerated
carriers are transferred to the cTiO; layer, most of them remain trapped at the
interface in band valleys which are caused by ionic accumulation. The
introduction of a Cep interlayer induces, first, the passivation of trap states; and
second, the improvement in electron extraction. Also, we prevent band
bending with its use. From the kinetic analysis, we observed ultrafast charge
transfer when Ceo is present. This suggests that hot carrier extraction might be

possible.

cTio, MAPbI,

Scheme 5.1. Energy levels characteristics in the early stages of illumination. The presence of ions
at the interface drives ions into the opposite direction of extraction (A). The use of Ceo layer
mitigates this effect blocking ionic movement and improving carrier collection (B).
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Figure 5.13. PIA intensity dependence probing at 780 nm and with Aexc = 460 nm with the laser
fluence ranging from 26 to 191 pJ/cm? which results in an exponential dependency for MAPbI;
and cTiO2/MAPbDI; and linear dependency for ¢TiO,/Cso/MAPDI; (A). The dependency is linear
for mTiO2/MAPbIz and mTiO>/Ceo/MAPbDI; in (B).

In the last part of this Chapter, we explored the hot carrier extraction
capabilities of the different ETM. To observe the presence of hot carriers, we
excited the MAPDI; layer with Aee = 460 nm and laser fluences ranging
between 26 and 191 pJ/cm? (Figure 5.12.E, Figure 5.12.F and Figure 5.13). This
wavelength has the excess energy that is necessary to generate and observe the
hot carriers. Similar to previous results, we observed the saturation at high
laser fluence regimes of the PIA at 780 nm in the case of MAPbIz and
cTiO2/MAPDI; (Figure 5.13). This behavior is correlated with Pauli blocking
effects, which means that the states associated with that transition are filled,
thus, this transition is no longer available®*. However, this situation was
reversed when using mTiO; and/or Ceo which results in a linear dependency
with the laser fluence rather than the saturation observed before for cTiO».
This make us to conclude that not only the electron extraction is enhanced

with mTiO; and Ceo but also hot electrons are harvested.
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5.5. Conclusions

In this chapter we prepared and characterized efficient PSCs using a
thin Ceo interfacial layer between either compact or mesoporous TiO, and
MAPDL. As a result, we decreased noticeably the hysteresis observed in the
solar cells. Moreover, we carried out an in-depth analysis to understand which
properties are making Cso reduce the hysteresis observed when implemented
on top of the TiO; layer. This study expands from very slow kinetics (seconds),
which is related with the ion migration within the perovskite layer to the
nanosecond and microsecond timescale where the charge carrier
recombination takes place. The measured kinetics fully agree with the
proposed model on ionic redistribution following changes in internal electric
fields upon illumination. Finally, using fsTA, we confirmed in the femtosecond
to picosecond timescale the slow electron extraction in cTiO: films compared
to the mTiO; or Ceo, which causes carrier accumulation at the interfaces and
subsequent band bending. Furthermore, we demonstrated the Ceo capabilities
for hot carrier extraction, which makes Ceo a suitable prospect to be used in

hot carrier solar cells to increase the final solar cell efficiency.
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6.1. Abstract

In this thesis chapter, we gain insight into the interfacial charge
recombination kinetics in Perovskite Solar Cells, which is the source of one of
the major carrier losses. Therefore, in order to increase the device photovoltaic
efficiency, it is key to understand the origin of these losses and how they can

be minimized.

With this purpose, we use transient photovoltage (TPV) to study carrier
recombination under operando conditions. Interestingly, we observe a novel
negative transient deflection when carrying out TPV measurements that has

been related to ionic accumulation at the interfaces.

We monitor the evolution of this negative trace with the aging of the
perovskite devices under dry air conditions. Importantly, we demonstrated
that the negative signal changes with the aging of the solar cells, and this
change can be related to the enhancement of the open circuit voltage and fill

factor of the devices, and, thus, with the solar cell efficiency.

6.2. Introduction

Interfacial carrier recombination in lead halide perovskite solar cells

(PSC) is a topic of growing interest'>

. Finding the major carrier losses is key to
gain better efficiencies in solar cells®. Different techniques, performed in
films>~7 or working devices®°, have been used to study carrier recombination
in PSC. From the different types of carrier recombination in PSC"'2, it has been
suggested that one of the major carrier losses is associated with carrier
recombination at the interfaces between the perovskite layer and both

selective contacts, the electron transporting material (ETM) and the hole

transporting material (HTM)®*,

Transient photovoltage (TPV) has been used to study carrier
recombination in solar cell devices, such as dye-sensitized solar cells

(DSSC)>16, organic solar cells (OSC)7'® and also has been employed in PSC>"-
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3, As previously explained in chapter 4, during the TPV experiment, the device
is illuminated and kept at open circuit conditions. At the same time, a laser
pulse generates a small perturbation with an associated extra number of
generated carriers, which are forced to recombine as the device continues at
open circuit conditions. Using different light intensities allows us to study the

carrier recombination under different light biases.

A modification of this technique, called “transient of the transient
photovoltage” (TROTTR) described by Calado et al.>* and Pockett et al.*> have
been very useful to understand better ion migration in PSC. They studied the
evolution of the TPV perturbations as the Voc of the solar cell stabilizes. The
stabilization of the Voc in perovskite solar cell normally takes long times (up
to hundreds of seconds), what has been assigned to the presence of ions at the
perovskite interface in dark conditions and their redistribution when light

irradiates the device?®.

Thus, TROTTR correlates ionic motion with carrier recombination. The
most remarkable feature observed with this technique is the presence of a
negative transient when the laser pulse is applied while the Voc has not reached
equilibrium. Calado et al.** modeled this negative transient by using the well-
known Drift-Diffusion theory when they increased the recombination at the

1.25

contact layers. Pockett et al.* also observed this negative signal and they

attribute it to the presence of TiO, as ETM.

In this chapter, we have seek further in the disappearance of this
negative transient and analyzed how the signal changes in correlation with the
device aging and its relation with the hysteresis and the increase in the Voc
values of the triple cation PSC, Cso.1(FAo.8sMAo15)Pb(Io.85Bros)3, herein referred
as CsFAMAPDIBr (FA = CH(NHz)>* ; MA = CH3NHs*). For this purpose, the
solar cells were stored in N> and later and later on in air conditions with

controlled humidity (<10% HO).
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6.3. Device Fabrication

In this chapter, we employ the methods described in Chapter 4 for the
fabrication of triple cation based, CsSFAMAPDIBr perovskite solar cell, using a
n-i-p configuration with the following architecture:

FTO/TiO,/CsFAMAPbDIBr/Spiro-OMeTAD/Au.

Additionally, we have studied the influence of aging over these cells. In

order to do it, the devices were stored under dry air conditions (<10% HO).

6.4. Results and Discussion

6.4.1. Aging effects on solar cells performance

We prepared PSC with nip configuration, using TiO, (compact and
mesoporous layers) as ETM (n-type selective contact), and spiro-OMETAD as
HTM (p-type selective contact). Photovoltaic parameters are listed in Table
6.1 and the statistics are illustrated in Figure 6.1. For the sake of clarity, Figure
6.1 only shows the results from day 3 and day 45 measurements. The most
remarkable aspect in the performance of the solar cells is the reduction of the

hysteresis with time, as it can be observed in Table 6.1 and Figure 6.2.

A B
+ Cs-FAMAPbIBr (Day 3) 25
120" C-FAMAPDIBr (Day 45) '
24 2 £ E = -
o
& 23 115 2 20 1
£ $
22 $ Q S0 = £
E 2 8 = > 15
by % > 1.05 i‘ =
2 20 a
- 1.00 s
10 3 10;
Fwd Rev Fwd Rev Fwd Rev Fwd Rev -
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Figure 6.1. (A) Photovoltaic parameters obtained from the JV curves of the devices measured on
day 3 and 45. (B) JV curves of the same device measured on day 3 and day 45. All the
measurements were done at 1 Sun conditions (AM 15 G, 100 mW/cm?) and a scan rate of 40
mv/s.
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Table 6.1. Summary of the photovoltaic parameters of the cells tested in the study. The results
were obtained under 1 Sun conditions (AM 1.5G, 100 mW/cm2) and a scan rate of 40 mV/s.

Day Sweep Jsc Voc FF PCE
(mA/cm?) V) (%) (%)

1 Forward 213+13 0.960 + 0.026 50.6 +3.3 103 +0.8
Reverse 211+13 1.045 + 0.008 69.9+0.5 15.4+1.0

2 Forward 212 +1.7 1.010 + 0.025 54.7 +3.6 1.7 + 1.2
Reverse 208 1.6 1.063 = 0.011 69.7 £1.8 154+15

3 Forward 224 +0.6 1.043 = 0.015 55.8 +3.4 3.0+1.2
Reverse 22.0+0.6 1.081 + 0.010 72111 17.1+ 0.6

21 Forward 22205 0.981 + 0.039 589+44 129 1.5
Reverse 224+05 1.078 + 0.014 71.8 £ 0.9 173+ 0.5

30 Forward 21.8 +0.6 1.090 + 0.007 64.0+33 153 +£1.0
Reverse 21.2+0.6 1.097 + 0.008 69.2+27 161+ 0.8

45 Forward 21.0+0.6 1.120 + 0.009 671+3.5 15.8 13
Reverse 208+0.5 1.132 + 0.009 70.6 £2.2 16.6 + 0.8
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We would like to point out that between days 3 and 21 the cells were
stored in a N; filled glove-box, while the rest of the days, they were stored

under air conditions with low humidity (<10 % HO).

The reduction of the hysteresis observed in the solar cells is even clearer
when we compare the difference in the area under the curve (shadowed area,
Figure 6.2) between the forward and reverse sweeps. A clear reduction of the
hysteresis is observed when the devices were stored in air conditions, while the

N> storage shows no evolution.
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Figure 6.2. ]V curves of the same solar cell measured on different days, while it was stored under
air or N conditions. The shadowed area shows the degree of hysteresis on the device.

Furthermore, from the analysis of the JV curves, we observe an increase
in the Voc over the different measurement days, Voc (day 3) =1.081 V; Voc (day

45) =1.132 V. Additionally, the Voc values at forward and reverse sweeps reduce
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their difference with aging time, AV = V¢ (rev) - Voc (fwd) (AV(day 3) = 0.038
V; AV(day 45) = 0.012 V). These results suggest that carrier recombination is
reduced over the different measurement days. It should also be appointed that
the presence of ions at the interfaces has been attributed as the main
responsible for hysteresis?’. Therefore, we will analyze the role of ions in carrier
recombination and check their correlation to the reduction of hysteresis and

the increase in the Voc.

6.4.2. lonic influences on carrier recombination

As discussed before, we made use of TPV to study carrier
recombination. More specifically, we used the TROTTR approach that
combines TPV measurements with the Voc stabilization kinetics. PSC show
long stabilization times (Figure 6.3), so, to understand which processes are

making this stabilization so slow?**

, we applied laser pulses at different
illumination times, corresponding to very different Voc values. We measured
the TPV at the following illumination times: 3 s, 5 s, 10 s, and 30 s. Figure 6.3
shows the slow stabilization time for the cell measured in day 3, while the cell

measured on day 45 shows an immediate stabilization.

%
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0 20 40 60 80
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Figure 6.3. V¢ stabilization over time of the devices measured on days 3 and 45. Dashed lines
show the times at which TPV pulses for TROTTR were registered.
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A model to explain ionic movement have been suggested by different

26-31 ;

authors**~' in order to also explain the hysteresis observed in these solar cells.

This model consists in the following:

1) In dark conditions, a built-in voltage (Vi) is generated to compensate
the difference in Fermi levels of both selective contacts (Figure 6.4.a).
The internal electric field forces ions, normally iodide and its
vacancies’®*?, to move to the interfaces until they screen the electric
field. This process creates an ionic charged layer with band bending at

each interface (Figure 6.4.b).

2) When light irradiates the solar cell, the photogenerated carriers
originate a split of the Fermi levels, with the associated Voc. The ions
start moving to compensate the photogenerated electric field.
Nevertheless, they do it slowly, so, the electric field associated with the
ions at the interface will persist, driving carriers to the opposite
direction of extraction, creating regions with accumulated carriers,
band valleys (electrons at the HTM side and holes at the ETM side)?’.
It is expected that high degree of recombination will happen in these

regions, thus reducing the Voc (Figure 6.4.c).

3) This carrier accumulation will persist until ions redistribute, and the
electric field that drives carriers in the opposite direction is canceled

(Figure 6.4.d).

Then, the accumulation of ions at each interface explains the slow
stabilization times for the cell measured on day 3. In the other case, where the
stabilization is immediate, meaning that the internal electric field created by
the ionic accumulation at the interfaces is screened immediately, and, as
suggested by Bertoluzzi et al.®® this behavior could be correlated with a fast

ionic component to compensate the electric field.
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As expected®*®, TPV transients at early light illumination times,
together with a slow stabilization (day 3 device, Figure 6.3 and Figure 6.5.a)
show a clear negative deflection in the transient. As we have already stated,
this behavior was associated with increased recombination at the interfaces.
When the laser pulse generates extra carriers, they move in the direction of the

electric field generated by the ions, trying to compensate it.

HTM PVK ETM HTM PVK ETM

HTM PVK ETM

Figure 6.4. Scheme showing the possible band diagrams in different stages. Dashed lines show
the Fermi levels, complete lines show the valence and conduction band of the perovskite, and
the squared positive and negative symbols shoe the ions in the perovskite.
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Figure 6.5. (A) TPV signals of the device measured on day 3 with different illumination times.
(B) TPV signals of the device measured on day 45 with different illumination times.

Thus, lower voltages and negative transients are obtained due to
enhanced recombination in this region. Once the electric field is compensated,
by ion movement or with carriers flowing in that direction, the transient

becomes positive.

To our surprise, the device measured on day 45, does not show any
negative transient at any time during time stabilization (Figure 6.5.b). We also
correlate the magnitude of the transient deflection with the Voc stabilization
(Figure 6.3 and Figure 6.6). There is a good correlation between them, which
confirms that when the recombination rate is at its maximum (maximum of

the negative transient deflection), we obtain the lower values of Voc?*.

0.000 4 - -
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>
<
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0 5 10 15 20 25 30

Time (s)

Figure 6.6. Amplitude of the negative transient deflection at different illumination times
obtained from the TPV measurements.
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As other groups have stated in previous publications, solar cells without

243 g0, although ions remain at the

hysteresis still present ionic motion
interface, they seem to present an enhanced mobility that allow the fast electric
field screening® or that carriers fill the band valleys immediately after
illumination®*. The reduced hysteresis and the absence of negative TPV seems
to be an effect of oxygen storage under dark conditions. Meggiolaro et al.*
suggested that O could occupy some iodine defects in the interstitial
perovskite framework that would lead to the reduction of deep traps in the
perovskite, thus, an enhanced p-doping in the perovskite. Additionally,

1°® suggested that perovskite under oxygen and dark conditions,

Senocrate et a
presents a better electronic conductivity, although the ionic conductivity
remains constant. Also, they claimed that mixed cation and anion perovskite
present a better stability towards degradation under O, conditions compared
to MAPDI;, what would explain why solar cells kept in air conditions lasts for
so long periods of time. Furthermore, there are some reports on Dye Sensitized
Solar Cells (DSSC) were they studied the p-doping effect of O, in LiTFSI doped
spiro-OMeTAD based DSSC, with an increase in conductivity, and also, in the
final device efficiency®”?®. Having all of this in mind, it seems that oxygen has
an effect acting as a p-dopant in both perovskite and spiro-OMeTAD. This
effect leads to greater carrier and ionic mobility that allows a faster
compensation of the internal electric field created by the ions at the interface
that led to the observation of hysteresis in JV curves and the negative
deflections in the TPV experiments without air aging. Thus, the relation

between ion migration and carrier recombination in PSC must be revisited and

the age of the solar cell must be taken into account.

6.4.3. Aging effects on carrier recombination
Finally, we studied the influences of these findings on the complete
carrier recombination scheme. For that, we measure TPV transients with a

stable Voc and with different light intensities (Figure 6.7.a). In addition,
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charge extraction (CE) and transient photocurrent (TPC)*® were measured.
Here, we compare the small perturbation lifetimes at different photovoltages.
Small perturbation lifetime follows an exponential decrease as a function of the

voltage (Equation 6.1).

qV,
Tan = Tang €XP (— 5 KBOEF) (6.1)

Being tano the equilibrium small perturbation lifetime, and 0 the slope
deviations from the thermal voltage KsT/q. Recently, Kiermasch et al.?*?*
underlined the influence over the small perturbation lifetime of a capacitive
component due to the release of free carriers stored in the electrodes at low
light illumination intensities. To assure that we are out of the capacitive
lifetime (tc.p) (Equation 6.2) that should be smaller than the measured small
perturbation lifetime (tan). If this statement is accomplished, the processes we

are studying correspond to the processes in the bulk of the perovskite?*?,

. _ njg Kg T Cgeo
o q Jsc (Voc)

In Equation 6.2 nj is the ideality factor, calculated with the

(6.2)

relationship of the Voc at different light intensities in reverse conditions
(Figure 6.8), KgT/q is the thermal voltage, Cge, is the geometric capacitance
calculated from the linear part of the differential capacitance (DiffCap)
analysis®>?%? (Figure 6.9), and Jsc(Voc) is a relationship given by Tvingstedt et
al’’ In Figure 6.7.b it is shown the results for the capacitive component, being
smaller than the measured small perturbation lifetime at voltages > 0.9 V
approximately, being coincident with the observation of the exponential part
in the differential capacitance analysis, related with charge in the bulk of the

perovskite?? (Figure 6.9).
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Figure 6.7. (A) Small perturbation lifetime as a function of the photovoltage generated in the
devices with the exponential fitting (A) and the calculation of the capacitive discharge (dashed

lines, B).

Figure 6.7.a is the zoom in the region close to 1 Sun conditions, where

Tan > Teap- We observe that carrier recombination decreases from day 3 to day

45, as we conclude from both faster carrier recombination in day 3 and also

from the monoexponential fitting (Equation 6.1).
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A better comparison is done comparing the small perturbation
lifetimes with the charge density in the device (Figure 6.10). Two different
regimes are observed. At low charge densities (predominance of the capacitive
contribution) we observe longer lifetimes in the device measured on day 3. As
the small perturbation lifetime is affected by the discharge of the capacitive

component at low charge density?>*

and the capacitance is affected by the
ionic presence at the interfaces*’, we correlate this slower lifetime to a slower
ionic movement. However, this is not the case at higher charge densities (bulk
dynamics), where ta(Day 45) is slower than tan(Day 3). Additionally, we
compare the small perturbation lifetime with the charge density subtracting
the geometric capacitance (Figure 6.11). In this case, we observe no
discernable differences in the bulk dynamics. All of this make us confirm that
at higher charge densities, lifetimes are affected by the ionic accumulation at
the interfaces?®, as we observe faster lifetimes on day 3 when ionic
accumulation is greater, compared to a faster ionic redistribution (day 45).
This behavior is also confirmed if we calculate the charge density using CE

(Figure 6.12). Thus, ionic influence over TPV lifetime is reduced, and

consequently, both Voc and fill factor in these devices are enhanced.
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density obtained from the integration of the differential capacitance after the subtraction of the
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Figure 6.12. (A) Charge density obtained at different voltages using the CE technique. (B) Small
perturbation lifetime as a function of the charge density obtained from CE.

Finally, we calculated the Voc expected from the TPV and TPC

measurements (Equation 6.3)*2'.
m KgT  (Tano )
V,(calc)= In ( SC) (6.3)
qd Qo

Where Qo is the equilibrium charge density and m is the deviation from
the thermal voltage (KsT/q) obtained from the exponential fitting of the charge
density as a function of the voltage (Figure 6.9.b in the main text, Equation

6.4).

(quc>
Q=Qoep |3 T

8 is the recombination order, 8=(%) +1, that is the slope of the small

(6.4)

perturbation as a function of the charge density (Figure 6.10); q and 14, are
obtained from the exponential fitting of the lifetime as a function of the voltage

(Equation 6.1).

In Table 6.2, we summarize the parameters obtained for the two
devices and the final Voc (calc). We obtain Voc values that are in accordance

with the Voc obtained in the JV curves under 1 Sun conditions (Figure 6.1) and
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that confirm the expected increase in the V¢ from day 3 to day 45, A Voc (calc)
= Voc (calc, Day 45) - Voc (calc, Day 3) =30 mV.

Table 6.2. Summary of the fitting parameters to calculate the V¢ obtained from the TPV and
TPC techniques.

Day3 Day 45
m 23 2.2
6 33 31
) 1.7 1.7
Jsc/ A - cm? 0.0221 0.0216
TAno/ S 0.337 1.41
no / C-cm? 1.0-10" 4.8-10"
Voc(cale) / V 1.109 1.132
Voc(exp) / V 1.087 1.139

6.5. Conclusions

We have fabricated PSC that in a first approach showed a higher degree
of hysteresis, decreasing over different measurement days when they were
stored in air conditions. These devices were characterized using advanced
transient techniques, such as TPV, CE, and TPC that give us information about
carrier recombination in PSC. From the analysis, we conclude that the
influence of ion migration over the carrier lifetime is reduced over different
measurement days. As it seems, oxygen has an influence over both perovskite
and spiro-OMeTAD as others have demonstrated before. As a result, both ionic
and electronic conductivity increase, thus, the internal electric field associated
with ionic accumulation at the interfaces is eliminated immediately after
illumination. Therefore, an increased Voc and fill factor in the devices are

observed, associated with the decrease of carrier losses due to recombination.
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General Conclusions

The charge carrier processes in perovskite solar cells have been a matter
of discussion in the scientific community since the application of lead halide
perovskites as light harvesters. Despite the intense research efforts, there is not

a consensus yet about the processes taking place in perovskite solar cells.

In this thesis, it is shown that the use of transient optoelectronic
techniques, such as TPV, TPC, and CE, that were widely applied in other
emerging photovoltaic technologies, as Dye Sensitized Solar Cells or Organic
Solar Cells, is very useful in perovskite solar cells. We have obtained precious
information about the charge carrier recombination, and we have used
variations of these techniques to study the ionic influences on recombination.
Additionally, we have used femtosecond transient absorption spectroscopy to
study the charge transfer processes at both interfaces, perovskite/ETM, and
perovskite/HTM, getting information about the fate of hot carriers and also
charge carrier loss pathways that may be detrimental to the final device

performance.
We can get the following conclusions from every chapter.

In Chapter 4, we fabricated efficient solar cells with different low band
gap semiconductor polymers that act as HTM and compare them with spiro-
OMeTAD. The Voc of such devices is not correlated with the HOMO levels of
the HTM and that was corroborated with DiffCap measurements. With fsTA
measurements, we found that the injection of hot carriers into semiconductor
polymers with a LUMO level close to the conduction band minimum of the
perovskite suppose a carrier loss pathway that may be detrimental to the final
device performance. As a consequence, we suggested that a high LUMO level,
certifying the electron blocking layer properties of the HTM, is desirable for

the future design and synthesis of new materials for HTMs.

From Chapter 5, we determined that the modification of the interface

MAPbDIz/TiO, with a thin layer of Ceo effectively reduces the current-voltage
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hysteresis in these devices. This is caused by defect passivation at the grain
boundaries that reduces the ionic motion in the device. Additionally, using
fsSTA we have confirmed that the use of Cso avoids charge carrier accumulation

at the interface, and that also is capable of hot carrier extraction.

Finally, in Chapter 6, we monitored the reduction of current-voltage
hysteresis of perovskite solar cells with the aging of the devices under dry air
conditions (< 10% H,0). Using transient optoelectronic techniques, we have
assigned this behavior to a reduction of the ionic influences over carrier
recombination over time, which supposed an increased in both Voc and fill

factor.
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