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Abstract

As a result of the increasing worldwide energy demand and the environmental
impacts resulting from the use of fossil fuels, the search for alternative energy
resources is gaining more and more importance. In this context, among the
different renewable energies, the field of photovoltaics has undergone rapid
progress in the last few years due to the development of solar cells based on
hybrid organic-inorganic halide perovskite materials. The natural abundance of
the precursors employed to synthesise these materials and their excellent
optoelectronic properties make them potential competitors of well-established
thin-film photovoltaic technologies such as those based on silicon. However,
perovskite solar cells have several fundamental issues such as the lack of long-
term stability under environmental conditions (moisture, oxygen, heat and
light), the requirement of expensive materials as contacts and technical
limitations to their industrial scaling that restrict their widespread
commercialisation.

The main aim of this thesis is to provide a fundamental knowledge aimed at
understanding the physicochemical processes that determine the stability and
photovoltaic performance of perovskite solar devices. In particular, small
perturbation optoelectronic techniques have been used to look at electronic-
ionic processes that cause hysteresis phenomena. They have also been used to
identify the main routes of charge recombination for different perovskite
devices and under different moisture conditions. Regarding this, simple models
for the interpretation of the different signals obtained from small perturbation
techniques are also provided in this thesis. Another important contribution of
this work refers to the preparation of perovskites under ambient conditions.
Here we have found that the traditional use of relative humidity as control
parameter to fabricate cells should be replaced by the absolute water amount in
the atmosphere in the form of partial water vapour pressure. This last point
opens a new window to facilitate the industrial implementation of perovskite
solar cells because no glove box would limit the area of the devices.
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Chapter 1

Introduction

In this Chapter, the global and specific context in which this thesis has been
developed is described. In particular, a brief introduction of how energy
landscape and emerging photovoltaic technologies have changed in the last
years is presented. A detailed description of organic-inorganic halide
perovskites including physicochemical information and their potential
properties to govern the photovoltaic field is shown. Finally, the motivation and

objectives of this thesis are exposed.



Chapter 1

1.1 General context

Starting from the idea that the climate change is already a current reality due to
the greenhouse gases produced as consequence of human actions,'? part of the
scientific and industrial community have focused its efforts on the development
of technology able to exploit alternative energy resources. From industrial
revolution (1760), the carbon dioxide (CO,) levels in the atmosphere have
dramatically increased due to the use of fossil fuels (coal and oil) as energy
resource. In particular, CO, levels surpass 400 ppm in current times.’ This trend
is associated with a higher global energy demand which is predicted to even
increase 30% in 2040."

In this context, renewable energies have arisen as alternative to fossil fuels. In
fact, it was forecasted that renewable sources will provide 30% of power
demand in 2023 up from 24% recorded in 2017.° Considering the different
types of renewables, solar energy is the most promising alternative to fossil
fuels due to the constant energy flux from the Sun and its incidence all over the
planet Earth. In this scenario, the scientific community has paid special
attention to the development of photovoltaic (PV) technologies in order to take
advantage this inexhaustible source of energy.**

1.1.1 Development of PV technology

The first generation of solar cells was rapidly developed in 1950s and it was
based on either single crystalline or polycrystalline silicon wafers as well as
gallium arsenide wafers (Scheme 1.1).%” Currently, they are the most widely
commercialised solar cells due to its high power conversion efficiency (PCE)
(current world records are 24.4 % and 19.9 % for single and polycrystalline
crystalline silicon modules, respectively).8 The problem with this technology is
that efficient devices do not only require a huge amount of material (thickness
of 100-500 pm), but also a high purity level. These two factors result lead to
high manufacturing costs.

As consequence, a second generation of PV technology arose in 1970s (Scheme
1.1) based on thin-films solar cells. These PV devices reduce the cost due to the
smaller amount of material employed to fabricate them with a thickness in the
nm-um range. Commercial thin-film devices of this second generation include
amorphous silicon (a-Si)’, cadmium telluride (CdTe)" and copper indium
gallium selenide (CIGS)''. Among them, the solar modules based on CdTe and
CIGS show competitive PCE of 18.6 % and 19.2 %, respectively.'” The
drawback of these devices is that they require high temperature treatment as
well as raw materials with a low availability.
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—
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2" Generation
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) . -

Scheme 1.1 Scheme of evolution of photovoltaic technology. It is shown the record efficiency for
every golar cell type certified by National Renewable Energy Laboratory (NREL) (5 February
2019).

The recent development of nanotechnology led to third generation PV
generation of PV devices in 1980s (Scheme 1.1). In particular, this third
generation thin-film technology has the potential to overcome the classic
limiting efficiency of a solar cell (31%, Shockley-Queisser limit).” In addition,
this technology is based on non-toxic, cheap and abundant materials. The third
generation PV technology involves dye-sensitized solar cells (DSSCs),"”
organic photovoltaic (OPV),'* quantum dot (QD)" and perovskite solar cells
(PSCs)'®, being the latest the main research topic of this thesis.

1.1.2 Perovskite solar devices

A perovskite material was for the first time used in the PV field in 2009 for
Miyasaka et. al as a visible light sensitizer for TiO, electrode in DSSCs,
obtaining a PCE of 3.8%."7 However, these devices showed lack of stability due
to the employment of liquid solvent electrolyte similar to DSSCs, and to the

17
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incompatibility between the solvent electrolyte and the perovskite material.
Thus, new solid-state hole conductor materials compatible with perovskite
material were investigated in order to guarantee long-tern device stability. In
this way, a PCE of 15% was achieved in 2013 for perovskite solar cells in a
planar device configuration." More interestingly, it was demonstrated that the
perovskite material itself in contact with an insulating mesoporous (Al,O3)
scaffold was also capable of producing efficiencies exceeding 12%." This
finding was crucial because it demonstrated that this material was not only a
good light harvester, but also, an efficient intrinsic semiconductor able to
separate photogenerated charges.”**' Since then, these excellent optoelectronic
properties fuelled intense research aimed at improving the photovoltaic
performance of these PV devices by using different deposition methods,
synthesis techniques and new perovskite compositions and selective contacts.”
%6 Indeed, the published papers rate related to PV field has growth in the same
way that those related with perovskite solar cells (Fig. 1.1). Up today, the
current certificated PCE published for a perovskite solar cell is 23.7% (February
2019), meaning that this concept is already a potential competitor of well-
established thin film photovoltaic technologies such as those based on
silicon.”**"?’

Nevertheless, some issues must be solved before commercialization. For
instance, it has been demonstrated a thermal and electrical instability under
operation as well as a short lifetime at environmental conditions. In addition,

new manufacturing methods are required to be industrially scalable.”®*

R
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Figure 1.1. Growth rate of published articles in the photovoltaic (PV) field (blue bar) and those
attributed to perovskite solar cells (PSCs) (red bar). Data have been obtained from the
ScienceDirect web for the time period between 1 January 2000 and 31 December 2018.

In spite of these limitations, it has been recently demonstrated that perovskite
materials can be used as a ground technology not just for PV applications but
18
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also for light emission (LED, lasing) and photocatalysis. The latter is based on
the direct conversion of solar energy into chemical products of high-added
value. This is the case of the water splitting process to generate H, and O, or the

photoreduction of CO, to obtain carbon-based fuels.’*'

1.1.2.1 Photovoltaic perovskites

The perovskite term covers a wide range of materials with a characteristic
crystal structure, similar to the mineral perovskite CaTiO;. The generic formula
of perovskite material is ABX; where 4 and B are cations of different size (4
being larger than B) and X is an anion. The charge balance, expressed by the
equation ¢” + ¢® + 3¢" = 0, can be achieved in a variety of ways. For a oxidised
perovskite material (4B0;), the formal oxidation state of the cations must be
equal to six to compensate the negative charge from oxygen anions (¢" + ¢° = -
3q0 = 6), so different combinations of 4 and B cations valences are possible.32
For these perovskites, A is usually a rare or alkaline earth metal and B is a first
row transition metal, for example GaFeO; and KTaO;. These materials have
been used as electronic, structural, magnetic and refractory materials in
numerous applications due to its ferro-, piezo-, and pyroelectrical properties and
optoelectronic characteristics.”

However, for PV applications, X is a halide anion (F , CI , Br , I ), so there is
only a possible combination of the cations valences to achieve a compensated
charge balance (¢" + ¢° = - 3¢" = 3): 4 must be an organic or inorganic
monovalent cation such as methylammonium (MA: CH;NH;"), formamidinium
(FA: CH,(NH,),"), Cesium (Cs") or Rubidium, (Rb"), whereas B is a divalent
inorganic cation like lead (Pb2+) or tin (Sn2+).

1.1.2.2 Crystal structure

In the case of halide perovskite, B and X ions form BX64' octahedral cages,
where the A cation is placed in the cavity between eight of these octahedral to
balance the charge of the entire three-dimensional network (Fig. 1.2).

In the 3D perovskite structure, infinite sheets of inorganic layer (BXe"
octahedral) are formed (n = ). Within BX4" anionic frameworks, a mixture of
ionic and covalent interactions are established as bonds, while the nature of the
interaction between A cation and the BX" frameworks is mainly an
electrostatic interaction.**

19
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Figure 1.2. Schematic of the perovskite crystal structure with respect A, B and X lattice sites.

However, although the octahedral crystal structure is the most stable,* the fact
is that different crystal structures are possible for metal halide perovskites
depending on two geometrical parameters: the tolerance factor () and the
octahedral factor (u). The first one, ¢ parameter, was defined in 1927 by
Goldschmidt for ABX; type perovskite as criteria to determine the crystal
structure. It can be written as

t= M (1.1)

(25[1‘13 + rx])

where r4, rp and r, are the ionic radius of 4 cation, B metal cation and X anions,
respectively. For a stable perovskite structure, the ¢ parameter must have values
in the range of 0.81-1.11. Nevertheless, depending on the ionic radius, different
crystal structures can exist. In particular, for ¢ values in the range of 0.89-1.00,
the cubic structure is more probable, while for a lower ¢ value a less-symmetric
tetragonal or orthorhombic structure is more probable.3 6 However, materials
such as KNiCl;, RbMnBr; or CsMnl; with a ¢ value within the most favorable
range (0.976, 0.933 and 0.952, respectively) show an unstable perovskite
structure. Therefore, the ¢ parameter is not enough by itself to predict the
formation of a stable perovskite structure. For this reason, the octahedral factor
is also used, in combination with the ¢ parameter for 4ABX; type perovskite. The
4 parameter is given by

I'g

n= (2.2)

rx
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The u parameter determines the stability of the coordination octahedral
structure BX," and takes values in the range 0.44-0.90 for a stable perovskite
crystalline structure. By using both the ¢ and x4 parameters almost all perovskite
structures can be predicted.”’

The introduction of large organic cations in the perovskite structure leads to
lower-dimensional systems: 2D perovskite (n=1) and quasi-2D perovskite (or a
2D + 3D perovskite) (n >1), with a ¢ value higher than 1.** For these
perovskites, the BXs" octahedral are separated by the large organic cations
which do not fit into the structure. In these types of perovskites the hydrogen
bonds are essential to stabilize the structure. 2D and quasi-2D perovskites show
a lower thermal stability and PCE than 3D perovskites. However, due to its
enhanced resistance towards humidity, they are receiving at lot of attention
nowadays are been studied as alternative to 3D perovskite.

As said above, the introduction of the ions with different sizes in the crystal
structure leads to perovskite materials with different crystal phases due to a
change of ¢ and u values. However, another factor that highly determine the
transitions between the different phases is temperature. For instance, although
MAPbDI; (the most widely used perovskite) satisfies perfectly the tolerance and
octahedral factor (= 0.83 and u= 0.54), it shows three different phases
depending on the temperature: orthorhombic, tetragonal and cubic crystalline
phase. In particular, the phase transitions for that perovskite material occur at
165 K and 327 K. This behaviour is due to disorder of the organic cation in the
crystal as well as to the response of the Pbls" octahedral in MA orientations
under different temperature.39

1.1.2.3 Optoelectronic properties

Organic-inorganic halide perovskites are semiconductors in which the
conduction band (CB) is originated from combining antibonding p orbitals (7*)
of B cations and antiboding s orbitals (s*) of X anions, whereas the valence
band (VB) is determined by hybridation between s* of B cations and ©* of X
anions.”* Thus, substitution of B and X sites involves the alteration of the VB
and CB, while the 4 site only can have an indirect influence on the band gap,
via a change in the crystal structure (Fig. 1.2). For instance, it has been reported
that the replacement of MA-cation with FA-cation leads to red-shift in the
emission peak, owing to the band gap change from 1.57 eV to 1.48 eV,
respectively (Fig. 1.3).%
band gap from 1.5 to 3.6 ¢V,” which means that perovskites can show an
optical absorption along solar spectrum. Regarding this, direct band gap has

In general, perovskite material shows a tuneable

been attributed to this material due to rapid increased of the absorption
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coefficient with the band gap as well as the increase of radiative recombination

by decreasing the temperature.***

° FAO 83MA0 17Pb|3

1.01 o MAPBI, KD
0.8
0.6 °
0.4

0.24 o o °

Normalized photoluminescence
L]
L]

'Y L]
0.0 — K ©
. | T T T
780 790 800 810 820

Wavelength / nm

Figure 1.3. Steady-state photoluminescence spectra for MAPbI; and FA, gsMA( 17Pbl; perovskite
films prepared at ambient conditions of 1.7 kPa.

On the other hand, one of the main properties of perovskite is its high defect
tolerance, which arises from the antibonding nature of VB and low defect
density inside of band gap.” This property is associated with the high
photoluminescence (PL) yields* and a low non-radiative recombination rate.*
These properties make that perovskite devices show open-circuit photovoltages
very close to the thermodynamic limit (see Chapter 2 Eq. 2.24 and 2.25). For
instance, open-circuit photovoltage higher than 1.2 V are obtained for materials
with a band gap 1.6 eV.*?

Another interesting property of these materials is its high charge mobility of the
order of tens cm?/(V s), which is related to a relatively strong ionicity of the
metal-halide bond and the weak -carrier-phonon interaction.”**” As a
consequence of this high charge mobility and low non-radiative recombination,
perovskite materials are characterized by charge diffusion lengths close to

micrometres under solar illumination density.zo’48

1.1.2.4 Architecture of perovskite solar cells

In perovskite solar cells, light absorption is produced in a perovskite layer that
is sandwiched between an electron selective material (ESM) and a hole
selective material (HSM). The complementary selectivities allow for separation
and collection of the photogenerated charge carriers. These contacts are also
called electron transport material (ETM) and hole transport material (HTM),
respectively. To electrically close these devices, one of selective materials is
usually deposited on a front electrode (glass coated of fluorine-doped tin oxide
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Introduction

(FTO) or Tin Oxide (ITO)), while over the other selective layer is evaporated a
metallic contact (Au, Ag, or Ni) or carbon film as a counter electrode.

A B

Back
contact /
ETM

D

Back

contact /
ETM

Figure 1.4. Schematic of regular (A and C) and inverted (B and D) architecture of perovskite
solar cells. A) and B) represent a planar configuration while C) and D) show a mesoporous
architecture.

Depending on the position of ETM with respect to the front electrode, two
different architectures are distinguished: regular (n-i-p) and inverted (p-i-n)
architecture in which the ETM or HTM is in contact with the glass substrate,
respectively.”* On the other hand, depending on the presence or absence of
mesoporous materials as scaffold to the perovskite deposition, two other
different architectures can be distinguished: planar and mesoporous (Fig.
1 4)'50,51

The most common PSC design is based on a regular mesoporous (n-i-p)
architecture that involves a mesoporous TiO, scaffold in which the perovskite is
infiltrated, enhancing the contact area between active layer and ETM. The
mesoporous layer is usually deposited on top of a compact TiO; layer to avoid
the direct contact between deposited perovskite material and FTO (Fig. 1.4C).
The highest efficiencies have been reported for PSCs with regular mesoporous
architecture.”>> However, the high temperatures required during the TiO,
deposition method make impossible the fabrication of flexible solar cells, where
substrates based on conductive plastic would be employed.

Although the most common material employed as ESM is TiO,, different metal
oxides such as ZnO, Al,O3, ZrO,, SiO, or even hetero-structures nanoparticles
as ALO3/ZnO have been investigated.'”*** ™ In fact, not only different
materials have been employed, but also different nanostructures. Nevertheless,
up to date, the state-of-the-art photovoltaic performance in PSCs has been found
for devices based on TiO, as ESM, in which a small molecule called 2,2°,7,7’-
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tetrakis-(N,N-di-4-methoxyphenyl-amino)-9,9’spirobi-fluorene (spiro-
OMeTAD) has been used as HSM (Fig. 1.5). *° However, this molecule needs
to be doped with lithium and cobalt salts to increase the mobility of the spiro-
OMeTAD and with 4-tert-butylpiridine (TBP) to improve the hole density. The
addition of these substances reduce the stability of the device under ambient
conditions, due to, among other factors, their tendency to absorb water.”’

OCHj OCHj

oo )" LI C)-oom
O~

OCH3 OCH3
Figure 1.5. Chemical structure of spiro-OMeTAD.

H;CO OCHg

In addition, the spiro-OMeTAD needs a high-purity sublimation-grade and
expensive multi-step synthesis to obtain high performance devices which leads
to higher fabrication cost per devices. For these reasons, alternative HTMs
based on small molecules™, polymeric®”, carbon based® and inorganic
materials®', and the use of new dopants® have been investigated.

1.2 Motivation and objectives

In connection with the above, understanding the physicochemical and electronic
processes that determine the photovoltaic performance and stability of PSCs is
the key factor for the optimization and commercialization of these solar devices.
In this context, two general objectives are set in this thesis:

1. To provide a deep and fundamental knowledge of the different electronic
mechanisms that determine the photovoltaic behaviour of perovskite solar cells.

2. The study of PSCs prepared under ambient conditions to optimize its
fabrication towards their application in industry.

In relation to the first objective, small perturbation optoelectronic techniques
have been used to understand the charge recombination mechanisms that
determine the photovoltage performance in PSCs of different architecture and
under different moisture conditions. These techniques were also applied to
explain the hysteresis phenomenon, which is known to be linked to the
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instability issues in perovskite devices. Simultaneously, we bring here models
for the interpretation of information extracted from small perturbation
techniques. Finally, we will provide a new parameter control to develop high
efficiency PSCs deposited under ambient conditions in order to avoid the use of
a glove box, which limits the area of devices.

A briefly theoretical description of PSCs as well as of the materials and
methods used for this thesis are collected in Chapters 2 and 3, respectively. The
main results are presented and discussed in the subsequent seven chapters. In
particular, in Chapter 4, the hysteresis behaviour in PSCs is studied by
comparing these devices with “tradiational” dye sensitized solar cells, DSSCs,
which are used as a model to understand the processes occurring in the ionic
lattice of the perovskite materials. In Chapter 5, we analyse small perturbation
measurements and, propose a model that describes adequately charge
recombination in PSCs at open circuit. In Chapter 6, the effect of morphology
and crystalline phase of electron selective contact in the performance of
perovskite devices is analysed. In Chapter 7, the impact of moisture on the
photovoltaic response of different PSC configurations is investigated. In
Chapter 8, we show what information can be extracted of small perturbation
techniques and how used it to explain different electronic phenomena in PSCs.
In Chapter 9, we studied the stability of PSCs prepared under different humidity
conditions to relate it with the relative humidity of ambient. In Chapter 10, we
present the water vapour pressure as determining control parameters to fabricate
high efficiency PSCs at ambient conditions.
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Chapter 2

Theoretical Background

Physical and chemical fundamentals for understanding how the perovskite solar

cells work are presented in this Chapter.
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2.1 Solar spectrum

The hydrogen fusion to helium inside of Sun releases photons that travel
through space reaching the Earth’s atmosphere with a solar power of 1366
W/em?, a figure known as Solar constant. Before reaching the surface of the
Earth, due to the atmospheric conditions, the solar energy spectrum changes in
intensity and distribution, as it is shown in Figure 2.1. In fact, once solar
radiation passes through the atmosphere, its power density is reduced to around
800-900 W/cm?. From Figure 2.1, it is also observed that the Earth’s
atmosphere is almost transparent in the visible region. However, the irradiation
that finally achieves the surface will also depend on other variables such as the
season, the time of day or even the actual latitude of a location. For these
reasons, to develop and design new solar cell as well as compare the response
and behaviour of devices it is necessary to define a standard solar spectrum.
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Figure 2.1. Black body irradiance at 5670K (dotted line) compared with the extraterrestrial and
terrestrial (AM 1.5) solar spectrum.

Atmospheric absorption attenuates the solar radiation that ultimately reaches the
surface. This depends on the position of the sun and it is taken into account by
the so-called 4ir Mas (AM) parameter. This is defined as AM= 1/cos(6), where
O is the angle of elevation of the Sun.' The American Society for Testing and
Materials (ASTM) defined a standard spectral distribution of the light at AM1.5
and © = 48.2° (ASTM G173).>’ In PV applications, for convenience, the
AML.5 spectrum is normalized so that the integrated irradiance of this spectrum
per unit area and unit time is 1000 W/cm®. This figure is known as 1 sun
illumination. Most results in this thesis for current-voltage characteristics are
measured at 1 sun using an AM1.5G filter, corresponding to global irradiation
(direct + diffuse).
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2.2 Photovoltaic solar cells

Photovoltaic solar cells are devices that generate electrical energy using the Sun
as energy resource. They are generally based on a semiconductor material that
absorbs the photons energy by exciting the valence electrons (bound in the
solid) up to higher energy levels where they have freedom of movement. Hence,
an electron vacant state is created in the place from which an electron was
excited. This empty place is known as a hole and it shows equal but opposite
electrical charge to that of an electron. Because of the potential difference
between electrons and holes, an electric field or any other adequate mechanism
is required to separate both charge carriers.

2.2.1 Electronic states in semiconductor

Semiconductors are solid materials that may behave either like a conductor or
like an insulator depending on its energy band gap (E,) and the excitation
energy. Unlike molecular systems characterized by discrete molecular orbital
energy levels, in semiconductors energy levels forms broad energy bands where
the charge can be delocalized. The highest energy that contains electrons is
called valence band (VB) while the lowest unoccupied energy band is the
conduction band (CB). The highest energy of the VB and the lowest energy of
the CB define the £, (E; = Ecz — Eyg).

Conduction Conduction Conduction
band (CB

% Er___
<
@ B Band gap
2 Ep
=1
band (VB) band (VB) band (VB)
Intrinsic n-type p-type
semiconductor semiconductor semiconductor

Figure 2.2. Electronic band structure of different types of semiconductors. Ey represents the
Fermi level.

The band gap determines the thermal and/or electrical conductivity properties.
For instance, if the VB is partly full or it is overlapped in energy with the CB (£,
-0), the valence electrons can act as carrier units of heat or charge. This is the
case of conductor materials. In the opposite case, insulator materials are
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characterized by E, > 3 eV,' which makes impossible the excitation of valence
electrons to the CB by thermal excitation or light absortion in the UV/Vis
spectral range. Semiconductor materials show £, values in the range of 0.5 — 3
eV, an energy difference that can be overcome by UV/vis absorption, as that
provided by the Sun. In particular, for semiconductor materials, at the absolute
zero (0 K), valence electrons need an energy equivalent (or higher) to the
energy band gap to catch the nearest available unoccupied level of CB (Fig.
22).*

The occupation probability of electronic states by electrons at a given
temperature is governed by the Fermi-Dirac distribution function

1
f(E) = 2.1)

e ()

where kp is the Boltzmann constant, E¢ is the lower energy edge of the

conduction band, T is the absolute temperature and Er is the Fermi level. This
latter parameter is actually the chemical potential (x) of electrons in a solid
material. At 0 K, the Fermi level coincides with the threshold energy below
which all states are occupied by valence electrons.

In a situation where EcEr >> kT, the Fermi-Dirac distribution can be
approximated by the Boltzmann distribution to describe the occupation of the
conduction band. Thus, the total electron density in the CB from E¢ to infinite is
determined by the following integral

n, = L mNC(E)f(E)dE = N.exp ( E;:;) (2.2)

where N, is the density of states in the CB.

A similar calculation for holes in the valence band can be used. Thus, the
concentration of holes in the VB is given by

EV'EF) (2.3)

n, = Nyexp (+ T
B

where E, is the upper energy edge of the VB and N, is the density of states of
holes in the band.

From Egs. 2.2 and 2.3, we can infer that the conductivity of a semiconductor,
which is proportional to the concentration of carriers, varies exponentially with
the position of Fermi level in the band gap. For an ideal defect-free
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semiconductor (intrinsic semiconductor), in which there are no localized states
levels in the band gap, the number of electrons in the CB equals the number of
holes in the VB (nc = ny). In this case, the concentration of charge carriers is
obtained from

E,-Ec E
v - ) = N.Nyexp ( kB—gT) (2.4)

niz =nc.n, = NCNVexp( K

B

For intrinsic states, the Fermi level (at 0 K) is symmetric with respect to the
middle of energy gap which is reflected in the small conductivity of these
materials (Fig. 2.2). On the other hand, in the case of semiconductors containing
defects (extrinsic semiconductor), impurities levels can be introduced within the
band gap. These impurities modify the electronic properties of the
semiconductor. Defects usually stem from introducing donor or acceptor
species of electrons in the semiconductor. These are known as dopants or
doping materials. If the doping is carried out by introduction of donor atoms,
majority charge carriers will be electrons. In consequence, the Fermi level is
raised, giving rise to a n-type semiconductor. However, if the doping is with
acceptor atoms, the majority charge carriers will be holes. In this case, the
Fermi level is lowered and the semiconductor is known as p-type (Fig. 2.2).
Because the carrier density is increased both in n- and p-type semiconductors
(majority electrons or holes, respectively), the conductivity is always enhanced
in extrinsic semiconductors with respect to their intrinsic forms.

2.2.2 Theoretical description of perovskite solar cells

Electron
transport

Electron

iniecti
Injection — Surface hole

> & 1 1 \\ recombination
1
3 Electron Defects | X N
= Selective Layer (g type & | N
oo (ESL) A | hv Hole Selective
g ~ < \ 1 Layer (HSL)
~

\ |

= Surface N
recombination injection
VB

Figure 2.3. Simplified scheme of electronic band structure of a perovskite solar cell. Solid and
dashed arrows represent processes that is happening in favour or against the photocurrent.
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As it has been explained above, the first step of PV conversion is the photon
absorption by the semiconductor and the excitation of electrons from valence
band (ground state) to conduction band (excited stated). To complete the
photovoltaic conversion process, the charge carriers (electrons and holes) must
be efficiently separated and collected by external contacts. If the charge
separation is not effective, excited electrons relax to lower energy states
(recombination) which is deleterious for the solar cell performance (Fig. 2.3).
For this reason, some intrinsic asymmetry needs to be introduced in the solar
devices to drive the charge away.

2.2.2.1 Photovoltage and photocurrent

Perovskite solar cells are based on an asymmetric sandwich configuration. The
simplest model to describe it is based on the traditional p-i-n junction *(Fig.
2.4). The sun light-active material (i), in our case a perovskite layer, is
sandwiched between selective contacts with different Fermi level positions,
such as n-type and p-type semiconductors. Under illumination, the difference in
Fermi level (chemical potential) between the contacts provides an
electrochemical gradient that separates the photogenerated charge carriers.
Electrons in excited states and holes in the ground state are collected by n-type
and p-type semiconductors, respectively. n- and p-type semiconductor contacts
are known as electron selective layer (ESL) and hole selective layer (HSL),
respectively.

p type i type n-type

(Hole Selective Layer. HSL) ~ (Active layer) (Electron Selective Layer, ESL)

Energy / eV
=

Figure 2.4. Band profile of p-i-n junction. E¢ and Ey are the lower and upper energy of the
conduction band and valence band, respectively. E represents the Fermi level while E, is the
band gap energy.

Although the p-i-n picture is one of the most used to describe the band structure
of a perovskite solar cell, there are many indications in the literature that metal-
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halide perovskites can be or can act as if they were p- or n-type semiconductors.
Even they can change their character depending on the nature of the material
they are in contact with, or for different preparation conditions. The electronic
character of the perovskite depends on the most abundant type of chemical
defect that is present in the crystalline structure. There is a growing consensus
that these defects are actually iodine vacancies, which would mean that the
perovskite is p-type. In any case the topic is complex and it is still under
vigorous debate. * 2

Regardless what is the true nature of the perovskite active layer, the
photovoltage (V) arises from the Fermi level difference between ESL and HSL
as

qV =Ew - Em (2.5)

where ¢ is the electron charge, E/¥ and Ef" are the Fermi level of the p-type and
n-type semiconductor, respectively.'

If the electron and hole selective contact are good enough (ohmic), the Fermi
levels at the contacts will coincide with Fermi level splitting within the active
layer. Accordingly, the electron (n) and hole (p) densities in the perovskite are
given, using equations 2.2 and 2.3, by

E.-Eg"

n = Ncexp| - kT (2.6)
E,-EgP

p = Nyexp <+ ‘{(BT ) (2.7)

From Egs. 2.5, 2.6 and 2.7, we arrive to the important relationship

Eo-(ER-ED) Eg-qV
np = NcNyexp ( gTFTF> = N¢Nyexp ( EBT ) (2.8)

Let us assume that » and p correspond to photogenerated carriers inside the
active layer. Solving for the voltage in Eq. 2.8 we have for the open-circuit
voltage (Voc).

NcNy
np

qVOC = Eg-kBTln (29)

Hence, at 0 K (no entropy generation), the band gap determines the maximum
attainable photovoltage.
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Under dark conditions and for applied external voltage larger than Voc
(threshold photovoltage), the potential difference between the selective contacts
generates a current due to a charge injection into the cell (Fig. 2.5). This current
is called dark current and acts in the opposite direction to the photocurrent and
it is depending on the applied external voltage. Most solar cells behave like a
diode in the dark, admitting a much larger current under forward bias than
under reverse bias (rectifying behaviour). For an ideal diode the dark current
density Jyu« (V) is expressed as""

\%
Jaark(V) = Jo (e‘&_TJ) (2.10)

where Jj is a constant that defines the saturated current in the dark.

-’s(' Light current

Current density, J

Dark current V()(‘

Voltage, V \

Figure 2.5. Current-voltage characteristic of ideal diode under light and dark. J;. and Vy are the
short-circuit photocurrent and the open-circuit voltage, respectively.

Under illumination and under an applied external potential, the photogenerated
charge carriers are collected by n-type and p-type semiconductors due to the
potential difference at the both interfaces. According to thermodynamics, this
effect acts as driving force for the charge-transfer across interfaces which
depends of the external applied potential and Fermi level of perovskite under
illumination. As a consequence, a photocurrent J(V) due to a efficiently charge
separation and collection is obtained (Fig. 2.5)."” The maximum generated
photocurrent is obtained when Jy, is 0 (the current resistance is zero and the
recombination processes are minimized). This is called short-circuit
photocurrent (Jsc) which is equal to the net current density of the solar device
(Eq. 2.11).

J(V) = JscJdark (2.11)
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The Jgc can be calculated by the overlap between the spectral External Quantum
Efficiency (EQE), defined as the number of electrons collected to the external
circuit with respect to the number of incident photons, and the spectral photon
flux of the incident illumination for a given wavelength 7, (1)"°

A'maX
Isc = f Lo\ - EQEQY) - dA 2.12)

}\min

The EQE depends on the efficiency of three different processes that determine
the photon-to-electron conversion in solar cells,

EQE) = nin() - ng(D) - ncar (D) (2.13)

Here, #; is the sunlight-harvesting efficiency (the absorptance), 15, is the
generation efficiency of charge separation under sunlight irradiation and 7, is
the charge collection efficiency from selective contacts to the external circuit
(Fig. 2.6).

In the particular case of PSCs, 7, indicates how efficiently the perovskite layer
absorbs the incident photons. The 7, corresponds to the probability that free
carriers are generated from the excitons formed following photon absorption
plus the probability of charge carriers being injected into the contacts (electrons
and holes into n-type and p-type semiconductors, respectively). Finally, #.. is
an indicator of the probability that photogenerated charges reach the external
circuit before they are lost by recombination.

Semiconductor
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Figure 2.6. Simplified scheme of the three different processes that determine the photon-to-
electron conversion in a solar cells with a sandwich configuration. 7y, is the absorption efficiency
of active material, 7, is the charge separation efficiency by the contacts and #,; is the charge
collection efficiency from contacts to external circuit.
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For an ideal diode, considering Eqs 2.10 and 2.11, the photocurrent is written as
av.
J =]Jsc o (ekBT'1> (2.14)

However, the behaviour of a solar cell is generally expressed by a non-ideal
diode form'

_av_
J = JscJo (ekaT'1> (2.15)

where m is an ideality factor that measured how closely the device behaves like
an ideal diode (1 < m < 2). For an ideal diode, m=1. Figure 2.5 shows that the
solar cells generate power when the voltage is between 0 and V¢ only. At open
circuit conditions, the dark current and short circuit photocurrent are cancelled
out, so the Vpccan be written as

mkgT
Voc = qB In (]S—C+ 1) (2.16)

This equation shows that a higher threshold photovoltage (Voc¢) can be achieved
with increased light intensity.

It also shows that a semilogarithmic plot of Voc versus the short-circuit
photocurrent should give a straight line, from whose slope the ideality factor
can be extracted. For an ideal diode the slope would be 26 mV at 298 K
(=ksT/q, the thermal voltage). This is one of the methods used in this thesis to
extract the ideality factor. As shown in the following, the ideality factor
provides information about the nature and type of recombination that is going
on in a solar cell.

2.2.2.2 Electron recombination

In PV cells, the photogenerated charge carrier transfer rate and transport rate
compete with the charge recombination processes. This concept can be defined
as the loss of electron-hole pairs through the decay of an electron to a lower
energy state.' Different recombination mechanisms coexist in PSCs (Fig. 2.7):
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Shockley-Read-
Hall (SRH)
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Figure 2.7. Schematic of different recombination mechanisms.

Radiative recombination

It is a direct band-to-band recombination in which an electron drops from the
conduction band to react with a hole in the VB. A photon with an energy similar
to band gap is released, which can be reabsorbed, and thus recycled.'” This is
one of the reasons why, counter-intuitively, a material which is highly
luminescent (strong radiative recombination), is also a good material to make
efficient solar cells.

Auger recombination

It is a recombination process where three carriers are involved. The energy of a
recombining electron-hole pair is transferred to a third carrier, hole or electron,
in the valence band or conduction band, respectively. Nevertheless, the
recombination rate of this process is 10 - 100 times lower than the radiative rate.
Thus, for a direct band gap and under non-concentrated sunlight, Auger
recombination will not be considered as a significant contribution.

Shockley-Read-Hall recombination (SRH recombination)

It is an indirect recombination process mediated by defects that introduce
recombination centers in the crystal lattice. The defects are usually caused by
impurities as well as by grain boundaries, dislocation, ionic vacancy... These
defects are energetically localized within the band gap (deep traps) and they can
capture the charge mobile carriers (electrons or holes). The captured charge by
the trap releases energy through phonon emission (non-radiative
recombination). This recombination is also known as trap-assisted
recombination and it is the limiting mechanism of many solar cells.
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Surface recombination

It is also a non-radiative recombination mechanism that takes place across or in
the vicinity of the contact/active layer interface. Many times this type of
recombination is associated to electron o hole selective contacts characterized
by a low charge extraction efficiency and/or a low charge conductivity, that
favour accumulation of charges at interfaces.

Regardless the actual type of recombination, the recombination rate (U,..) can
always be described with expressions borrowed from classical chemical kinetics
like

dn

Urec = 'a

= Kpecn? (2.17)
where ¢ is time, k.. is a recombination constant and y is the reaction order. For
radiative recombination, the U,.. is proportional to the densities of electrons and
holes, hence v = 2., In Auger recombination y = 3 because three carriers are
involved. Meanwhile, for SRH recombination, the charge carriers interact with
a fixed concentration of recombination centers, being y = 1.1%

For intrinsic semiconductor in which nc= ny, we find from Eq. 2.8,

Eg-qV>

1
= (N~Nv)2 (
n (NcNy)zexp 2kgT

(2.18)

At high-injection conditions the photogenerated carrier densities well exceed
intrinsic and majority carrier values." In this situation electroneutrality require
that the charge carriers concentrations are equal (n=p) and we end up with the
same situation as that of Eq. 2.18.

In such cases, the reaction orders can be related to ideality factor values (m) as®

m = (2.19)

Y
Thus, ideality factor values of 1, 2 and 2/3 will be expected for radiative
recombination, SRH recombination and Auger recombination, respectively.21

Combining Eqgs. 2.17 and 2.18, photogenerated carriers (J...) can be related to
the photopotential acting in the cell as

_yEg-qV
Jrec = qured = Joo (e 2kBT> (2.20)
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where d is the thickness of the active layer and Jy, depends on the rate constant
(Jw = qd(N:N,)” k,T p,). The recombination resistance is the reciprocal of the
voltage derivative of this expression. Hence,”

P 1 _Egqv
Rrec = ( ;I;C) = Ryo (e YZkBT> (2.21)
or
a]rec "t Bav

with Ry = (2kgT Joo /qy)exp(yEs/2ksT). The [ parameter is the transfer or
recombination parameter. This is related to the ideality factor, as m = 1/5.

For an ideal solar cell where recombination is purely radiative, the generation of
electron-hole pairs should exactly compensate the net emitted photon flux
(¢em0)) at open circuit conditions. This leads to the expression17

kgT
Voc = Vocrad = L1n< Jsc_, 1) (2.24)
q q)em,O

In real solar cells, the number of free charge carriers is mainly reduced by non-
radiative recombination mechanisms, which leads to a decrease the maximum
threshold photovoltage'’

Jsc

kgT
Voc = Vocrad-AVocnon-rad = Tln (EQEEL + 1) (2.25)

em,0

Here, EQEg, is the quantum yield of electroluminescence (charge recombining
radiatively per total number of injected charge). Because higher V¢ is achieved
from increasing EQEg;, we conclude that any photovoltaic material should be
highly luminescent if we want to achieve good photovoltaic performance.

2.3 Chemistry of metal halide perovskite

It follows from the exposed above that the photovoltaic performance of
perovskite solar cells is directly related with the film quality of perovskite
material, because this determines the appearance of defect states, both in the
bulk or at interfaces, that can promote several routes of non-radiative
recombination.”** In particular, the morphological, structural and
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optoelectronic properties of perovskite films strongly depend on the synthesis
method as well as ambient conditions in which these films are fabricated.***’

2.3.1. Synthesis of metal halide perovskites

Two effective methods to prepare high PCE solar cells have been described in
the literature: that based on two-step spin-coating and the so-called antisolvent
method (adduct approach) (Fig.2.8). Using as example the MAPbI; perovskite
(the most studied photovoltaic perovskite), the two-step method consists of the
deposition of Pbl, by spin-coating followed by the deposition of MAI solution
either by spin-coating or by immersing the Pbl,-coated substrate in a MAI
solution.”®*’ This method allows the perovskite to be successfully infiltrated in
mesoporous scaffolds. However, it can also lead to incomplete conversion of
Pbl, to perovskite. Another problem is that there is a certain possibility that the
mesoporous layer is exposed to the hole selective material, which would
enhance non-radiative recombination mechanisms.”

Two-step method

Pbl, CH,NH,|

Perovskite: MAPbI;

T - - @ - —

Antisolvent method

Precursor solution: Et,0
MAI+Pbl,+DMSO+DMF Adduct:
MAI-Pbl,-DMSO
Perovskite: MAPblI,

T - o=

Figure 2.8. Scheme to the preparation of perovskite solutions by two-step method and antisolvent
method.

For these reasons, an antisolvent method has been proposed as a more effective
route to prepare high quality MAPDI; perovskite films.”® For that, a perovskite
precursor solution is deposited by spin-coating on the substrate, which is
washed with an anti-solvent while spinning to get rid of solvent and to form the
white intermediate phase, the adduct. A uniform perovskite film is obtained
after mild annealing.
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2.3.1.1 Adduct approach

The success of the last method is based on the control of coordination chemistry
of lead and the anti-solvent engineering. In particular, in the case of MAPDI;,
the perovskite is synthesised by reaction of Pbl, with MAI using a polar solvent
such as dimethylsulphoxide (DMSO), N,N-dumethylformamide (DMF) or y-
butyrolactone (GBL).30’31 It is known that these Lewis bases interact with the
Lewis acid Pbl, by donating a lone electron pair from the oxygen to the lead.
Indeed, these solvents compete with the iodide ions from MAI to fill the

30,32,33

octahedral coordination sphere of lead atoms. Thus, in the perovskite

. . . . 32
precursor solution a variety of coordination complexes can be found:

+17 +1 +1° +1° +1
Pbl(S)s* = Pbl,(S), = Pbl3(S);” = PbI4(S)22_<:> Pblg(S)3” — Pbl*

-S -S -S -S -S
+STl

Pbl,

(S= solvent)

Different proportions of the complexes are detected in each solvent, since these
have different affinity to coordinate with the lead (DMSO>DMF>GBL).**
Among the different complexes, the Pbl" species are those that provide the
right environment for perovskite crystallization, owing to the fact that they
already show an octahedral structure (see Fig. 1.2 in Chapter 1). Thus, a
suitable solvent medium (pure or mixed solvents) will be the one that dissolve
the precursors and permit the generation of Pbls" ****

In connection with this, high quality film for MAPbI; was reported for
perovskite precursor solution based on mixed solvent, DMSO and DMF.** In
this case, to obtain a suitable morphology of perovskite films (homogeneous
and fully covered substrate), it was necessary to wash the precursor solution
with nonpolar diethyl ether (antisolvent) while spinning to remove the DMF and
leave the DMSO for adduct formation (Fig. 2.8). The adduct MAI-Pbl,-DMSO
looked like a white film. This was then converted to perovskite by annealing. In
conclusion, the formation of adduct by the antisolvent washing seems to be the
critical step for crystal growth and to achieve a good quality in the final film.
Using the antisolvent method, perovskite devices based on MAPbI; or mixed
cations (Cs, FA and MA) have achieved PCEs of 21.2% and 22% in the last
years, respectively.”

On the other hand, H,O molecule is also a Lewis base that can coordinate with
the lead complex in the same way that the solvents mentioned above. Indeed,
the H,O shows a higher affinity to coordinate with lead than the DMSO.”
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Taking this into account, high efficiency MAPbI; devices have been fabricated
under moisture conditions by the antisolvent method.’** For these devices, the
content of DMSO was adjusted in the perovskite precursor solution as a
function of ambient moisture. In this way, the adduct MAI:PbL,:S (S= DMSO
and/or H,O) is obtained with the most suitable stoichiometry in order to get

homogeneous perovskite film.

2.3.2 Chemical stability of metal halide perovskite

Due to the chemical composition of the perovskite material (see Chapter 1), this
material tends to suffer from degradation upon exposure to humidity, heat,
oxygen or light. In particular, the humidity and heat are commonly observed in
a wide range of hybrid perovskites.

In the case of MAPDI;, it has been proposed that the decomposition under
humidity conditions could be due mainly to the hygroscopic nature of the
methylammonium component. Since the H,O is a Lewis base, this molecule
could take a proton from the ammonium moiety in the perovskite framework
and cause the whole degradation of the perovskite. This can be described as
follows:*
H,0
CH3NH;Pbl; (s) Z—> Pbl, (s) + CH3NH;l (aq.)

CH;NH;l (ag.) = CH5NH, (aqg.) +HI (aq)

4HI (aq.) +O, = 2l,(s) + 2H,0(I)

It should be noted that this mechanism has been proposed to explain the
degradation of perovskite once the film has been formed and, therefore, it does
not affect the formation of the adduct intermediate explained above. On the
other hand, at temperatures higher than 150°C, MAPbI; is degraded into its
components as:*®

A
CHsNH,Pbl, (s) = Pbl, (s) + CH;NH,! (aq.) + HI (aq)
3NF3FDI3 <

An important fact regarding stability is the composition of the perovskite itself.
It was already explained in the previous Chapter that the introduction of ions
with different sizes in the perovskite crystal leads to different values of the
tolerance factor and octahedral factor. This gives rise to perovskites with
different optoelectronic properties and stability. For example, for MAPbI;, the
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partial substitution of MA cation by other cations such as FA, Cs, guanidinium
(Gua) or rubidium (Rb) has brought improvement in stability mainly under
humidity and illumination.**** On the other hand, the presence of Br_ in mixed
anions perovskite enhances the stability of material in humidity and under
illumination but decrease the device performance. *°
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Material and Methods

This Chapter consists of an experimental section in which materials and
methods used for the synthesis, preparation and characterization of perovskite
layers are described. A fundamental description of the small perturbation
optoelectronic techniques is also brought. Finally, the fabrication of perovskite

devices under dry and wet conditions is shown.
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3.1 Characterization techniques

3.1.1 Structural characterization

The morphological and compositional characteristics of the perovskite films
were analysed using microscopy and spectroscopy techniques.

3.1.1.1 Scanning electron microscopy (SEM) and electron dispersive
spectroscopy (EDS)

SEM is a type of microscopy that is capable of obtaining information of the
sample in the range of Angstroms. When an electron beam streaks the surface
sample, a wide range of electron-sample interactions produce different signals.'
In this thesis, the secondary electrons are analysed by an In Lens-type detector
which provides us information about the morphological characteristics and the
thicknesses of the different layers that composed the PSC (Fig. 3.1). The signal
from the backscattered electros (BSE) has also been detected to obtain
information about the composition of the different layers.

For a deeper compositional analysis, EDS detection can be used. An EDS
detector collects X-rays emitted by the electron-atom interactions at the electron
cores. From the X-rays signal, the chemical elemental composition of the
sample can be determined.
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Figure 3.1. Scanning electron microscopy (SEM) images of samples prepared in this thesis: (left)
cross-section of a FTO/c-TiO,/m-TiO/MAPDI;/Spiro/Au device and (right) plane-view of a
MAPDI; perovskite film fabricated under ambient condition.

SEM and EDS images have been obtained with a Zeiss GeminiSEM-300
microscope working at 2 kV and using a Nordlys Max3 detector (Oxford
Instruments) for SEM images and a Silicon Drift Detector (Oxford Instruments)
for EDS mapping.
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3.1.1.2 X-Ray Diffraction (XRD)

XRD is the most widely used technique for the identification of crystalline
phase of materials. When a beam of X-rays incidents on the sample, the
crystalline structures from that sample diffract the beam into many specific
directions. By measuring the angle and intensities of the diffracted beams, the
crystalline structure can be determined.

In this thesis, XRD has been used to confirm perovskite formation in standard
and novel protocols. It has also been very useful to analyse the impact of high
humid environmental conditions on the composition of the perovskite films (see
Chapter 7) as well as to determine the phase crystalline of the MAPbI;
perovskite films and the Pbl,/MAPDI; ratio (see Chapter 10). As an example,
in Figure 3.2, a X-ray powder diffractogram for MAPbI; perovskite prepared in
ambient conditions is shown. Peaks corresponding to a tetragonal MAPbI;
perovskite and Pbl, can be clearly identified.
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Figure 3.2. Diffraction peaks found for a thin MAPbI; perovskite film. This perovskite was
prepared under 10 mbar of partial water pressure and using a ratio DMSO: Pb," equal to zero in
the preparation procedure (see Chapter 10 for details).

3.1.1.3 X-ray Photoelectron Spectroscopy (XPS)

XPS was used to analyse the chemical composition and the oxidation state of
atomic constituents of perovskite films. In this thesis, XPS has been used to
detect the presence of water in the crystalline structure of a perovskite. The XPS
spectra were recorded using a Kratos Axis UltraDLD spectrometer, with
monochromatized Al Ka radiation (1486.6 eV), 20 eV pass energy, and an
accuracy of 0.1 eV. Electrostatic charging effects can be stabilized with the help
of a specific device developed by Kratos. To avoid excessive moisture
absorption during handling, samples are kept in dry sealed boxes after
preparation and opened just before the XPS analysis.
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3.1.2 Optical spectroscopy

An analysis of the spectral dependence of the light absorbed and emitted by
perovskite films have been performed for the PSC using ultraviolet-visible
(UV-Vis) and photoluminescence spectroscopy, respectively.

3.1.2.1 UV-Visible spectroscopy

UV-Vis absorption spectroscopy measures the attenuation of a light beam after
it passes through a sample or after reflection from a film surface. According to
the Beer-Lambert Law, the concentration of an absorbing compound (c) is
linearly related to the absorbance A4 as

A=—logT=logIT°=£lc 3.1

where T is the transmittance, /, is the incident intensity, / is the transmitted
intensity, € is the molar absorption coefficient and / is the length over which
attenuation occurs.” The UV-Vis measurement is useful to detect and quantify
compounds in the sample that absorb ultraviolet and visible electromagnetic
radiation. From this measurement, the reflection of the incident light by the
sample can be determined using the formula A+7+R =1, where 4, T and R are
the relative intensities of absorbed, transmitted and reflected radiation,
respectively.

From UV-Vis spectra it is possible to determine the optical band gap of an
active material using a Tauc plot.’ For a direct allowed transition, the optical
band gap from the perovskite can be calculated by the equation

(hysﬁ = A(hy-Ey) (3.2)

where / and y are the Plank constant and frequency respectively. E, is the band
gap and 4 is a proportionality constant. In this work, the UV—visible absorption
spectra have been recorded by using a Cary 100 UV—vis spectrophotometer
(Agilent) in the range of 200-800 nm.

3.1.2.2 Photoluminescence spectroscopy

To analyse charge separation at the perovskite/contact interface,
photoluminescence (PL) measurements have been performed.

In PL measurements, one records the light emitted from a substance when it is
illuminated by an optical excitation at a certain wavelength. As electrons fall
from excited states to the ground state during the relaxation process light is
emitted producing a signal. The PL signal intensity depends on the radiative
recombination processes inside the active layer and it is consequently a direct
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function of the population of the excited state. If there are processes that
compete with the radiative recombination the PL signal get reduced
(“quenched”). This is precisely the case when a perovskite layer is placed in
contact with an electron or hole selective contact.

The intensity of the PL signal is a direct measure then of the capability of the
ESL and HSL to extract the photogenerated electrons and holes from the
perovskite layer, respectively. ** Figure 3.3 shows an example of PL spectrum
for mixed cation perovskite. PL measurements have been performed using a
Hitachi F-7000 Fluorescence spectrophotometer.
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Figure 3.3. Photoluminescence spectra of FA(g3;MA, 17Pbl; films deposited on TiO, substrates
from precursor solution with different DMSO:Pb* ratios.

3.1.3 Intensity current-voltage (IV) curve

The IV curve is the most important characteristic of a solar cell. To obtain an IV
curve, the photocurrent density is recorded while a linear variable external
potential is applied to the device under illumination (Fig. 3.4)

As it was explained in Chapter 2, the photovoltaic behaviour of a solar cell can
be described by the diode equation (Eq. 2.14) for which the maximum
generated photocurrent (short circuit photocurrent density - Jsc) is obtained
when the applied voltage (V,,,) is zero. Under forward potential, the
photocurrent stays constant until it balanced to zero. In this point, the potential
difference between the terminals has its maximum value (V,,, corresponds to
Fermi Level splitting under illumination), the open circuit voltage, Voc. °
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-2

Photocurrent density / mA-cm

Potential / V

Figure 3.4. An example of the IV curve of a solar cell obtained under illumination. In the graph
the main photovoltaic parameters are indicated: J. short circuit photocurrent density, V,. open
circuit voltage, P,,, maximum power point, J,,, photocurrent density at P,,,, V,,, voltage at P,,,.

From the IV curve under illumination different parameters can be extracted
(Fig. 3.4). One of them is the maximum power point (P,,). This parameter
corresponds to the point where the product of photocurrent density and voltage
reaches its maximum (P,, = J-V). The current and voltage associated to that
point are expressed as J,,, and V,,,, respectively.

Considering the J,, V., Jsc and Voc it is possible to estimate the “squareness”
of the IV curve, which defines the fill factor (FF) as

_ Jmp'Vmp
= e G-3)
Another parameter, the power conversation efficiency (PCE) of the device is
given by
PCE = hscoc ™ (3.4)

where Py, is the incident light power density.

From Eq. 3.4, for given Jsc and Vyc values, a lower PCE is expected for lower
fill factors. The FF is also affected by series resistance (R;) (resistance of the
cell material to the current flow) and shunt resistance (Ry;) (resistance due to the
leakage of currents through the device, around the edge of the device and
between contacts of different polarity).7 The R, and R,, can be estimated from
the IV curve by the inverse slope near the Voo and Jsc, respectively. An
example of how the IV curve shape is affected by the R and Ry, is shown in the
Figure 3.5.

In this work, two different light sources have been used to register the IV curve
of solar cells:
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1. A solar simulator (ABET-Sun2000) with an AM 1.5G filter is used to
study the response of solar cells to the illumination and to obtain the
photovoltaic paramerers describe above. The light intensity is calibrated at 100
mW -cm * using a reference monocrystalline silicon solar cell with temperature
output (ORIEL, 91150). Typically, we have used a metal mask to define an
active area of 0.16 cm’. As standard measurement, IV curves were obtained
using a scan rate of 100 mV/s and a sweep delay of 20 s.

2. An alternative illumination system based on different light emitting
diode (LED, LUXEON) has also been used. The light intensity is recorded
using a reference solar cell with temperature output (Oriel, 91150). The current-
voltage characteristics is obtained by applying an external bias to the cell and

then the photocurrent response is measured using an Autolab/PGSTAT302N
potentiostat.
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Figure 3.5. An example of the influence of a series resistance, R, (red line) and shunt resistance,
Ryp (blue line) on the IV curve.

3.1.4 External Quantum Efficiency (EQE)

The EQE, also know as IPCE (Incident-Photon-to-Current-Efficiency), is
defined as the number of electrons delivered to the external circuit with respect
to the number of incident photons, for a given wavelength,

_ h-cJsc (D) .
EQE ()\)_—e”“ghtm 100 (3.5)

where c is the light velocity, A is the wavelength, e is the elementary charge, Js¢
is the short-circuit photocurrent at a given wavelength and Py, is the power
densisty of the incident light. In practical terms the following formula is
commonly used:
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Jsc)
EQE (A) = 1240 - ————-100 .
QE (1) A-Plight(A) (3.6)

. 2 2 .
here, Jgc and Py, are expressed in mA-cm™ and W-m™, respectively.

As it was mentioned in Chapter 2, the EQE depends upon three different
processes that determine the photon-to-electron conversion in a solar cell’ (see
Eq. 2.13 and Fig. 2.6) :

1. The absorption coefficient of the active material, e.g. the dye and the
perovskite in DSSC and PSC, respectively.

2. The efficiency of charge separation which is governed by the interfacial
charge transfer processes.

3. The efficiency of charge collection at the contact, which is related to the
charge recombination.

Thus, electronic and optical properties from the devices can be extracted by this
measurement. Figure 3.6 shows an example of EQE spectrum for MAPbI;
perovskite devices.
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Figure 3.6. EQE measured for a MAPDI; perovskite solar cells with mesoporous TiO, and spiro-
OMeTAD as electron and hole transport materials, respectively. Empty symbols indicate the
calculated integrated short circuit current of the corresponding EQE curve, using the AM1.5G
solar spectrum (see Eq. 2.12 in Chapter 2).

From EQE spectra, internal quantum efficiency (IQE) can be also extracted. The
IQE is defined like the fraction of absorbed photons that are being converted to
electron-hole pairs in the device. The IQE is calculated by

IQE = EQE 3.7)
Ag

where A4, is the absorptance of the material (//7, with T the transmittance). A,
includes absorption, reflection and dispersion losses. IQE measurement
normalizes the EQE by the actual light harvesting efficiency, and thus provides
useful information about the internal electrical properties, that is, processes 2.
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and 3. as described above: efficiency of charge separation and efficiency of
charge collection.®

3.1.5 Small-perturbation electrochemical techniques

Electrochemical small-perturbation techniques are powerful tools to
characterize solar cells such as DSSC and PSC. These techniques make it
possible to extract information about dynamical electrical processes occurring
in solar cells. In this type of experiments, a sinusoidal modulation in light
intensity or voltage is superimposed on a dc component and the phase and
magnitude of the response relative to that input is measured. The modulation
amplitude is small enough to ensure a linear response of the system. The
measurement comprises a wide range of frequencies (mHz to MHz),
corresponding to timescales relevant for processes occurring in the
photoconversion process of the solar cell or any other photoelectrochamical
system. In this thesis, the small-perturbation electrochemical techniques utilized
comprise Impedance Spectroscopy (IS) and Intensity-Modulated Photocurrent
Spectroscopy (IMPS). The Nova 1.7 software NOVA has been used to generate
IS and IMPS data.

3.1.5.1 Impedance spectroscopy (IS)

IS allows to distinguish between resistive and capacitive processes occurring in
the device at different time scale, including electron transport, recombination
and processes related to ionic motion. *'*'?

In IS, the potential applied to the solar cell is perturbed by small amplitude
sinusoidal modulation and the resulting sinusoidal current response is measured
for different the modulation frequencies (Fig 3.7).

— Volage ||
= Current

Time

Figure 3.7. Sinusoidal current response in a linear system. The graph shows that shift that may
exist between input (voltage) and output (current).

The impedance measurement describes the electrical resistance (R) in an
alternating current (AC) circuit. In other words, impedance measures the ability
of a circuit to resist the flow of electrical current. For a direct current (DC)
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circuit, the ratio between potential (V) and current (/) is given by the well-
known Ohm’s Law

V=I-R (3.8)

where V, I and R are expressed in volt, ampere and ohms, respectively.
However, for an alternating signal, this expression is adapted to

V=I-Z (3.9)
where Z is the impedance of the circuit, which also has units of resistance
(ohms). In the most common IS theoretical description, it is convenient to
describe the current and potential like a vector rotating with a constant angular
frequency e = 2xf, where f'is the frequency in s or Hz and w is in radians s°
' Hence, the excitation signal can be written as:

V(w)=Vy sin wt (3.10)

here, V(w) is the AC potential applied to the system and Vo is the amplitude
signal. On the other hand, the sinusoidal current response will show an
amplitude and phase shift, and the same frequency, with respect to the applied
potential. Thus, the AC electrical current response signal (/(w)) can be
represented as

I(w)=I) sin (vt + @) (3.11)

where /o the amplitude and ¢ the phase shift (Figure 3.7). The phase represents
the time lag of the current with respect to the voltage. From Egs. 3.9, 3.10 and
3.11 we can express the impedance analogously to Ohm’s Law such as

V(w) _ Vpsinwt
I(w) I sin (wt + ¢)

Z(w) = (3.12)

The use of complex numbers simplifies mathematical operations. Using Euler’s
equation

el® = cos 0 + j sin® (3.13)

It is possible to write the potential applied and the current response in complex
form

V(w) =V, - et (3.14)

I(w) =1, - el@t+e) (3.15)
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The usefulness of complex numbers is demonstrated when the complex forms
of voltage and current (Eqgs. 3.14 and 3.15) are introduced in Eq. 3.12. The
exponential exp(jwt) cancels out, so that

v, . .
7= I—e']“’ = Zye7? (3.16)
0

Using again Eq. 3.13, it is possible to represent the impedance of
electrochemical processes as

ZoeI? = Zycos (¢)-Zg j sin(e) (3.17)

which shows that the impedance has a real Z” and an imaginary part Z"’, both
containing the phase shift o phase angle ¢ as primary piece of information. As
this phase shift is in principle different for each frequency w probed in the
experiment, we can write the impedance response of a sample

Zw)=Z(w)+jZ"(w) (3.18)

On the basis of Egs. 3.16 and 3.18, there are two fundamental ways to represent
impedance results:

1. Nyquist Plot: imaginary (Z"") versus real (Z’) impedance plot.

2. Bode plot: magnitude (|Z]) versus frequency plot and phase (¢) versus
frequency plot.

While the Nyquist plot do not contain all the information about frequency
explicitly, the Bode plots contain all the necessary information.'* Indeed,
frequency-dependent apparent capacitance can be obtained from Bode plot (Fig.
3.9C), which shows information about different polarization processes.””'* An
example the Nyquist and bode plot from a very simple equivalent circuit
commonly used in many systems (including solar cells) is displayed in Figure
3.8.
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Figure 3.8. (A) Nyquist Plot and (B) Bode Plot obtained from equivalent circuit inserted Rs-(RC)
(inset of A)
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As shown in Figure 3.8 and discussed above, the response of many
electrochemical systems is a signal in the first quadrant, corresponding to
negative values of the imaginary part of the impedance. Nevertheless,
impedance spectra many times include values in the second quadrant,
corresponding to a “negative capacitance”.

To understand impedance spectra, IS data are usually fitted to equivalent
circuits. From the fitting, parameters such a resistance, capacitance and less
commonly, inductances, as well as their product (time constants) can be
extracted for each feature observed in the impedance spectra and related to the
operation model of the device. It must be noted that there is not a unique
equivalent circuit that fits reasonably well given Nyquist/Bode plots, as several
different equivalent circuits can approximate the experimental data.'® For this
reason it is very important that the equivalent circuit chosen, not only serves its
fitting purpose well, but it must have a physical meaning too.

For instance, to fit the Nyquist plot shown in Figure 3.8.A, a simple equivalent
circuit can be used (inset of Fig. 3.8 A). This model consists of the combination
of a resistance in series (R;) with a RC element. The RC element includes a
capacitor (C) in parallel to a resistance (R). The C, measured in farads, and R,
measured in ohms, in parallel define the time constant, 7 = R-C, measured in
seconds. This time constant defines the relaxation time of the system.

Using Kirchoff’s circuit laws,' it is easy to demonstrate that the impedance of

the circuit of Figure 3.18 is
1 -1
Z(w) = Rg + (ﬁ + jooC) (3.19)

which corresponds to a semicircle in the first quadrant, whose origin on the
real-part axis is given by Rj.

For real systems such as DSSC and PSC, a depressed semicircle in the complex
impedance plane can be observed in the Nyquist plot. Currently, this behaviour
has not been completely explained, but it is usually associated with surface
porosity and roughness at an electrode as well as chemical reactions that
involve several steps.”” In any case, a Constant Phase Element (CPE) replaces
the capacitance C in the equivalent circuit. The impedance of a CPE can be

expressed as,

B
LZepe =T (3.20)

jo!
where B and n are the frequency-independent parameters of the CPE (0 < n <
1). For n = 0, and n = 1, CPE comes a resistor and a capacitor, respectively.
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It is generally accepted that if n > 0.8, CPE can still be seen as capacitor whose
capacitance is given by’

o Re B/

(3.21)
Ret

In PSC, two well-distinguishable time constants are usually observed, resulting
in two semicircle or arcs in the first quadrant of the complex plane or two peaks
in the Bode plots (Fig. 3.9A and 3.9B). The meaning of these signals has been
widely discussed in the literature.'"*** In particular, the high frequency (HF)
region (up to 10*-10° Hz) has been mainly associated to the electronic transport
and recombination processes either in selective layer or in the bulk of the
perovskite absorber,”'""'> whereas the low frequency (LF) region (< 10°-10° Hz)
is attributed to the diffusion of ions and charge accumulation at interfaces.”***
On the other hand, different polarization processes result in different plateaus
for apparent capacitance-dependent frequency plot (Fig. 3.9C).”"'® The HF
component is determined by the dielectric polarization of the perovskite in the
bulk, whereas the LF plateau has been associated with the ETM/perovskite
interface charge accumulation.”
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Figure 3.9. (A) Nyquist Plot, (B) Bode Plot and (C) apparent capacitance-dependent frequency
Plot obtained from equivalent circuit inserted in A.

For these types of impedance spectra, it has been reported a wide variety of
equivalent circuit common which be able to fit experimental data equally.lo
From them, the most frequently used is the Voight circuit which contains
different RC elements connected in series.'"® This equivalent circuit is inserted
on Figure 3.9A and it has been chosen to fit impedance data of the PSCs from
this thesis. R/ and R2 are the resistance of the electrochemical processes
happening at HF and LF, respectively, while CPE] and CPE? are used to model
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the capacitive elements for those signals (depressed semicircle are usually
obtained).

Currently, there are several software which allow us to simulate and fit data
from IS. For this work, ZView software (Scribner Associates Inc.) has been used
to fit impedance spectra to the equivalent circuit and to obtain parameters such
as Rs, recombination resistance and capacitance.

As mentioned above, from these capacitive and resistance data, the time
constant of each process can be calculated as

T = Ri . Ci (322)
But also, 7 can be obtained from the corresponding frequency peak as
1
L= 3.23

In this thesis, IS measurements have been mainly carried out at the open-circuit
potential under varying DC illumination intensities to achieve different
positions of the Fermi level in the semiconductor. However, in some cases
measurements away from short-circuit conditions and varying DC potential
have also been performed. The impedance response has been measured using a
potentiostat PGSTAT302N/FRA2 Autolab and the NOVA 1.7 software is used
to analyse the data.

3.1.5.2 Intensity-modulated photocurrent spectroscopy (IMPS)

In IMPS measurements, solar devices are perturbed by a small amplitude
modulation of the photon flux incident (optical perturbation) on the cell
superimposed on a steady-state illumination level. Then, the magnitude and the
phase of the frequency-dependent photocurrent response at short circuit are
recorded. In analogy to Eqs. 3.11 and 3.12, the IMPS transfer function (V) is
defined as

Y(@) = J(w) _ Josinwt (3.24)
)= I(w) Iosin(wt + @) '
and
Y(w) = Yy cos @ -Yyjsing (3.25)

where /(w) is the incident light flux signal. Note that Y is nothing else but a
frequency-dependent EQE. The zero frequency limit of the transfer function (@
- 0) should then reproduce the stationary value defined by Eq. 3.6.
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Figure 3.10. Frequency plot of the imaginary part of the IMPS transfer function in
MA, ¢FA.4Pbl; perovskite solar cells at 258K.

In IMPS is also possible to determine the time constant (zups) for the
photocurrent response which could be a signature of transport, recombination
and other kind of processes occurring in the device.'' For PSC, three peaks are
usually observed in different frequency range for the Bode plot, Figure 3.10.
According to the literature,'*’ the two peaks at HF, (around 10* and 10° Hz)
are associated with the electron transport in the perovskite layer or the
mesoporous TiO, network. While, the LF peak (about 1 Hz) has been attributed
to the ionic reorganization movements.

In this thesis, IMPS has been measured by wusing a potentiostat
PGSTAT302N/FRA2 module coupled to a LED via an AUTOLAB LED driver.
The light perturbation corresponds to 10% of the DC background illumination
intensity in all case.

3.2 Fabrication of perovskite solar cells

Fabrication of perovskite solar cells, which are apt for fundamental
characterization and testing, is a very critical and delicate procedure. In this
section we focus on the preparation of the perovskite layer as well as the
fabrication and deposit of the electron and hole selective contacts. In appendix,
some important details to prepare reproducible and high efficiency PSCs are
listed. Also the materials and chemicals used for fabricating these devices are
collected in the Table A-3.1 in appendix A.
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3.2.1 Substrate cleaning

FTO TECI15 (Pilkington, resistance 15Q/square, 82-84.5% visible
transmittance), patterned by laser etching, is used as substrate. Firstly, the
glasses are brushed using Hellmanex solution in water (2:98 vol %) and rinsed
with deionized water. The glasses are washed using an ultrasonic bath and the
following the solvent sequence: 1. Hellmanex solution; 2. Deionized water; 3.
Ethanol; 4. Isopropanol. For every solvent, the substrates are sonicated for
15min. The isopropanol has to be dried with compressed air. Immediately after
that, the substrates are annealing at 500 °C for 5 min to remove the organic
matter (30 min are required to reach the 500 °C). For this step, a high-
temperature furnace is used. Finally, FTO glasses are left to cool down to room
temperature.

3.2.2 Electron selective contact
3.2.2.1 TiO, compact locking layer (¢-TiO,)

TiO; blocking layer is deposited onto hot FTO by spray pyrolysis (Fig. 3.11).
The sprayed solution is obtained by addition of 1 mL of titanium diisopropoxide
bis(acetylacetonate) solution (75% in 2-propanol, Sigma-Aldrich) in 14 mL of
absolute ethanol. The titanium solution is sprayed using oxygen as the carrier
gas. Once the compact TiO, solution is totally spraying, the substrates are kept
at 450 °C for 30 min for the formation of the anatase phase with a thickness of
40 nm. Finally, the substrates are left to cool down to room temperature.

Figure 3.11. 16 substrate placed onto a hot plate where some pieces of glass are covering a side
of FTO. The side protected works like the anode in the solar.

3.2.2.2 TiO; mesoporous layer (m-TiO,)

TiO, mesoporous solution is obtained by diluting a commercial TiO, paste
(Dyesol, 18NRT) in absolute ethanol with a 1:5 weight rate following by strong
stirring. The solution has to be prepared 24h before used it. Once the solution is
completely dispersed, 100 pL are taken and deposited on FTO/c-TiO, by spin-
coating at 2000 rpm for 10 s. Then, the samples are quickly dried at 100 °C for
70



Materials and methods

10 min using a hot plate. Finally, TiO, mesoporous layer (m-TiO,) is sintered
inside a high-temperature furnace using the temperature programme shown in
Table 3.1. The substrates are left to cool down to room temperature. A thickness
of the m-TiO; layer is around 200 nm.

Table 3.1 Temperature sequence to sinterize mesoporous TiO, films.

Step 1 Step 2
Initial temp. (°C) 120 370
Ramp (min) 30 25
Final temp. (°C) 370 500
Hold (min) 10 30

3.2.2.3 TiO; nanocolumns layer (Nc-TiO,)

Ti0O, nanocolumns deposition (anatase phase and amorphous) is carried out in a
microwave electron cyclotron resonance (MWECR) plasma enhanced chemical
vapour deposition (PECVD) reactor working in downstream configuration. The
utilized plasma source is of the SLAN type operated with a power of 400 W
with O, as plasma gas at a pressure of 5-10~ Torr. Titanium tetraisopropoxide,
Ti(OCs;H7)4 (TTIP), is used as precursor bubbled to the plasma chamber by
means of an O, flow. The deposition at room temperature produced the
formation of 1D amorphous TiO, nanocolumns (Nc-amorphous), meanwhile
heating of the substrates during deposition up to 300 °C provided the
crystallization to the anatase phase (Nc-anatase). The amorphous TiO,
nanocolumnar samples are deposited onto a 40 nm compact TiO, thin film
fabricated by electron-beam evaporation using TiO, pellets as target material.
Deposition is carried out under a pressure of 5-10 * mbar by flowing O, into the
chamber to obtain a full oxidation to TiO,. These TiO, layers deposited at room
temperature are amorphous and the crystallization to the anatase phase is
accomplished by annealing the samples in air at a temperature of 450 °C for 1 h.
This compact anatase films is deposited to provide a crystalline layer that
facilitates the electron transport at the interface with the FTO.

3.2.3 Perovskite film deposition

Two different laboratory recipes have been employed in this thesis to prepare
perovskite films: under environmental conditions (humid conditions) or inside a
glove box (dry conditions).
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3.2.3.1 Perovskite deposition at environmental conditions

Organic-inorganic halide perovskite

Two type of organic-inorganic halide perovskite have been deposited at
humidity conditions: MAPbl; and FA(s3sMAg,Pbl;. The preparation and
deposition perovskite precursor solutions are organized in three steps (Scheme
3.1): 1) obtaining a perovskite solution 1.5 M; 2) diluting the perovskite
solution 1.5 M to obtain a perovskite precursor solution 1.35 M by taking into
account the content of H,O in the environment; 3) deposition of the perovskite
precursor solution by spin coating.

1) Perovskite solution

A
—_—> _— «—
Perovskite 1.5 M

Pbl, + DMF +DMSO Organic cations
(MALI, FAI)

2) Perovskite precursor solution

DME/DMSO for different Perovskite 1.35 M

molar ratio DMSO: Pb**

3) Deposition of the perovskite precursor solution

Perovskite solution 1.35M O Et,0

T T A

e : E—
Scheme 3.1. Scheme to the preparation of perovskite solutions (step 1 and 2) and deposition of
perovskite under ambient conditions (step 3).

1) Perovskite solution 1.5 M
Inside a glove box, the precursors of the MAPbI; perovskite are set aside to

obtain a molar ratio 1:1:1 in methylammonium iodide (MAI), lead (II) iodide
(Pbly) and (dimethyl sulfoxide) DMSO. While FA(s3sMA, 7Pbl; is prepared
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with a molar ratio 0.83:0.17:1:1 in formamidinium iodide (FAI), MAI, Pbl, and
DMSO. The solvent used is N,N-dimethylformamide (DMF) in a volume ratio
of 1:0.095 DMF/DMSO. It is important that, firstly, the Pbl, is dissolved in the
DMSO/DMF mixture. For this, the solution has to be warmed at 100 °C without
stirring. Once the lead solution is completely homogeneous, it is left to cool and
then mixed with the organic cations outside the glove box. In this way, 1.5 M
perovskite solutions are obtained.

2) Perovskite precursor solution 1.35 M

Outside the glove box, the ratio DMSO:Pb*" in the perovskite solution above
needs to be adapted to amount of water vapour present in the atmosphere. Both,
H,0 and DMSO compete to coordinate with the lead atom for generation of the
Pbl,:MAlL:additive complex (see Chapter 2).*® In general, the higher H,O
amount in the ambient (in the laboratory), the smaller DMSO amount should be
used in the perovskite precursor solution. Therefore, the perovskite precursor
solution 1.35 M is obtained by diluting the 1.5 M perovskite solution with a
solvent mixture (DMSO/DMF) with a ratio of 1:0.46 V/V %.

Table 3.2. Volume ratio DMSO/DMF (%) for different molar ratio DMSO: Pb*" in the
MAPDbI; perovskite precursor solution.

DM oo 2+ DMSO (V %) DMEF (V %)
0 0 100
0.5 7.7 92.3
0.75 17.5 82.5
1.0 23.0 77.0
1.25 264 73.6
1.5 30.6 69.4

This DMSO/DMF mixture is prepared taking into account the H,O amount in
the environment as well as the molar ratio of DMSO:Pb*" in the resulting
perovskite precursor solution (Table 3.2). In the Chapter 10 we will discuss in
detail how the amount of water in the air has to be correctly considered for a
given temperature and relative humidity ratio to obtain high efficiency PSC
devices.

3) Deposition of the perovskite precursor solution

Once the perovskite precursor solution is adjusted to ambient conditions, it is
deposited on the FTO/c-TiO»/x-TiO, substrate (x= mesoporous, amorphous and
anatase nanocolumns) and then spin-coated in a one-step setup at 4000 rpm for

50 s. During the spinning, DMF is selectively washed with a non-polar solvent
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as diethyl ether just before the white solid begins to form in the substrate (Fig.
3.12 left). Afterward the substrate is annealed at 100 °C for 3 min to obtain a
crystalline MAPDI; films (Fig. 3.12 right) of thickness about of 400 nm with
tetragonal phase. For the FA(s3sMA, 7Pbl; films, the substrate is annealed at
150 °C for 15 min.

Figure 3.12. (Left) White solid formed on the substrate when the antisolvent is not added during
the spin-coating step. (Right) MAPbI; perovskite film fabricated at ambient conditions.

Fully Inorganic perovskite

CsPbBr; based devices are prepared in this thesis by a two-step sequential
deposition technique. Firstly, dissolution of PbBr, in DMF (1M) is prepared by
heating at 75 °C for 20 min and filtered (pore size 0.45um). This solution is
spin-coated (2500 rpm for 30 s) on FTO/c-TiO,/m-TiO, substrate. During the
deposition process, the dissolution is kept at 75 °C. Afterward, the substrates are
dried on a hot plate at 70 °C for 30 min and then dipped for 10 min in a solution
of 17 mg/mL CsBr in methanol at 60 °C. Subsequently, the substrate is annealed
at 250°C for 10 min.

3.2.2.2 Perovskite deposition inside a glove box

Depending on the desired composition of perovskite, different perovskite
precursor solutions are prepared inside an argon glove box under controlled
moisture and oxygen conditions (H,O level: <1 ppm and O, level: <10 ppm):

MAPbI;

The pure methylammonium perovskite precursor solution is prepared by mixing
1.2 M MALI and Pbl, with a 1:1 molar ratio in DMSO. First, the lead salt needs
to be dissolved in DMSO by annealing a 70 °C overnight, then it is left to cool
down to glove box temperature. Finally, the MAI is added to the Pbl, solution
and stirred for a few seconds (10-20 s).

Thinner and thicker perovskite films have been obtained changing the Pb*
precursor concentration (0.8 M and 1.4 M).

MAsFAp4Pbl;
The double cation (with only iodide as anion) perovskite precursor solution is
composed of 1.2 M MAI, FAI and Pbl, (0.6:0.4:1.5 molar) in DMSO (15%
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excess Pbl,). As for pure methylammonium perovskite, first the lead salt has to
be dissolved in DMSO to add the organic cations.

FAgssMAo.15Pblo.ssBro.is

The double cation perovskite (with iodide and bromide as anions) is prepared
by dissolving FAI, MABr, Pbl, (1.2 M) and PbBr, (0.85:0.15:1.5:0.15 molar,
(15% excess Pbl,)) in a mixture of solvents DMSO/DMF (1:4 V/V %). It is
important that, first, the lead salts are dissolved in the DMSO/DMF mixture.
For this, the solution has to be warmed at 80 °C without stirring overnight. The
solution is left to cool down to room temperature and added to the MAI and
FAIL Thinner and thicker perovskite films have been obtained changing the
precursor concentration (Pb*" = 0.8 M and 1.4 M).

CsoosFAg.s1 MAg 14Pbly g5 Bro s

The triple cation perovskite is prepared by dissolving FAI (1.01M), MABr (0.20
M), Pbl, (1.21 M) and PbBr; (0.20 M) in a mixture of solvents DMSO/DMF
(1:4 V/V %). It is important that, firstly, the lead salts are dissolved in the
DMSO/DMF mixture. For this, the solution has to be warmed at 80 °C without
stirring overnight. The solution is left to cool down to room temperature and
added to the MAI and FAIL. After that, Csl (5 wt %) is added (from a stock
solution 1.5 M in DMSO) to the precursor solution.

The perovskite precursor solution desired is dropped on the substrate and then
spin-coated in a two-step setup at 1000 and 6000 rpm for 10 and 20s,
respectively. During the second step, 110puL of chlorobenzene is dropped on the
spinning substrate 15 seconds before the end of the spinning program. The
samples are then annealed to 100 °C for lh in the argon filled glove box.
Different thicknesses are obtained depending on the perovskite composition,
3.4.

Table 3.4. Thickness obtained for different perovskite composition and precursors concentration
when they are deposited by spin coating in two steps: 1) 1000 rpm, 10 s; 2) 6000 rpm, 20 s.

. Concentration Pb2+ Thickness
Perovskite
M] [nm]
0.8 300
MAPbI;
1.2 500
MAy sFAy4PbI; 1.2 300
0.8 300
FAgssMAy sPblyssBro s 12 500
Cso.osFAg.si MAg 14Pblyss Bros 1.4 950
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3.2.4 Hole selective contacts

3.2.4.1 Spiro-OMeTAD

A 59 mM solution of 2,2°,7,7-Tetrakis(N,N-di-pmethoxyphenylamine)-
9,9 spirobifluor-ene (spiro-OMeTAD) in clorobencene is used as hole transport
material. This solution is prepared dissolving the 72 mg of spiro-OMeTAD in
ImL of chlorobencene. After this, 17.5 pL of lithium bis- (trifl
uoromethylsulphonyl)imide (LiTFSI) stock solution (520 mg of LiTFSI in 1 mL
of acetonitrile), and 28.8 puL of 4-tert-butylpyridine (TBP) are added like
additives.

A 50 pL of the spiro-OMeTAD solution is deposited on perovskite.
Immediately after this, the HTM is spin-coated at 4000 rpm for 30 s. In this
way, a purple spiro-OMeTAD film with a thickness around 600 nm is obtained
(Fig. 3.13A). For perovskite film fabricated inside a glove box, spiro-OMeTAD
solution is doped with 21.9 pL of a cobalt (III) salt (FK209 (tris(2-(1Hpyrazol-
1-yl)-4-tert-butylpyridine)-cobalt(I1I)tris(bis(trifluoromethyl-sulfonyl)imide))
stock solution (400 mg in 1 mL of acetonitrile)) as well.

3.2.4.2 P3HT

For the preparation of this HTM, 15 mg/mL of poly(3-hexylthiophene-2,5-diyl)
(P3HT) in chlorobencene is dissolved and doped with 6.8 mL of LiTFSI stock
solution (28.3 mg/mL of LiTFSI in acetonitrile). To deposit the P3HT on the
top of the perovskite film, 50 pL of the HTM is placed on the substrate and
spin-coated at 4000 rpm for 20 seconds.

3.2.5 Metallic back contact

3.2.5.1 Gold evaporation

Before the gold deposition, selective contacts (m-TiO, and HTM) and
perovskite layer are removed from part of substrate to facilitate the deposition
of gold contact directly on FTO (Fig. 3.13B). Then, the samples are covered
with a mask to define the electrodes (1.5 x 0.3 ¢cm?) and transferred into a gold
evaporator (Fig. 3.13D). Finally, a 60 nm layer of gold is deposited by thermal
evaporation under a vacuum level between 1-10 ® and 1-10° torr.
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Figure 3.13. Imagenes of (A) spiro-OMeTAD film on MAPbI;, (B) substrate with scratched
anode, (C) peorvskite complete device and (D) mask for gold deposition.
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Chapter 4

Specific Cation Interactions as the
Cause of Slow Dynamics and
Hysteresis in the Dye and
Perovskite Solar Cells

Hysteresis is one of the most remarkable features of perovskite solar cells;
however, it is also present in other kinds of devices such as dye-sensitized solar
cells. Hysteresis is due to underlying slow dynamic processes that interfere with
the process of charge separation that depends critically on the selective
contacts used. In this Chapter we focus on the low-frequency (0.1-10 Hz)
dynamics using small-perturbation optoelectronic techniques and found that
both perovskite solar cells (PSCs) and ‘*viscous electrolyte containing’’ dye-
sensitized solar cells (DSSCs) can be described on the same fundamental
grounds. We find a connection between the polar nature of the cations and the
low-frequency component of these solar cells. There is evidence that in both
cases ion transport and specific chemical interactions with the TiO, surface

give rise to the slow dynamics and the hysteresis.
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4.1 Introduction

Despite perovskite solar cells have undergone a rapid development in the last
few years, mainly in terms of efficiency,' the origin and behaviour of many
physical processes are not yet completely understood.

One of these processes is the hysteresis found in the current—voltage
characteristics (IV curves). As a result of this hysteretic behaviour, the real
photovoltaic performance is difficult to be determined using the conventional
IV curve method. The shape of the curve dramatically depends on the scan rate,
voltage sweep direction and pre-polarization time (poling).>”’ Thus, the output
current while sweeping the voltage could lead to an overestimation or
underestimation of the real efficiency. The hysteresis not only depends on the
conditions under which the IV curves are recorded, but also on other factors
related to the device configuration such as the charge selective contacts
(structural properties and the nature of n- and p-type contact crystal formation
and deposition techniques).* "' Additionally, rapid degradation and low stability
have also been found for PSCs characterized by a pronounced hysteresis.*'?

13-16 3,4,17,18

Ferroelectric  behaviour, ionic  migration, interfacial ~charge

accumulation due to trapping—detrapping processes ®'’ and structural
changes®™*' of the perovskite material have been proposed in the literature as
possible explanations for this phenomenon. However, recent papers point to the
slow dynamic processes as the origin of hysteresis. In particular, dielectric
relaxation and interfacial charge accumulation processes connected to ion
migration, observed in the seconds—milliseconds time scale, have been pointed

s e - 2,4,10,12,21-25
out as the decisive cause of the hysteresis.”™ ™~

In this connection, it is interesting to stress that the hysteresis is also a feature of
other kinds of solar cells, at is the case of DSSCs.”**’ Yang et al. proposed an
equivalent circuit model to simulate the IV curves of DSSCs and study the
influence of delay times on the hysteresis.”® Yang related the large time constant
of DSSCs to the large capacitance and the slow Nernstian ionic diffusion in the
electrolyte. Sarker et al. developed a theoretical model whose numerical
solution allowed estimating the hysteresis in IV curves of DSSCs.”” The
chemical capacitance of a TiO, photoanode and the double layer capacitance at
the substrate/electrolyte and counterelectrode/electrolyte interfaces were
suggested as the determining factors of hysteresis in DSSCs. Nevertheless, this
model does not consider the ion diffusion in the electrolyte.

In spite of the many papers that have hinted at the effect of ionic motion on the
hysteresis, many points still remain obscure, such as the nature of the moving
species and the specific effects produced by different contacts. In this respect it
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is important to stress that many reports are based on theoretical studies done in
the bulk with no consideration of the effect of specific interactions between the
mobile species causing the hysteresis and the chemical nature of the surface of
the selective contact.

In this Chapter we provide a deeper insight into these hysteresis-determining
factors in DSSCs and PSCs by using impedance and intensity-modulated
photocurrent spectroscopies. DSSCs containing a highly viscous room
temperature ionic-liquid (RTIL) and large organic cations with low mobility
serve as a good model for the processes occurring in the ionic lattice of the
perovskite, because the functioning of a DSSC relies on efficient ionic motion
in the liquid electrolyte. Hence, we study the influence of viscosity of the
electrolyte solvent and the nature of the perovskite organic cations (MA- and
FA- cations) on the hysteretic behaviour of both kinds of solar devices, with the
intention of finding out the common features and the relevant differences. To
perform this study, the viscosity of the electrolyte in DSSCs was controlled not
only by mixing the RTIL with acetonitrile at various mixing ratios, but also by
varying the device temperature up to 318 K, since, as it was indicated in
Chapter 1, a higher temperature the tetragonal to cubic transition appeared for
MAPbDI; perovskite. In this Chapter, we focus on the low-frequency component
of both DSSCs and PSCs in order to determine the slow dynamic processes
causing the hysteresis. Similar features in relation to the hysteresis have been
found.

4.2 Fabrication and characterization of devices
Fabrication of dye-sensitized solar cell (DSSCs)

The working electrodes were made using 12 um thick films consisting of a layer
of 8 pm of 20 nm TiO, nanoparticles (18NR-T, Dyesol) and a layer of 4 um of
400 nm TiO, particles (18NR-AO, Dyesol) with an active area of 0.16 cm”.
Prior to the deposition of the TiO, paste, the conducting glass substrates
(Pilkington—-TEC15) were firstly cleaned in ultrasonic baths of detergents,
deionized water, isopropanol and ethanol successively, and heated to 500°C for
30 min. Secondly, conducting glass substrates were immersed in a solution of
TiCl; (40 mM) for 30 minutes at 70°C and heated to 500°C. The TiO,
nanoparticle paste was deposited onto a conducting glass substrate using the
screen printing technique. The TiO, electrodes were gradually heated under
airflow at 325 °C for 5 min, 375 °C for 5 min, 450 °C for 15 min and 500 °C for
15 min. The heated TiO, electrodes were immersed again in a solution of TiCl,
(40 mM) at 70 °C for 30 min and heated again at 500 °C for 30 min. The dye
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solution was composed of 0.3 mM N719 and 0.3 mM chenodeoxycholic acid in
ethanol. The counter-electrode was made by spreading a Platisol solution
(Solaronix) onto a conducting glass substrate (Pilkington—TECS), followed by
heating at 390 °C for 15 minutes. Finally, the working- and counter-electrodes
were sandwiched together using a thin thermoplastic frame (Surlyn, Solaronix).
The cells were filled with electrolytes of varying composition aimed to tune the
viscosity (see Table A-4.1 in appendix B) through a hole previously made in the
back of a platinized counter electrode. Then, the hole was sealed with a
thermoplastic polymer and a cover slide glass. For more details see appendix B.

Fabrication of perovskite solar cells (PSCs)

Perovskite devices with mesoporous regular architecture were fabricated
following the methodology described in Chapter 3. First, FTO TECI15 were
cleaned following the solvent sequence: Hellmanex solution; Deionized water;
Ethanol; Isopropanol. Then the TiO, compact layer was deposited by spray
pyrolysis. After that, a mesoporous layer of TiO, was deposited on top of a TiO,
compact layer. Then pure methyl ammonium (MAPbI;) and mixed cation
perovskite (MAcFA(4Pbls) were deposited as active layer inside a glove box.
For that, perovskite precursor solutions of 1.2 M were used. The thickness
obtained for the different perovskite compositions are shown in Table 3.4 in
Chapter 3. Later perovskite deposition, spiro-OMeTAD was spin coated.
Finally, 80 nm of gold was deposited by thermal evaporation. (See Chapter 3
for details)

Characterization of devices

The devices were characterized using two different light sources: (1) a solar
simulator (ABET-Sun2000) with AM 1.5G filter and (2) a green light emitting
diode (LED, LUXEON) (see Chapter 3 for details). The current-voltage
characteristic was measured with different scan rates: 200, 100, 50 and 10 mV/s
in the temperature range of 278-338 K. To avoid any degradation process
related with the temperature, the measurements were carried out under N,-
atmosphere. For the time-dependent photocurrent measurements, the devices
were kept in dark at short-circuit condition and then the sample was illuminated
to measure Jsc with time. The illumination for IS measurements was provided
by a green LED over a wide range of DC light intensities. To avoid voltage
drop due to series resistance, IS measurements were performed at the open
circuit potential. A 20 mV perturbation in the 10°-10? Hz range was utilized to
obtain the spectra. IMPS measurements were performed at short-circuit in the
10° to 10”Hz range with a light perturbation corresponding to 10% of the DC
background illumination intensity. The both IS and IMPS were carried out at
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different temperatures. Z-view equivalent circuit modeling software (Scribner)
was used to fit the IS spectra, including the distributed element DX11
(transmission line model) for the DSSC measurements (see Chapter 3 for
details).

4.3 Results and discussion

The power conversion efficiencies for the different DSSCs and PSCs measured
under standard conditions (1 sun - AM 1.5 illumination) were in the range of
0.7-7% and 11-13%, respectively. To test the reproducibility of the samples,
three devices were characterized for each configuration, and no significant
deviations were found between them (see appendix B, Table A-4.2 and Fig. A-
4.2). Note that the large range of efficiencies obtained for DSSCs was a
consequence of the different electrolyte solvents employed in each DSSC
configuration (Table A-4.1).
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Figure 4.1. Normalized (reference voltage: -0.1V) current-voltage curves of DSSCs measured in
the reverse scan (line) and forward scan (dash line) under light intensity of 10 mW-cm-2 using a
green LED. The influence of hysteresis-determining factors is specifically shown: (A) scan rate,
(B) temperature and (C) electrolyte solvent.

Figure 4.1 and Figure 4.2 show current-voltage characteristics of DSSCs and
PSCs of varying composition measured by cyclic voltammetry. The
measurement was started with a reverse scan (to short-circuit condition) after
waiting 10 s at 1 V and 1.2 V for DSSCs and PSCs respectively, and was then
continued with a forward scan (to open-circuit condition). The measurements
were performed with different scan rates (200, 100, 50 and 10 mV/s) and in the
temperature range of 278 — 338 K. In all cases, the photocurrent was normalized
with respect to its value at -0.1V.

In order to quantify the hysteresis effect, we have defined the dimensionless
hysteresis index (HI) in the following way

= (]mp)reverse_ (]mp)forward

(4.1)
(]mp)reverse
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where, J,,, is the photocurrent at the maximum power point. As shown in Figure
4.1, the following trends are observed. As higher RTIL/Acn ratio, lower
temperature and faster scan rate was applied to the device, the hysteresis
becomes more pronounced (higher HJ/) giving rise to significant differences in
the IV curves. In detail, this hysteretic behaviour involves remarkable
differences in the IV curve measured in reverse and forward scans not only
affecting the open-circuit photovoltage or the fill factor but also the short-circuit
photocurrent as shown Figure A-4.3A in appendix B.

As it was explained in Chapter 2, the IV curves are based on the photocurrent
measurement during the stepwise change of the applied bias voltage. Thus, long
delay times at each applied potential, which correspond to slow scan rates, are
necessary to reach the steady-state photocurrent. As it was also previously
reported by X. Yang et al.,” there is hysteresis at open-circuit condition when
short delay times are employed for the IV curves characterization of DSSCs. In
line with our results, higher V¢ values were found in the reverse scan than in
the forward scan. The hysteretic behaviour has been attributed to the slow
Nernstian diffusion of ions in the electrolyte.”® Therefore, it is expected that for
smaller ionic diffusion coefficients, longer delay times (slower scan rates) are
required to measure the steady-state photocurrent. Consequently, for a particular
ionic diffusion coefficient, the faster the scan rate, the more pronounced
hysteresis is found (Fig. 4.1A). In the same way, the higher the solvent
electrolyte viscosity and the smaller the ionic diffusion coefficient, as it is
expected for higher RTIL/Acn ratios and/or lower temperatures, more
pronounced hysteresis at the same scan rate is also found (Fig. 4.1B and Figure
4.1C). This behaviour is in line with the time-dependent photocurrent density
measurements as shown in Figure A-4.4. Before reaching the steady-state
photocurrent, a stronger exponential decay, attributed to the accumulated
capacitive current, was found for the situations of stronger hysteresis (smaller
ionic diffusion coefficients). Different capacitive elements were previously
associated to the hysteresis found in the different regions of the IV curve.”’
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Figure 4.2. Normalized (reference voltage: -0.1V) current-voltage curves of PSCs measured in
the reverse scan (line) and forward scan (dash line) under light intensity of 10 mW-cm™ using a
green LED. The influence of different determining factor-dependence on hysteresis is shown: (A)
scan rate, (B) temperature and (C) perovskite composition.
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In analogy to DSSCs, the hysteretic behaviour appears at open-circuit condition,
short-circuit condition (see Fig. A-4.3B) and at the maximum power point.
Although no bumps are found for the scan rates and poling conditions explored,
bumps have also been observed in PSCs before.” For this reason, we found
more convenient to define the hysteresis index according to"'

HI = (IO.S»Voc)reverse' (]O.S-Voc)forward (4.2)

(]O.S'Voc)reverse

where, Jysro. is the photocurrent at 80% of Voc. (Note that this different
definition of HI does not affect the discussion of the results). In relation to the
scan rate effect, the hysteresis between reverse and forward scans is more
pronounced when faster scan rates were employed, whereas it tends to
disappear at slow scan rates (Fig. 4.2A). Note that no significant difference
appeared in the reverse scans, being the forward scans the most affected. As in
DSSCs, higher efficiencies were expected in the reverse scan due to the higher
Voc, Jsc and FF. This hysteretic behaviour could be related to the inevitable
poling a high positive voltage (1 V for DSSCs and 1.2 V for PSCs) carried out
in the reverse scans as was proposed by Zou et al.’ This different response is
expected as charge separation/collection depends on the voltage sweep
direction.*'"**

On the other hand, the same temperature dependence was also found in PSCs.
As shown in Figure 4.2B, the hysteresis is almost negligible at the highest
temperature, 318K, (below the orthorhombic-to-cubic transition of MAPDI;)
and becomes more pronounced with decreasing temperature, which suggests
that the hysteresis is a temperature-dependent process. Additionally, the
temperature dependence does not only affect the hysteretic behaviour, but also
the Voc. For the both DSSC and PSC configurations, as it is expected from the
general diode model,zg’30 the lower the temperature the higher the Vo values.
As shown in Figure A-4.5, the temperature-dependent Voc can also be
rationalized as a consequence of the behaviour of the electron recombination
resistances with respect to temperature. At higher temperature electron
acceptors (tri-iodides in DSSCs and holes in PSCs®) move faster and,
consequently, the number of recombination events is likely to increase.
Additionally, slower transport promotes the charge accumulation at the contact
which is one of the origins of the hysteresis according to recent literature.>*'"'®
In particular, this charge accumulation at the interface between the perovskite
and the electron selective layer is intimately related with the ionic migration
within the 3D framework created by vertex-shared Pbl,* octahedral (see Fig.
1.2 in Chapter 1). In relation to these ionic migration processes, as shown in

Figure 4.2C, the cationic composition of the active layer appears to be critical.
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PSCs based on mixture of the MA and FA cations show insignificant hysteresis
effect with respect to PSCs based on pure MA. '**"

Bearing in mind that the hysteresis seems to be related to slow charge diffusion
and interfacial charge accumulation, impedance spectroscopy and intensity-
modulated photocurrent spectroscopy measurements were performed to
investigate the influence of the different electronic and ionic processes. In
Figure 4.3, the complex impedance and apparent capacitance-dependent
frequency plots for DSSC and PSC configurations are shown.
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Figure 4.3. Complex-impedance plots for different (A) DSSCs and (B) PSCs obtained under
illumination at the open-circuit photovoltage of each cell at 1 sun. The inset is a blow-up of the
intermediate frequency region to show the occurrence of a loop in the MAI/FAI system.

Frequency-dependent apparent capacitance for (C) DSSCs and (D) PSCs at 0.695V and 0.910V,
respectively.
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As shown Figure 4.3A, the spectra are characterized by the three semicircles
typically observed in DSSCs. As it is well-known,”’ the high-frequency (HF)
semicircle, the closest one to the origin, is related to charge transfer at the
platinum counter-electrode, the one at mid frequencies (MF) arises from
electronic processes at the oxide/electrolyte interface and the semicircle
appearing at low frequencies (LF) reflects the diffusion of redox species in the
electrolyte. It is important to mention that, this semicircle only appears in the
cells with the most viscous electrolytes (higher RTIL/Acn ratio), as a
consequence of significant mass-transport limitation. However, PSCs show only
two well-differentiated semicircles (Fig. 4.3B) whose meanings were already
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described in Chapter 3. In addition a loop at intermediate frequencies appears
for the mixed perovskite. The origin of this feature will be discussed below.

In order to study the general evolution of capacitive processes, Figure 4.3C and
4.3D show the frequency-dependent apparent capacitance for DSSCs and PSCs
at 0.695 V and 0.910 V (values close to open-circuit conditions), respectively.
Different plateaus are observed in succession, which are related with different
polarization processes.*'"'>*® In particular, the MF and HF plateaus for DSSCs
and PSCs, which show capacitance values in the range of 10 - 10” F/cm™ and
10° - 107 F/cm'z, were associated with the chemical capacitance of TiO, and
the dielectric polarization of the perovskite material in the bulk, respectively.
However, LF plateaus, with an apparent capacitance values in the range of 10~ -
10* F/em™, were previously attributed to the interfacial charge accumulation
upon application of an external electrical field. Zarazua et al., found that
interfacial charge accumulation could modify the space charge layer of electron
selective layer affecting the charge separation and/or recollection efficiency.’’
Therefore, it is expected that the higher the LF capacitance values are, the more
pronounced is the hysteresis, as can be easily confirmed by comparing with the
data in Figures 4.1C, 4.2C, 4.3C and 4.3D. Similar results were found in
previous papers where the hysteresis was studied in relation to the selective
contacts and the perovskite crystal size.” ** It is important to stress that exactly
the same rule holds for DSSC, a feature that has not been reported before.

In order to make efficient PSCs, it is very important to understand the molecular
origin of the different hysteretic behaviour observed. In this context, the
analogies observed between DSSCs and PSCs can be very illuminating. As
mentioned, hysteresis has been attributed to ionic migration. However some
authors have assumed that it is the migration of the organic cations the cause of
the slow transport process causing the hysteresis,12 whereas others claim that is
halide ions and/or ion vacancies the mobile species.24 Nevertheless, the results
might also be related to the formation of TiO,/perovskite interfacial dipoles,
which could induce an energetic barrier modifying electron extraction.’
Therefore, our results could be explained in terms of polarity. The differentiated
dipole moments previously reported for MA and FA cations (2.28 and 0.21D,
respectively)’™ can explain the lower LF apparent capacitance values found for
MAVI/FAI samples with respect to MAI samples and the smaller LF semicircle
in complex-impedance plot (Fig. 4.3B), because MA " cations are more likely to
interact with the TiO, surface than FA" ones.

Exactly the same effect can be inferred from the DSSC data bearing in mind the
nature of RTIL (high polarity) with respect to Acn (low polarity).”” The highest

LF capacitance values found for Pyr100 could be related with the highest
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charge (cations) accumulation at the TiO,/electrolyte interface as a consequence
of the generated interfacial dipoles. This assumption is confirmed by the trends
observed in the chemical capacitance (extracted from the MF feature) as a
function of electrolyte composition (see Fig. A-4.6). This effect is analogous to
the typical result obtained in a DSSC when substances like Li" or TBP are
added to the electrolyte. *°
TiOy/electrolyte and TiO,/perovskite interface on the LF capacitive response,
which is in practice, and together with ion migration, the ultimate cause of

These results point to the strong impact of

hysteresis.
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Figure 4.4. IS Frequency plots of the imaginary part for DSSCs and PSCs at different
temperatures and compositions.

To cast more light on these phenomena, and to evaluate the effect of ionic
diffusion on the hysteresis together with the interfacial charge accumulation
upon the application of an external electrical field, we focused our attention on
the LF component. Bearing in mind the wide variety of equivalent circuits
proposed to the IS fitting for PSCs, we have directly extracted the time constant
(7) of the LF component from IS frequency plots, where the imaginary part of
impedance (Z”) is plotted versus frequency. The time constants were extracted
from Eq. 3.23 (Chapter 3). Figure 4.4 shows the IS frequency plots obtained for
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the DSSCs and PSCs at room temperature and the influence of different
temperatures on the LF component for Pyr75 and MAI/FAI devices.

As shown in Figure 4.4, for both DSSCs and PSCs the LF components appear
in the range of 0.01-1 Hz and consequently, their characteristic time constants
are in the time scale of seconds-milliseconds. Taking into account that they
cannot be associated with recombination processes, which show up in the range
of 107 - 10% s and 10* - 10° s for DSSCs and PCSs (see Chapter 3),

. 36,41
respectively,

we ascribe these slow dynamic processes to ionic-Warburg
diffusion either in the bulk or in the vicinity of the contact surface. The ionic
diffusion coefficient (D,) from IS frequency plots was extracted as™
2
D, = L—D (4.3)
TLF

where 7,7 is the characteristic time constant of the LF component and L, is the
distance between working and counter-electrode in DSSCs and the thickness of
the active perovskite layer in PSCs. Values of 25 pm (spacer thickness) and 300
nm (thickness of the perovskite film) were assumed for this in DSSCs and
PSCs, respectively. For DSSCs, the characteristic peak of this ion-induced LF
component shifts to smaller frequencies when the RTIL/Acn ratio increases or
the temperature decreases (Fig. 4.4A and 4.4B). This behaviour points to
smaller ionic diffusion coefficients as a consequence of higher electrolyte
viscosity as shown Figure A-4.7A. Analogous results were obtained for PSCs.
For MAI/FAI samples the LF component appears at higher frequencies than for
MALI samples, which suggests faster ionic transport within the perovskite layer.
Furthermore, as shown in Figure A-4.7B, the same ionic diffusion temperature
trend was found for both PSCs. It is also important to emphasize that there is no
voltage dependence of the diffusion coefficient, in contrast to the electronic one,
as reported before by our group.”’

It is important to identify the mobile species that give rise to the low-frequency
feature in the spectrum. In this respect, there is conflicting information in the
literature. For instance, Bag ef al. claimed that the motion of iodide anions is
too fast to be captured by the low frequency region of the impedance spectrum,
and that the ammonium cations are the mobile species.12 In contrast, based on
theoretical calculations, Meloni and coworkers’ claim that it is the iodides what
migrate under the application of an external field. In our results we observe
however that the “slow” process is much “faster” in the case of MAI/FAI
samples with respect to MAI, hence producing lower hysteresis. As the organic
component is the only difference between the two types of samples, this
strongly suggests that the ionic diffusion coefficients extracted from the LF
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component can be attributed to the cation movement, and not to the halides.
Furthermore, the ionic diffusion coefficients extracted from the impedance are
in the same range as those reported in the literature.'

The fact that transport is faster for the MAI/FAI samples is confirmed by IMPS.
Figure 4.5 shows the IMPS frequency plots for the PSCs studied at the two
compositions and at different temperatures.
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Figure 4.5. IMPS frequency plots of the imaginary part for both PSCs at different temperatures.

IMPS has been extensively used to provide information about the electron
transport processes in DSSCs.* For these systems, the IMPS Nyquist plot is
characterized by only one semicircle, whose characteristic time constant is
related to the electron transport through the nanocrystalline mesoporous
semiconductor. However, as shown in Figure A-4.8, three semicircles were
found for PSCs. As also shown in Figure 4.5, the IMPS frequency plot shows
three well-differentiated peaks at different frequency range, which point to three
different charge transport processes characterized by different time constants.
According to previous works,”® the two HF components, which appear in the
range of 104 Hz and 103 Hz and are voltage-dependent, were attributed to
electron transport processes in HTM or perovskite layer and mesoporous TiO,
network, respectively. Nevertheless, the LF component, whose characteristic
time constant appears in the seconds time scale (=1Hz), has been recently
associated with the ionic movement. Focusing on this latter component, a lower
ionic diffusion coefficient is expected for MAI samples, whose peak appears at
lower frequencies as shown Figure 4.5A. This behaviour is in line with the ionic
diffusion coefficient extracted from IS for both PSC configurations (Fig. 4.4C).

In spite of the qualitative consistency shown by both small-perturbation
techniques, larger characteristic time constants of LF component extracted from
IS with respect to the ones extracted from IMPS were found as shown Figure A-

4.9. To account for this difference, we have to bear in mind that a different kind
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of perturbation is applied in IS and IMPS measurements, which is electrical and
optical, respectively. Additionally, IS and IMPS are carried out at open-circuit
and short-circuit condition, respectively. Nevertheless, the similar temperature
dependence was found for this ion-induced LF component extracted from
IMPS. As shown in Figure 4.5B, this characteristic peak shifts to higher
frequencies when the temperature increases suggesting a faster charge diffusion
coefficient.

These results are in a good agreement with the hysteresis indexes found for the
different device configurations. In particular, hysteretic behaviour has an
inverse proportionality to the charge diffusion coefficients. They also reveal, as
shown below, an Arrhenius-like dependence on the temperature.

T/IK
340 330 320 310 300 290 280 270
-2 1 L 1 1
) i
3
| ~a
4 \\,
T -5 Pyr75 MAUFAI™
5 |
& - .
E: ] .
4 =
c L.
- 74 -
] .
"
84 MAI
-9 .
30 32 34 36
(1000/T)/ K

Figure 4.6. Arrhenius-like plot ln(T/z'Lp)‘1 versus 1000/T for Pyr75, Pyr100, MAI and MAI/FAI
samples. 7, was extracted from the IS low-frequency component.

In order to investigate the temperature dependence of ionic diffusion
coefficient, Arrhenius plots were elaborated from the low frequency data
extracted from IS (Fig. 4.6). As linear plots are obtained in the semilogarithmic
representation, it is demonstrated that the slow dynamics is thermally activated
in all studied cases. This is consistent with both the ionic transport nature of the
low frequency features and with the interaction of these ions with the TiO,
surface, as hinted above. The activation energy (E,) was extracted from
Arrhenius law, which relates in this case the low frequency component (z.r) and
temperature according to
Ea

1 .
—=A-ekseT 4 (4.4)
TLf

where A is the Arrhenius prefactor, kz is the Boltzmann’s constant, 7 is the
temperature and C is a constant. As shown in Figure 4.6, the activation energies
of the ionic diffusion processes for the most viscous electrolytes employed in
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DSSC and for the both PSC configurations were extracted plotting In(T/z.7)"
versus 1000/T.

By measuring the impedance spectra at different temperatures, activation
energies of 21.2 and 30.1k J/mol were found for Pyr75 and Pyr100,
respectively, whereas for PSCs, activation energies of 35.4 kJ/mol for MAI and
41.5 kJ/mol for MAI/FAI were obtained. These results indicate that the
viscosity of the electrolyte solvent and the nature of the perovskite cation
determine the temperature dependence of charge diffusion as well as surface
accumulation and, consequently, the hysteretic behaviour. In relation to the two
perovskite compositions, higher activation energies for MAFA;,Pbl; (61
kJ/mol) with respect to MAPDI; (56 kJ/mol) in the same low temperature range
as we used (< 320K) were reported by M. Bag and coworkers.'> However, a
better agreement with the activation energy values previously reported by
Meloni (32.9 kJ/mol)’ and Yuang (34.7 kJ/mol)** has been found for MAPDI:.
The wide range of activation energies reported in the literature are a
consequence of the different perovskite configurations and characterization
technique employed,” which could also explain the different activation energies
extracted from IMPS (see Fig. A-4.10).

Although the IS and IMPS results are in general consistent, it must be pointed
out that neither the absolute values of the diffusion coefficients nor the
activation energies do coincide between both techniques. As mentioned, this
should be considered as a consequence of the different impact that either an
electrical perturbation, as it is the case of IS, or an optical one, as in IMPS, can
produce on the perovskite. In fact, structural changes have been reported under
illumination' and the conductivity has been found to increase under
illumination.”” In spite of these differences, it is a general result that in both
cases the chemical composition of the active layer of the device and, in
addition, the nature of the electron selective contact significantly determines ion
transport and surface accumulation, and hence the occurrence of hysteresis.
Therefore, the two phenomena have to take place simultaneously to give rise to
the hysteresis. This conclusion appears to be in line with recent theoretical
models.*

To provide further evidence about the effect of the surface and the nature of the
mobile species that gives rise to the low-frequency feature in the IS and IMPS
spectra and the hysteresis, we have analysed the variation of the low-frequency
limit of the capacitance (Fig. 4.3C and 4.3D) with respect to photovoltage.
Results are shown in Figure 4.7.
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Figure 4.7. Low-frequency capacitance (Fig. 4.3D) with respect to open-circuit potential. Results
for the two perovskite compositions studied are shown. The labels indicate the slope in V!
extracted from both data sets.

According to Zarazua et al>” accumulation of electrons at the TiO, interface is
evidenced by a (2ksT)" slope in the C-V semilogarithmic plot (19.2 V-1 at 298
K). We indeed observe a straight line with a slope close to this value for the
cells made of pure MAI In contrast, the mixed perovskite gives a much lower
value. This result strongly suggests that an accumulation regime is taking place
in the case of MAI as a consequence of the effective interaction of MA" cations
with the TiO, surface, which compensate the surface accumulation of the
majority carrier. This interaction almost does not occur when FA" is present, on
account of its lower dipole moment. A similar behaviour was found for DSSCs
(Fig. A-4.11), for which the cell with pyrrolidinium in the electrolyte also show
a slope close to the theoretical value of (2k3T)". Hence, it is the nature of the
cation and its interaction with the surface what determines the low-frequency
feature and the hysteresis. This seems to be in contradiction with the theoretical
studies that point to halide anions as the reason of ionic motion and hysteresis.
However, it has to be born in mind that these studies are carried out in the bulk
of the perovskite, while the processes that matter take place at the selective
contact/perovskite interface. This is why perovskite devices made with different
contacts, but with the same perovskite, show a very distinct hysteretic
phenomenology, even with no apparent hysteresis found for certain contacts
such as organic layers.® The accumulation regime creates a surface dipole at the
TiO,/perovskite interface that involves electrons and cations and affects the
extraction of charge and hence the hysteresis. An analogous phenomenon has
been described in polymer solar cells.” Further evidence that there is charge
accumulation in the case of MAI samples is the absence of the inductive loop in
the impedance spectrum (inset in Fig. 3B). According to Guerrero et al.*® a
good extraction of charges at the contacts appears to be related with the
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appearance of such an inductive component in the mid-frequency region of the
spectrum. In the present study such a feature only appears for MAI/FAI samples
suggesting a better charge separation and/or charge extraction.

4.4 Conclusion

In this Chapter, the hysteretic phenomena occurring in the /V curves of dye-
sensitized solar cells as well as in perovskite solar cells have been studied by a
small-perturbation optoelectronic analysis, including both impedance
spectroscopy and intensity modulated photocurrent spectroscopy. By studying
the devices of various compositions and at different temperatures, we have
found that the hysteresis in both kinds of solar cells can be rationalized on the
same grounds, with a slow transport process, thermally activated and appearing
in the low-frequency region of the spectra, being the cause of the hysteresis. A
correlation between the polar nature of the electroactive species and the
magnitude of the low-frequency limit of the capacitance is observed as well.
This correlation, together with the previously reported results for different
selective layers in perovskite solar cells, suggests that it is not only a slow
transport in the bulk what causes the hysteresis, but also the specific interaction
of electroactive species with the electron selective material, TiO; in this case.
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Chapter 5

Origin and Whereabouts of
Recombination in Perovskite
Solar cells

The choice of selective contacts is critical to achieve high voltages according to
experimental evidence. In this Chapter, the impedance and the open-circuit
photopotential are measured for two excitation wavelengths (blue and red
light), two illumination directions (back and front) and at different
temperatures. The open-circuit recombination characteristics of two different
perovskite compositions, and with two different hole selective layers have been
studied. Our results indicate that, for the studied devices, the recombination
process that determines Voc is governed by the bulk of the perovskite layer via a
trap-limited mechanism, but surface-mediated recombination cannot be ruled
out for degraded devices or with “inadequate” contacts. Further we propose a
model that provides a general interpretation of the nature of recombination in

perovskite solar cells.



Chapter 5

5.1 Introduction

As it was explained in Chapter 1, one of the most exciting properties of PSCs is
the capability of reaching photovoltage very close to the thermodynamic limit,
indicative of very low non-radiative recombination losses (see Eq. 2.24 and
2.25 in Chapter 2)."”Although this property seems to be related with the nature
of the perovskite material itself,*” the fact is that the choice of electron and hole
selective contact impacts significantly the apparent recombination rate and the
open-circuit voltage that can be reached in working devices.*'' This latter
observation points to an important contribution of recombination events taking
place at the perovskite interfaces, with some materials allowing for a faster
recombination and hence producing a deleterious effect on the photovoltage.
Recently Zarazta and co-worker have proposed a surface recombination model
that actually involves surface photogenerated carriers in the recombination
kinetics of perovskite solar cells."?

In this Chapter we aim to address the concern, where in working devices the
main recombination pathway is occurring. In other words, is photovoltage
determined by the bulk of the absorbing perovskite layer, by interfacial
recombination or by a combination of both? To unravel this, we combine a
collection of experiments where the optical generation spatial profile produced
by the optical excitation is varied. On the other hand, we work with working
devices at open circuit and at illumination intensities close to 1-sun. This is an
important point because many previous studies on recombination kinetics has
been based on time-resolved emission and absorption experiments, done (1)
under excitation intensities not necessarily coincident with those relevant at 1-
sun photovoltaic working conditions and (2) with isolated perovskite layers
deposited on different substrates.""'*'* However, it must be noted that the
recombination kinetics, and thus the mechanism, varies significantly with
charge density."” Furthermore, the morphology and stability of the perovskite
layer can be very different depending on the substrate in which it was deposited
and the preparation conditions, which are likely to affect the recombination
mechanism as well.'®!”

For this Chapter, experiments were made with PSCs based on two different
perovskite compositions: MAPbl; = MAI and FA(ssMAy 15PblggsBro.15 = MIX,
and two different HSL: Spiro-OMeTAD = Spiro and P3HT. For simplicity we
will use the following notation to refer to the device configurations:
MAI/P3HT, MAI/Spiro and MIX/Spiro.
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5.2 Fabrication and characterization of devices

Fabrication of perovskite solar cells (PSCs)

Perovskite devices with mesoporous regular architecture were fabricated
following the methodology described in Chapter 3. First, FTO TECI15 were
cleaned following the solvent sequence: Hellmanex solution; Deionized water;
Ethanol; Isopropanol. Then the TiO, compact layer was deposited by spray
pyrolysis. After that, a mesoporous layer of TiO, was deposited on top of a TiO,
compact layer. Then pure methyl ammonium (MAPDbI;) and mixed ions
perovskite (FAssMAg15PblgsBrois) were deposited as active layer inside a
glove box using different concentration in precursor solutions (0.8M, 1.2M and
1.4M). The thickness obtained for the different perovskite compositions and
precursors concentration are shown in Table 3.4. Later perovskite deposition, a
spiro-OMeTAD or P3HT solution was then spin coated. Finally, 80 nm of gold
was deposited by thermal evaporation. (See Chapter 3 for details)

Characterization of devices

IV curves were documented with a solar simulator (4BET-Sun2000) with an
AM 1.5G filter. Photovoltaic parameters including Js¢, Voc, FF, and PCE were
extracted from the IV curves of the solar cells. The scan rate and the active area
used for measuring the devices were optimized as such to calculate the real
value for efficiencies without having hysteresis effect. (Active area: 0.16 cm’,
scan rate: 100 mV/s, pre sweep delay: 20s). Absorbance measurements were
carried out of the different perovskite thickness onto FTO. The illumination for
the Impedance Spectroscopy (IS) measurements was provided by a red and blue
LEDs (Ape = 465 nm and A.q = 635 nm) over a wide range of DC light
intensities, starting from the one that gives the same Voc under AM 1.5 G, 100
mW/cm” illumination. This allows for probing the devices at different positions
of the Fermi level in the semiconductor. As in the previous chapter, to avoid
voltage drop due to series resistance, IS measurements were performed at the
open circuit potential, the Fermi level (related to the open-circuit voltage) being
fixed by the DC illumination intensity. A 20 mV perturbation in the 10°-10” Hz
range was utilized to obtain the spectra. A hermetic chamber filled with
nitrogen was used to avoid degradation during the impedance experiments. Z-
view equivalent circuit modeling software (Scribner) was used to fit the IS
spectra (see Chapter 3 for details).
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5.3 Results and discussion

Figure 5.1 shows the current-voltage characteristic obtained under standard
conditions (1 sun - AM 1.5 illumination) for the different devices employed in
this Chapter. The photovoltaic performance of the devices was very much
dependent on the perovskite composition and the material used as HSL (Fig. 5.1
and Table A-5.1 in appendix C).
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Figure 5.1. IV curves for backward (solid symbols) and forward (open symbols) scans (scan rate
= 0.1 V/s) for solar cell devices where the perovskite were made starting from (A) 0.8M and (B)
1.2M precursor solutions.

The best efficiency of 13.5 % was obtained for the intermediate precursor
concentration of 0.8 M, with mixed-ion perovskite as active layer and Spiro as
HSL. On the other hand, replacement of Spiro by P3HT brings about a
substantial reduction in the Jgc and Ve when MALI is used as active layer. These
results are in line with the current empirical knowledge about compositional
engineering of the perovskite material'® and choice of HSL.>'""

ESL Perovskite

200nm =—d
le 500nm >

Scheme 5.1. Light induced (wavelength dependent) electron-hole generation and bulk and surface
mediated recombination processes.

Impedance spectroscopy at open-circuit and under illumination was used as a
small-perturbation optoelectronic technique to probe the magnitude and
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behaviour of the recombination rate. By wusing different illumination
wavelengths it is possible to control the spatial penetration of the optical
excitation inside the perovskite layer and hence the generation profile of carriers
in it. A similar strategy, but for steady-state measurements, has been employed
before.”® Figure A-5.2 shows that the absorbance in the blue light part of the
spectrum is much more intense than in the red light part. Therefore, from Beer-
Lambert law, an optical length of ~150-200 nm can be estimated for pure
perovskite (MAI) at 450 nm, which means that at least 90% of the light is
absorbed in the first 200 nm. In contrast, red light penetrates deeper in the film.
The contrast between blue and red light excitations is much more disparate for
the mixed-ion perovskite (MIX). Bearing this optical properties in mind,
wavelengths of Aype = 465 nm and A = 635 nm were used to generate the DC
voltage in the impedance experiments. This means that the availability of
photogenerated carriers at the perovskite/HSL interface would be much smaller
when blue light is used and that allows us to detect possible spatial
inhomogeneities in the recombination kinetics or a more important contribution
of the mesoporous TiO,/perovskite layer (Scheme 5.1).

@ A

-30 ."‘

.
20 . %

-10 .
= 0 . .
N 20 40 60 80 4 |

z ‘ .

zn

0 20 40 60 J
2

Zn

10? 10° 107 10°* 10°
Frequency / Hz

Figure 5.2. Impedance spectra at open-circuit under the excitation wavelengths of (blue) Ay, =
465 nm and (red) 4,,,= 635 nm the configurations described in Table A-5.1 and for a precursor
concentration of 1.2 M: (A) MAI/P3HT, (B) MAI/Spiro and (C) MIX/Spiro. Both the imaginary
part of the impedance and the Nyquist plots (insets) are shown.
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In Figure 5.2 typical Nyquist and frequency plots of the imaginary part of the
impedance are shown. The experiments were performed for fresh cells at open-
circuit and the data shown correspond to an illumination intensity that generates
a potential very close to the one measured under 1-sun AM1.5 illumination and
open-circuit conditions (Table A-5.1). As extensively reported before'®'**'"
two kinetic signals, embodied as arcs in the Nyquist plot and as peaks in the
frequency and Bode plots, can be observed in the spectra. According to the
results of Chapter 4, the signal at low frequencies (LF) is associated to slow
processes (ion motion and surface accumulation) causing hysteresis.”* While the

. . . . . 21,23
high-frequency (HF) signal has been attributed to recombination processes.
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Figure 5.3. (A) High frequency resistance versus open-circuit potential as extracted from fittings
of the impedance spectra using the two excitation wavelengths of (blue) Ay, = 465 nm and (red)
Able = 635 nm for the configurations described in Table A-5.1 and for a precursor concentration
of 1.2 M. (B) Same as (A) but comparing results obtained for “front” (TiO, side) and “back”
(gold side) blue light illumination. The data shown correspond to the thickest MIX/Spiro device
(see Figure A-5.4 in appendix C).

Inspection of the results indicate that the HF signal is not affected by the
wavelength of the optical excitation and hence by the optical depth of the
electron-hole generation profile. By fitting the high-frequency impedance
response to a Voight circuit (inset of Fig. 3.9A in Chapter 3),% values of the HF
resistance (Ryr) can be obtained as a function of the open-circuit potential.
Results are presented (Fig. 5.3A) for the three device configurations. The HF
resistance is found to be basically independent of the electron-hole generation
profile used in the small-perturbation measurement for all the device
configurations. Furthermore, by varying the thickness of the optically active
layer by a factor of almost two, the observed similarity remains unaltered
between the blue and the red light (Fig. A-5.3). Besides, there is no significant
dependence of the Ryr on thickness. It should not be forgotten that using red
light does not imply that carriers are generated at the HSL interface only, but
that the profile is simply more homogeneous. As we perform our comparison at
the same value of the photogenerated open-circuit potential, the effect of a
different absorption of light in absolute terms is hence compensated and we are
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capable of detecting possible inhomogeneities in the recombination loss. The
same argument applies for the experiments using different illumination
directions as described below.

The electron-hole generation profile can also be modified by changing the
illumination direction. Bearing this in mind, we have also performed the
impedance experiment where the cell was illuminated from the cathode side and
using the blue light as excitation source. Although the gold layer removes a
substantial part of the incident light, reducing the open-circuit potential at the
same light intensity, it is possible to plot the recombination resistance at the
same values of the potential for both back and front illumination. The results are
presented in Figure 5.3B, showing that the HF' (recombination) resistance, and
thus the recombination rate of electron-hole annihilation, appears to be not-
dependent on whether the electron-hole pairs are generated close to any of the
two selective contacts. This experiment also demonstrates that depletion regions
possibly appearing in the vicinity of the interfaces”® would not be critical in
terms of recombination.

Recently reports have appeared which suggest that the low-frequency signal in
the impedance spectrum is also connected to recombination losses. Pockett et
al? attributed the voltage correlation of the LF and HF resistances to a
coupling of the slow ionic motion (causing the low-frequency signal®*) and non-
radiative recombination. Zarazia et al.'’ assumed that the LF resistance is
coupled to the surface accumulation capacitance and the HF resistance, both
due to surface recombination. Although these two reports refer to perovskite
solar cells with planar configuration, we have also analysed the LF signal in
view of these assumptions. Remarkably, the LF part of the impedance spectrum
shows indeed small differences between the red and blue light data (Fig. 5.2).
The extracted LF resistances (Fig. A-5.5) exhibit approximately the same
potential dependence as their HF counterparts, but with small differences
between the red and blue light excitations, especially for MAI/P3HT devices. In
contrast to the HF component, in this case there is a clear dependence on the
thickness of the perovskite layer. Bode plots of the impedance modulus (Fig. A-
5.6) confirm this finding.

To further analyse the effect of the electron-hole generation profile, the open-
circuit potential was measured as a function of light intensity (Fig. 5.4). A
surface sink of electron-hole pairs would appear in the form of a significant
difference between the open-circuit potentials obtained with blue and red light
as observed in Ref.”® In line with the HF resistances, there is no significant
difference between the two types of excitation for all the configurations and

thicknesses studied.
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Figure 5.4. Open-circuit photovoltage versus light intensity for devices with 1.2M precursor
concentration and for excitation wavelengths of (blue) A= 465 nm and (red) 4,.4= 635 nm.

To check whether the invariance between red and blue light excitations of the
HF signal is not an experimental artifact, we have repeated the experiment with
degraded devices (Fig. A-5.7). Interestingly, degradation of the cells causes a
very different response for the two excitation wavelengths. Thus, red light
appears to accelerate the recombination, which suggests that the region close to
the HSL becomes more active to remove free charges than the TiO, interface or
that the diffusion length of the carriers becomes significant shorter upon ageing.
This effect is more critical if the cell was illuminated during the degradation
experiment. For this particular case, light-induced degradation produces a
substantial reduction of the Js¢, an almost uniform potential and a change of the
slope of the HF resistance which indicates that a different recombination
mechanism takes over.
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Figure 5.5. Internal quantum efficiencies for fresh (blue) 1.2 M MIX/Spiro devices and degraded

MIX/Spiro devices shown in Figure A-5.7. Orange: dark degradation, Green: degradation under
illumination.
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To further investigate this point, the IQE of the fresh and degraded devices was
extracted from IPCE measurements and the absorption data (Fig. 5.5). We
found the IQE of the fresh devices was relatively flat, which suggests that the
carriers diffusion length, at least at short-circuit conditions, is much longer than
the perovskite film thickness, allowing for quantitative collection at the
contacts. In contrast, the IQE of the degraded devices drops substantially,
especially at long wavelengths (red part of the spectrum). This behaviour
indicates that in degraded devices either surface recombination at the
perovskite/HSL interface becomes more important or that the carrier diffusion
length is substantially shorter.

If we assume that recombination kinetics is mainly associated to the HF signal
of the impedance spectrum, the preliminary conclusion from Figure 5.2 — 5.4
and A-5.3 is that for the fresh cells either recombination takes place in the bulk
of the perovskite layer or that the carrier diffusion length at open-circuit
conditions is long enough as surface recombination cannot be discriminated by
varying the charge generation profile within the active layer. The first
interpretation would be in line with the findings of Leong et al®. who state that
interfacial recombination “plays a minor role”. Following their methodology,
we have measured the V¢ as a function of temperature (Fig. 5.6 and Fig. A-
5.8).
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Figure 5.6. Open-circuit potential as a function of temperature for the configurations described in
Table 5.1 for white light and a light intensity of 14.15 W/m?.

Open-circuit photopotential data plotted as a function of temperature fits into a
straight line for both fresh and aged devices except at higher temperature, due to
the phase transition on MAPbI; from cubic to tetragonal phase (see Chapter
1).**According to the methodology described in Ref.® extrapolation of the data
to 7 = 0 should give the activation energy of the dominant recombination
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pathway.®” The data obtained (Fig. 5.6) are quite close to the band gaps

reported for the employed perovskite materials', and calculated optical band
gaps (inset of Fig. A-5.2) suggesting that recombination is determined by the
bulk of the perovskite layer itself at open-circuit conditions. An activation
energy smaller than the band-gap would indicate, alternatively, that surface-
mediated recombination is relatively more important.”

The HF peak in the frequency plot (Fig. 5.2) can be regarded as a quantification
of the kinetics of recombination if we take this signal as the main contribution
to recombination. In Figure 5.7 the characteristic HF time constants are plotted
as a function of the open-circuit potential. Note that the characteristic time
constant was extracted from Eq. 3.23.

Table 5.1. Ideality factors for the studied solar cells as obtained from impedance and open-circuit
potential measurement, using the two excitation wavelengths of 1, = 465 nm (blue) and 4,., =
635 nm (red).

Ideality factor
Configuration Thickness (nm)
RHFVS. Voc Vocvs. ln(Io)

1.92 (blue) 2.08

300 (0.8M
( ) 1.85 (red) 2.08

MAI/P3HT

1.89 2.33

500 (1.2M)
2.04 2.27
300 (0.8M) 2.44 2.44
MAT/Spi ' 2.27 2.33
piro 1.92 2.44

500 (1.2M)
2.01 2.50
650 (0.8M) 1.67 1.67
. ' 2.13 1.75

MIX/Spiro

950 (1.2M) 1.61 1.79
' 1.72 1.82

An exponential relationship was obtained, which is in accordance to previous
literature.'**" > Longer time constants (apparent lifetime) are obtained for
Spiro-based cells in accordance with its larger Vpc at 1-sun illumination. In
addition, and in line with the results for the HF resistance, no significant
differences were obtained between blue and red light excitations.

This reestablishes the fact that most of the recombination events determining
the HF signal take place in the bulk of the perovskite and that no surface-
mediated recombination is affecting the Vyc. It is worth to note that thickness
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dependence is now observed. This is due to the scaling of the bulk capacitance
with thickness as explained below (Fig. A-5.9).
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Figure 5.7. High-frequency time constant (apparent lifetime) extracted from the inverse of the
high-frequency peak of the impedance experiment. Results are plotted versus open-circuit
potential using the two excitation wavelengths of (blue) A, = 465 nm and (red) 4,.,,= 635 nm.
Data for the configurations described in Table A-5.1 are included.

The results contained in Figures 5.2-5.4, 5.6, A-5.5 and A-5.8 can be
rationalized in the following manner. Coincidence of the red and blue light HF
signals (Fig. 5.3, 5.4 and 5.7), and the reproduction of the optical band gap from
the potential versus temperature experiments (Fig. 5.6 and A-5.8) suggest that it
is quasi-Fermi level splitting within the perovskite layer what determines the
Voc. However, according to some reports™'>?’ the nature of the contacts can

affect substantially the recombination rate.

From Eq. 2.17 (Chapter 2), the recombination rate in a perovskite-based device
can be expressed in its most general form as

dn

Urec = it

= kraanp + (krpponY, krnnopY) + ksingsps + ks2nspus(5.1)
The first term is the bulk bimolecular (radiative) recombination between free
photogenerated electrons and holes. The terms in parenthesis correspond to
trap-assisted recombination for either p-type or n-type doping. The last two
terms represent the interfacial recombination of electrons in the ESL with holes
in the perovskite and holes in the HSL with electrons in the perovskite,
respectively. Note that, as it was explained in Chapter 2, y = 1 for SRH
recombination at conditions of high injection for a doped semiconductor.™

Zaraziia and coworkers'> assumed that the perovskite/HSL is an ideal contact
not contributing significantly to the recombination loss, and that the perovskite

113



Chapter 5

behaves as a p-type semiconductor with holes accumulated at the ESL surface.
On the other hand, Pockett et al*” noticed that both the LF and HF resistances
have the same illumination intensity dependence and they attributed this fact to
the coupling of electron-hole recombination and ionic motion. Similarly, we
have shown in the previous Chapter that the LF feature related to the hysteresis
phenomena was connected to specific interactions between the contact and the
constituting ions of the perovskite. Based on all these previous findings, we
propose the following equation to describe the recombination rate

dn

Upec ® -—
rec dt

= kradnp + kTpol’lY + kS,ionianSLps (52)

This leaves three routes of recombination for photogenerated carriers in the
device. The first two terms depend on the concentration of photogenerated
carriers in the bulk of the perovskite. The third one depends on the
concentration of electrons at the contact and the concentration of
photogenerated holes at the surface. An additional surface-mediated term
related to the perovskite/HSL interface can also be important in certain cases or
if the perovskite behaves as a n-type semiconductor.’’

We postulate that although recombination at the surface can be coupled to the
bulk recombination via slow ionic motion and/or surface adsorption, the main
process determining the recombination rate and the open-circuit potential is the
trap-mediated bulk recombination term

dn _

Urec ~ 'E

krpon (5.3)
Neglecting drift transport in the active layer'!, the continuity equation for
electrons in the active layer of the device at steady-state can be written as

2
D, @-Urec + Io(M)a@)exp[-a(A)x] =0 (5.4)
where D, is the electron diffusion coefficient, a is the wavelength-dependent
absorption coefficient and I is the incident photon flux. Eqs. 5.3 and 5.4 can be
solved analytically for y = 1 (linear recombination).” For y # 1 the equation has
to be solved numerically.”~

On the other hand, at open-circuit conditions the generation rate of
photogenerated carriers G should exactly compensate the recombination rate:
U.. = G. Using Eq. 5.3 the open-circuit potential should thus conform to the
following equation
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Joo ( Eg'quc>
— vyv———| =G 5.5
0d P\ 2T (5.5)
from which one obtains
E;, mkgT
Voo = —2-—2—1In (]"—0) (5.6)
qa q qdG

where m, the ideality factor, is given by m = 2/y = I/f. Note that a similar
relationship but with m = 1 would have been obtained in the radiative limit,
with no trap-assisted recombination, where only the first term in Eq. 5.2 is
considered in the derivation.”*

Eqgs. 2.22 (Chapter 2) and 5.6 provide a theoretical foundation to explain
recombination and the observed HF impedance response in the solar cell. Fig.
5.3 shows indeed that the HF recombination resistance as extracted from the
open-circuit impedance experiment follows an exponential law with respect to
open-circuit potential. From the slope, the f-parameter, and hence the ideality
factor, can be extracted. Results are shown in Table 5.1. The ideality factor can
also be obtained from the Vyc-Inl plot (Fig. 5.4) in accordance to Eq. 2.22. As
shown in Table 5.1 the ideality factor values obtained from both the resistance
and the voltage routes coincide very well for all configurations studied. Finally,
Eq. 5.6 also predicts a linear dependence of the Voc with respect to temperature,
which is actually observed in the temperature experiment (Fig. 5.7 and Fig. A-
5.8). Extrapolation of the data to 7" — 0 yields a value very close to the optical
band gap of the material.

On the other hand, the exponential law of the recombination resistance can also
be extended to the high-frequency time constant (Fig. 5.7), as the associated
capacitance (Eq. 3.22) does not exhibit any voltage dependence (Fig. A-5.9).
This is characteristic of a capacitance of a dielectric nature as discussed
elsewhere.'”” As a matter of fact, this high-frequency capacitance does
decrease with increased thickness as expected from a bulk capacitance (C =
Ae/d).

The similar recombination kinetics with the charge generation profile could also
be explained by a carrier diffusion length which exceeds the active layer
thickness and masks any spatial inhomogeneity of the recombination kinetics.
To clarify this point we have solved numerically Egs. 5.3 and 5.4 for both slow
recombination (long diffusion length) and fast recombination (short diffusion
length) and extracted the dark currents, which can be considered a measure of
the recombination loss in the device. The numerical simulation is aimed at
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clarifying the effect of the carrier diffusion length and it is not intended to fully
reproduce the current-voltage characteristics of the studied devices which will
require a more sophisticated approach.34 Results are shown in the appendix C in
Figure A-5.10. It is to be noted that the combined effect of optical absorption
length and diffusion length was already considered in the linear model of
Sédergren and coworkers.”” Remarkably, the dark current in the linear model
(Eq. 17 in Ref.**) does not depend on the optical absorption coefficient a. We
have checked this fact by extracting the dark currents from the numerical
simulation. For the linear case the analytical result is reproduced and the dark
current remains unchanged with the illumination wavelength. However, the
situation changes if y # /. For slow recombination, corresponding roughly to a
carrier diffusion length of ~ 1 pm'* “red” and “blue” dark current are
approximately the same. In contrast, introducing a faster recombination,
(diffusion length shorter than the film thickness), leads to significant differences
between the dark currents obtained under blue and red light excitation.

From the theoretical and numerical approach presented above and the analysis
of the overall data we can make the following assumption for recombination in
the cells analysed in this work. Unchanged HF time constant, recombination
resistances and open-circuit potential with generation profile (colour and
directional experiments) indicates that either (1) the main recombination
pathway, defined as the one that determines the Vo, takes place in the bulk of
the perovskite layer or (2) that a long diffusion length is masking possible
inhomogeneities, at least in the freshly fabricated devices. However, the
reproduction of the optical band gaps for the Spiro-based cells strongly suggests
that it is bulk recombination kinetics what determines the open-circuit potential.
The ideality factors obtained, close to 2, indicates that recombination is trap-
limited in accordance to Eq. 5.3 and y ~ 1.>” When pure MAI is replaced by the
optimized MIX perovskite material, recombination events remain within the
perovskite, but the mechanism changes as evidenced by the significant variation
of the ideality factor.

In spite of the recombination taking place within the perovskite layer, the role
of the selective contacts is critical. Mesoporous TiO, and spiro-OMeTAD
behave very much as ideal contacts. This is in accordance with our temperature-
dependent experiment, in which the band gaps of MAI and the MIX perovskite
material when spiro-OMeTAD is used as HSL are extracted. In contrast,
replacing the spiro-OMeTAD by P3HT leads to a lower E,, which is an
indication that in this case surface mediated recombination can be more

6,29

important.” In addition, the HF recombination rate gets significantly enhanced

as observed in Figures 5.3, 5.7 and A-5.3. Both observations suggest that the
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perovskite/P3HT interface introduces additional surface recombination routes
that makes the approximation leading to Eqs. 5.2 and 5.6 not completely exact,
with a possible extra term accounting for recombination at the perovskite/P3HT
(ks term in Eq. 5.1). Additionally, poorer hole extraction capacity can also
accelerate recombination both in the bulk of the perovskite material and at the
interfaces, as discussed in Ref.'” Hence, the LF resistance, which could be
associated with the surface-mediated recombination, shows a clearer difference
between red and blue light excitations in the MAI/P3HT cells (Fig. A-5.5).

The above interpretation is valid for fresh devices only. Degradation in the
devices modifies significantly the HF recombination mechanism, which now
becomes dependent on the generation profile. Additionally, the ideality factor
was also changed (Fig. A-5.7). The internal quantum efficiencies (Fig. 5.5)
suggest that the diffusion length becomes shorter upon degradation. As shown
by the numerical simulation, a short diffusion length can lead to differences
between red and blue light illumination, even for a bulk recombination term as
the one appearing in Eq. 5.3. This numerical prediction is confirmed when the
dark current of the degraded devices are plotted for both illumination
wavelengths (Fig. A-5.11). The bulk recombination explains why, even for the
degraded cell, Eq. 5.6 applies and the band gap is still roughly reproduced at T
— 0 (Fig. A-5.8). However, the possible occurrence of surface-mediated
recombination routes cannot be ruled out as observed by Bi et al.”® Our results,
obtained for perovskite layers in which an excess of Pbl, is used, are in line
with the findings reported. Further in depth investigation of this important issue
is underway.

5.4 Conclusion

In this Chapter, we have investigated the nature of recombination in perovskite
solar cells using a combination of impedance spectroscopy experiments and
voltage-illumination measurements using different temperatures, excitation
wavelengths and illumination directions. The results show that the
recombination route that determines the open-circuit potential in fresh, well-
performing devices takes place in the bulk of the perovskite layer. Inadequate
charge extraction and surface-mediated low-frequency recombination can also
contribute to acceleration of the recombination rate and decrease substantially
the open-circuit potential. Recombination features in degraded devices do in
contrast depend on excitation wavelength, which is attributed to shorter carrier
diffusion lengths. A general model is proposed to explain the open-circuit
voltage and recombination resistance in perovskite solar cells.
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Chapter 6

The Role of Surface
Recombination on the
Performance of Perovskite Solar
cells: Effect of Morphology and
Crystalline Phase of TiO, Contact

In this Chapter, the impact of the ESL architecture (1D and 3D morphologies)
and the nanocrystalline phase (anatase and amorphous) is analysed. For
anatase structures, similar PCE are achieved using an ESL either the 1D
nanocolumns or the classical 3D nanoparticle film. However, lower power
conversion efficiencies and different optoelectronic properties are found for
perovskite devices based on amorphous 1D films. Calculations using a drift-
diffusion model which explicitly considers the selective contacts reproduces
qualitatively the main features observed experimentally. Ours results
demonstrate that for a solar cell in which the contact is working properly the
open-circuit photovoltage is mainly determined by bulk recombination, whereas

the introduction of a “bad contact” shifts the balance to surface recombination.
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6.1 Introduction

As it was seen in Chapter 5, the appropriate choice of selective contacts is
critical for obtaining high voltages in perovskite devices. In the previous
Chapter was demonstrated that the nature of HSL affects to the nature of
recombination in perovskite solar cells by adding surface-mediated
recombination in the case of “inadequate” hole selective contacts.

In this Chapter, the focus is now on the morphology and crystalline phase of the
ESL/perovskite, TiO,/perovskite in this case, interface as regards its impact on
the performance of the solar cell. Actually, the purpose of this Chapter is
twofold. First, we have tested the performance of the plasma-enhanced
chemical vapour deposition (PECVD) technique to prepare TiO, films to be
used as ESL in perovskite solar devices. PECVD is a well-established technique
in electronics and microelectronics, solar cells, mechanical engineering, and
optical industries for the fabrication of passive and active components. It
provides an environmentally friendly (low-power and precursor consumption
and solvent less approach) for the manufacturing in large scale with a finely
control in the composition (including doping), microstructure and structure of
thin films, coatings and interfaces in multilayer systems.'’ Although this
methodology has been traditionally applied in the deposition of compact layers,
during the last years, Borras ef al. have settled the conditions for the fabrication
of tailored porous and nanostructured TiO, thin films at low temperature
(ranging from RT for amorphous to 250 °C for anatase crystalline layers).”
Second, we have aimed to establish the effect of the nature of the ESL, in terms
on morphology and crystallinity, on the photovoltaic performance. In particular,
we investigate how bulk or contact-induced recombination routes do influence
the IV curve and the hysteretic behaviour. As it was said in previous Chapters,
the locus and nature recombination on PSCs as well as the origin of hysteresis
in the IV curve have been object of intense debate in the recent literature.* "’

In this Chapter we investigate the impact of the different nanostructures
employed as ESL on the optoelectronic properties and the hysteresis. We have
measured IV curves and run photoluminescence and impedance spectroscopy
experiments. Following the methodology described in Chapter 5,"" the latter are
carried out with two excitation wavelengths, characterized by different optical
penetration lengths in the perovskite layer, so that surface effects can be
detected. In addition, drift-diffusion modeling, with explicit consideration of the
ion/electron dynamics and the presence of the selective contacts, is used to
generate [V curves.'®
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6.2 Fabrication and characterization of devices

Fabrication of perovskite solar cells (PSCs)

Different methodologies were employed to prepare the different ETLs. For the
standard configuration, a mesoporous layer of TiO, was deposited on top of a
TiO, compact layer. On the other hand, the TiO, nanocolumns deposition
(anatase phase and amorphous) was carried out in a microwave electron
cyclotron resonance (MWECR) PECVD reactor working in downstream
configuration. For all the device configurations, a pure methylammonium
(MAPbI;) layer was deposited as active layer at environmental humidity
conditions (relative humidity =~ 50 %). According the methodology reported,'’
the perovskite precursor solutions was prepared for a ratio DMSO:Pb*" of 0.75
(Table 3.2 in Chapter 3). Later perovskite deposition, spiro-OMeTAD solution
was spin coated. Finally, 60 nm of gold was deposited by thermal evaporation.
(See Chapter 3 for details)

Characterization of devices

IV curves were documented with a solar simulator (4BET-Sun2000) with an
AM 1.5G filter. Photovoltaic parameters including Js¢, Voc, FF, and PCE were
extracted from the IV curves of the solar cells. The current-voltage
characteristic was measured with scan rate of 100 mV/s after an initial poling of
20 s at 1.2 V. The illumination for the different IS measurements was provided
by white, red (A = 635 nm) and blue (A = 465 nm) LEDs and over a wide range
of DC light intensities. To avoid voltage drop due to series resistance, IS
measurements were performed at the open circuit potential. A 20 mV
perturbation in the 10°~10* Hz range was utilized to obtain the spectra. To
compensate for the different response under blue and red-light due to the
different optical absorption, all parameters were monitored and plotted as a
function of the open-circuit potential generated by each type of bias light. For
the structural characterization, SEM images of the samples were performed. X-
ray diffractograms were recorded on a Rigaku diffractometer using CuKa
source. The measurements were performed at grazing angle geometry. The
samples were mounted without any further modification and the divergence slit
were adjusted to the dimension of the films. The scan range of 10°-60° was
selected with an acquisition time of 3° min™. A baseline correction was applied
to the diffractograms to compensate for the noise arising from the substrate. For
optical characterization, UV—vis absorption spectra and photoluminescence
measurements were recorded.
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6.3 Results and discussion

To isolate the effect of the nanostructure and nanocrystalline phase of the
different TiO, films, a fixed thickness of 200 nm was employed for all the
different ETLs studied in this Chapter. Figure 6.1A—C gathers cross-section
SEM images of the three ETLs showing their corresponding characteristic
microstructures, i.e., a homogeneous 3D distribution of nanoparticles (Np-
Anatase) and vertical nanocolumns (Nc) for the PECVD thin films.
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Figure 6.1. Cross-section SEM views of the (A) Np-Anatase, (B) Nc-Anatase and (C) Nc-
amorphous films deposited on silicon wafer. (D) Current-voltage characteristic in reverse scan
under 1 sun — AM 1.5 illumination and (E) cyclic voltammetry using a white-LED as light source
(10 mW-cm™) for the different device configurations. A scan rate of 100 mV-s" with a poling of
20 s at 1.2V was employed in all three cases.

In the case of the Nc-anatase, the columns are depicted for a feather-like
morphology with sharp edges and rough surface. Nc-amorphous presents a
domed form with the column diameter slightly thinner at the interface with the
substrate. Figure A-6.1 in appendix D contains X-ray diffraction data of these
TiO, films.

On top of the TiO; layer, a film of MAPbI; was deposited. Spiro-OMeTAD was
used as hole selective layer in all cases. Figure A-6.2 shows that the quality of
the perovskite layer and their interface to hole transport material deposited on
top is not affected by the morphology of the TiO,, and that there are no pinholes
or voids that might compromise the stability of the device.”” Figure A-6.3 also
shows that the absorption properties of the perovskite films are basically
unaffected by the morphology of the TiO, layer. Hence, we can be fairly
confident on the fact that only the electrical effect of the TiO,/perovskite
interface is analysed for each configuration. Figure 1D shows the best current—
voltage characteristic obtained for the three device configurations measured
under standard conditions (100 mW c¢cm >—AM 1.5 illumination). In particular,
average efficiencies of 14.9%, 14.4% were obtained for Np-Anatase, Nc-
Anatase devices, respectively (see also Fig. A-6.4). For Nc-Amorphous devices,
the estimation of the efficiency is compromised by the appearance of a bump in

the 0.6—0.8 voltage range (a lower efficiency is obtained in the forward scan,
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see Fig. 6.1E) and therefore only an indicative value can be reported. No
significant differences were found between the nanoparticle film (Jsc: 19.8
mA'cmfz, Voc: 1020 mV, FF: 0.73) and the nanocolumnar film (Jsc: 19.4 mA
mA-cm 2, Voc:: 1025 mV, FF: 0.73) as long as they have the same anatase TiO,
crystalline phase (see Fig. A-6.1 for the comparison of the XRD diagrams). In
contrast, significant changes were observed when the nanocolumnar layer
employed as ETL in perovskite devices is amorphous and does not show any
crystalline phase (Fig. A-6.1 and A-6.4). In spite of showing a similar V¢
(1020 mV) to the ones obtained for Np-Anatase and Nc-Anatase devices (Fig.
6.1D; Table A-6.1), lower Jsc: values (15.9 mA-cm ?) were recorded and a
prominent bump in the vicinity of the maximum power point is clearly visible.
Note that the same scan rate of 100 mV/s is used for all devices. Similar
behaviour has been found in both DSSCs (see Fig. 4.1 in Chapter 4) and PSCs
with strong hysteresis,”'’ In line with these results, as shown in Fig. 6.1E, when
the current—voltage characteristics were measured by cyclic voltammetry, Nc-
Amorphous devices show strong hysteresis between reverse and forward scans
in contrast to the Np-Anatase and Nc-Anatase devices, where the hysteresis is
less significant. In particular, hysteresis indexes of 0.11, 0.13, and 0.61 were
calculated for Np-Anatase, Nc-Anatase, and Np-Amorphous, respectively. To
investigate the influence of the different TiO, films employed as ETLs on the
charge extraction/separation efficiency, steady-state photoluminescence spectra
of the perovskite films deposited on the top of each ETL were measured (Fig.
6.2).
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Figure 6.2. Steady state photoluminescence spectra of perovskite deposited on the top of the
different ETLs. Al,O; film was employed as reference. The excitation wavelength was 532 nm.

In addition, a mesoporous Al,O; nanoparticle film was also employed as
reference due to its conduction band position and, consequently, its inability to
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accept electrons from the perovskite layer.”’ In line with a previous work,”
using an excitation wavelength of 532 nm, PL peaks appear in the range of 785—
815 nm with an emission maximum at 804 nm. The PL signal arises from
radiative recombination processes within the perovskite material and therefore a
faster electron injection from the perovskite film to the ETL results in a
reduction of the PL signal. It is important to remember that the optical and
structural properties of the perovskite film are not affected by the nature of the
Ti0, layer and therefore by means of the PL experiment we probe the quality of
the interface in connection to the transfer of electrons toward the selective layer
only. The higher PL intensity was obtained when Al,O; film was employed as
ETL as a consequence of no electron extraction. Faster charge extraction was
observed for the rest of ETLs, in the following sequence: Np-Anatase > Nc-
Anatase > Nc-Amorphous, with only a slight difference between the two anatase
TiO; layers. The worse charge extraction efficiency of Nc-Amorphous layers
(Fig. 6.2) could explain its lower Jsc (Fig. 6.1D; Table A-6.1) However, in
relative terms to the reference Al,O; film, the photoluminescence difference
between the three TiO, layers is too small to have an impact on performance.
As it was shown in Chapter 4, interfacial charge accumulation has also been
related to the hysteretic behaviour (Fig. 6.1E).

To further analyse the impact of the different TiO, layers employed as ETLs on
the electronic dynamics that governs the photovoltaic performance, impedance
spectroscopy measurements at open circuit were performed. In Figure 6.3, the
impedance response in the form of Nyquist, frequency-dependent imaginary
impedance Z” and capacitance plots are reported.
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Figure 6.3. (A) Nyquist impedance spectra, (B) impedance frequency plot of the imaginary part
(Z”) and (C) frequency-dependent apparent capacitance obtained for the different device
configurations under open-circuit conditions and under white light illumination. The data were
obtained for a photovoltage of 0.98 V at constant illumination.
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As shown Figure 6.3A, the impedance spectra obtained for the different devices
were characterized by two signals that appear at high and low frequency. The
meaning of these signals has already been described in Chapter 3. These two
arcs (Fig. 6.3A) will only be well-distinguished when the peak maxima on the
impedance frequency plots (Fig. 6.3B) lie separated enough in the frequency
scale. In particular, for both Np-Anatase and Nc-Anatase the HF and LF peaks
appear, under an applied potential closer to 1-sun Voc (<980 mV), at 10° and 0.1
Hz, respectively. In contrast, Nc-Amorphous devices show the HF and LF peaks
at 10* and 10 Hz, respectively.

The frequency-dependent apparent capacitance for the different devices is
shown in Figure 6.3C. As it was said in Chapter 3, different polarization
processes were attributed to each plateau.'”” > The HF component is
determined by the dielectric polarization of the perovskite in the bulk, whereas
the LF plateau has been associated with the ETL/perovskite interface charge
accumulation. It has been claimed in Chapter 4 that the hysteresis found in the
current—voltage characteristics is associated with higher values of LF apparent
capacitance.'>"” However, in this case Ne-Amorphous devices show the most
pronounced hysteretic behaviour (Fig. 6.1E) in spite of showing lower LF
capacitance values (=10™* F) than in Np-Anatase and Nc-Anatase (=107 F)
Furthermore, a new polarization process appears at mid frequencies for Nc-
Amorphous devices. This new feature appears in the range of 10°~10* Hz (Fig.
6.3C), in the same range where the HF peak for Nc-Amorphous devices was
found (Fig. 6.3B). Thus, the presence of two time constants close in frequencies
could explain the nonsymmetric shape of the HF semicircle (Fig. 6.3A) and the
HF peak in the impedance frequency plots (Fig. 6.3B) of Nc-Amorphous
devices. A similar feature has previously been found for degraded perovskite
devices.” as well as for cells with a nonoptimized contact or when an insulating
Si0, scaffold is placed on top of the TiO; selective layer.”’

To better distinguish the time constants of the different processes found in the
HF region of Nc-Amorphous devices, we have plotted the impedance phase
shift versus frequency (Bode plot, Fig. 6.4A). In contrast to Figure 6.3B, two
peaks appear in the HF range (HF1 = 10* Hz and HF2 ~10° Hz), under an
applied potential closer to 1-sun V¢ for Nc-Amorphous devices. Interestingly
enough one of them (HF1) coincides in frequencies with the HF peak of Np-
Anatase and Nc-Anatase devices. Considering the HF region only, Figure 6.4B
shows the associated time constants (7) estimated from Eq. 3.23, where f'is the
frequency peak maximum directly extracted from the phase Bode plot in Figure.
6.4A. As hinted in previous Chapter, the HF component can be associated with
charge recombination processes and, consequently, the HF time constant could
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be understood as a measure of the recombination rate of photogenerated
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Figure 6.4. (A) Impedance frequency plot of phase shift, (B) HF time constants extracted as 1/2xnf
for the different device configurations under open-circuit conditions and under white light
illumination. (C) HF resistance as extracted from fittings of the impedance spectra using Voight
circuit (see inset Fig. 3.9A) Solid and open symbols correspond to the two time constants
observed in the amorphous spectra in the HF region.

From the analysis of Figure 6.4, we can draw the following conclusions. First,
Np-Anatase and Nc-Anatase devices show the same bulk recombination rate.
Second, Nc-Amorphous devices exhibit two different kinetic processes in the
high frequency region. As mentioned, the HF1 time constant, coincides
remarkably well with the single HF time constant (10 °~107 s) detected in the
anatase films and attributed to charge recombination. In contrast, the HF?2 time
constant was found in the range of 10°-10* s with a larger slope with respect
to photopotential. Figure 6.4C shows the HF resistances (Ryr) as a function of
the Voc extracted by fitting the impedance response to a simple Voight
equivalent circuit (see inset Fig. 3.9A in Chapter 3). In particular, the HF1
recombination resistance is found to vary exponentially with the open-circuit
potential as predicted by Eq. 2.22 (Chapter 2). As shown in Figure 6.4C, the
HF1 resistance found for the three types of films yields f-parameter values
around 0.56, very similar as the values obtained in the Chapter 5 for devices
fresh devices.''”” The HF?2 time resistance is also found to fit to Eq. 2.22
although with a different f-parameter value of 0.72. This suggests a different
mechanism, possibly recombination, for Nc-Amorphous devices.
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To cast light on the origin of HF time constants found for Nc-Amorphous
devices, impedance spectroscopy was performed using two different
illumination wavelengths (like we did in Chapter 5). Considering the absorption
spectra of perovskite devices (Fig. A-6.3) and the Beer—Lambert law, a different
charge generation profile inside perovskite layer will be produced using (A =
465 nm) blue and (A = 635 nm) red illuminations due to the different spatial
penetration of the optical excitation wavelengths.’'

Figure 6.5 shows the impedance phase shift versus frequency and time constant
of the HF component that was extracted from Eq. 3.23 for Nc-Amorphous
devices using blue and red illuminations. Figure 6.5A brings to light the
importance of where the charge has been photogenerated as shown by the
different impedance responses obtained under the different optical excitation
wavelengths. As shown in Figure 6.5B, the blue and red HF1 time constants
coincide quite well in the studied voltage range. Similar results were found for
Np-Anatase devices when impedance spectroscopy was performed under blue
and red illuminations (Fig. A-6.5). However, the time constant HF2 does not
only show a visible difference between the two time constants, but also a
different slope. In particular, slower kinetics are observed when blue
illumination was used as excitation wavelength. This behaviour is consistent
with the larger resistance observed in the Nyquist plot under blue illumination
(Fig. A-6.6).
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Figure 6.5. (A) Impedance frequency plot of phase shift and (B) HF time constants extracted as
12nf" for Nc-Amorphous devices at open-circuit conditions and using red and blue light
illumination.

It is relevant to elucidate what is the physical origin of the additional HF2 time
constant observed in the Nc-Amorphous devices and the strong hysteresis with a
marked bump that it is observed in the IV curve. As noted above, the HF2
signal shows a different value when the impedance experiment is done at a
situation where more carriers are photogenerated close to the front contact. All
this evidence points to an interfacial process as the cause of the signal. The fact
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that amorphous contacts generate much less current at short-circuit suggests
also that surface recombination may be having an important role in this case. As
regards recombination, two main recombination mechanisms of photogenerated
charges have been extensively discussed in the literature.

On the one hand, a recombination process mediated via a trap-limited

10,11,17.30 And, on the other hand, a
24,32,33

mechanism in the bulk of the perovskites.
surface mediated recombination at the selective contacts. However, it is
possible that the both recombination mechanisms could act together if the
selective layer are characterized by a low charge extraction efficiency, as it is
the case of Nc-amorphous layers studied here. As it was previously shown
(Chapter 5), the coincidence of the HF'1 time constants obtained under blue and
red illuminations, its time scale and the values of ideality factor (m =~ 1.8)
extracted from resistance versus potential plot (Fig. 6.4C), indicate that this
signal corresponds to recombination in the bulk of the perovskite layer via a
trap-limited mechanism.®''>*** In contrast, we attribute the different behaviour
found for the HF?2 time constants under blue and red illumination along with the
ideality factor closer to 1 (m = 1.4) to a surface-mediated recombination
mechanism or, alternatively, to a slow transport process. In this respect, it is
important to bear in mind that impedance time constants are not recombination
“lifetimes,” especially for perovskite solar cells.”****’

To confirm this interpretation, drift-diffusion modeling was performed by
Walker and coworkers to simulate the IV curve for different relative values of
surface versus bulk recombination. In these calculations the electron—hole
dynamics, including transport and recombination, are coupled to the motion of
iodide vacancies within the perovskite layer (see details in appendix D). In
Figure 6.6 results for the IV curves for two cases, high and low surface
recombination at the TiO,/perovskite interface, are shown.

The numerical simulation shows that a high value of the surface recombination
rate does not only reduces the short-circuit photocurrent without affecting the
Voc, but also induces more hysteresis in the voltage scan. This is perfectly in
line with the experimental observations (Fig. 6.1D; Fig. A-6.4). Furthermore,
the critical impact of the surface recombination term explains the appearance of
the additional time constant in the impedance spectrum for the device with Nc-
amorphous contact, as well its dependence on the excitation wavelength.
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Figure 6.6. (A) Simulated IV curves for reverse (solid lines) and forward (dashed lines) when
either high or low surface recombination rates at the TiO,/perovskite interface are considered in
the calculations. The rest of the parameters are kept fixed. (B, C) Relative contributions to the
total current: extracted current (green), bulk recombination (yellow), surface recombination at the
TiO, interface (blue) and surface recombination at the spiro-OMeTAD interface (red).

In summary, considering the same behaviour obtained for the fastest
recombination rate extracted from impedance spectroscopy (Fig. 6.4B and
6.5B) and the same V¢ values (1020 mV) obtained from the current—voltage
characteristics (Fig. 6.1D; Fig. A-6.4) for all the different device configurations,
trap-limited recombination in the bulk of the perovskites seems to be the main
candidate to explain the Ve of perovskite devices, at least for anatase-base
contacts. This is in line with recent reports with state-of-the-art solar cells and
with the results obtained in Chapter 5111730 However, an additional process
appears for Nc-amorphous contacts, which also exhibit a bump in the current—
voltage characteristics and strong hysteresis. We attribute this additional
process and the IV curve shape to surface recombination at the TiO,/perovskite
interface. It is also important to state that at open-circuit, for Nc-amorphous
contacts, bulk recombination still amounts to up to a third of the surface
recombination, which explains the presence of HF1 signal in the impedance

spectrum in these devices.

6.4 Conclusion

In this Chapter, we have analysed the impact of the structural and crystalline
properties of different TiO, films employed as ETL on the photovoltaic and
optoelectronic behaviour of perovskite solar devices. In particular, we have
investigated the effect of ETLs based on 3D nanoparticle and 1D nanocolumns
films deposited by spin-coating method and plasma-enhanced chemical vapour

133



Chapter 6

deposition, respectively. Additionally, we have analysed the effect of the
nanocrystalline phase of the ETL by comparing anatase and amorphous TiO,
nanocolumnar films. Two main conclusions can be extracted from this Chapter.
On the one hand, the similar power conversion efficiency (=14.7%) and
optoelectronic behaviour obtained for the both anatase TiO, films (three and 1D
structure) employed as ETL bring to light the capacity to prepare well-
performing 1D photoanode by plasma-enhanced chemical vapour deposition
technique, which is a very simple, reliable, and industrially scalable and low-
temperature deposition method. Second, regardless of the structural and
crystalline properties of the different TiO, films employed as ETL, all devices
show the same open-circuit photopotential although quite different short-circuit
photocurrent. This behaviour can be explained by two different charge
recombination mechanisms present in devices based on amorphous
nanocolumnar films as ETL. The results extracted from impedance analysis and
drift-diffusion modeling reveal that the recombination mechanism that
determines the V¢ is governed by a process mediated by traps in the bulk of the
perovskite. However, the second charge recombination mechanism found for
Nc-Amorphous device suggests that surface-mediated recombination at the
ETL/perovskite interface determines the Js¢ and the hysteresis.
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Chapter 7

Impact of Moisture on Efficiency-
Determining Electronic Processes
in Perovskite Solar cells

In this Chapter, moisture-induced degradation in perovskite solar cells is
thoroughly investigated by structural (SEM, EDS, XRD and XPS) and device
characterization  (impedance and intensity modulated  photocurrent
spectroscopies) techniques. Both the influence of the perovskite composition
and the nature of the hole selective material is analysed. For a fixed
degradation degree, all configurations show similar features in the small-
perturbation analysis. A new mid-frequency signal appears in the impedance
response, which seems to be related to charge accumulation at the interfaces. In
addition, faster recombination, with a more important surface contribution, and
slower transport is clearly inferred from our results. Both features can be
associated with the deterioration of the contacts and the formation of a higher

number of grain boundaries.
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7.1 Introduction

Hybrid organic-inorganic halide perovskite solar cells have arisen as an
efficiency and low-cost PV technology owing to their excellent optoelectronic
properties (see Chapter 1).'” However, in spite of great improvement of
efficiency in last few years, the lack of a long-term stability restricts its outdoor
photovoltaic applications6 and as a consequence its commercialization.

It is well-known that the stability of perovskite solar cells and therefore their
photovoltaic performance are intimately associated to the degradation of
perovskite layer. As it was previously indicated (see Chapter 2), the main
causes behind perovskite degradation are related to different environmental
factors,”” such as moisture, temperature, oxygen and UV light, which could
give rise to different degradation pathways. Niu ef al. suggested that the
perovskite degradation starts with the deprotonation of the methylammonium
cation by water to produce methylamine, hydrogen iodide and lead iodide."
Yang et al. proposed the formation of colorless hydrated (CH3;NH3)4Pbls-2H,0
as a result of perovskite hydration and the formation of lead iodide as final
product.'’ On the other hand, Haque et al. described the perovskite degradation
by the coupled effect of molecular oxygen and light suggesting that reactive
oxygen species and the organic cation of perovskite react among themselves.'”
In any case, many approaches have been developed in order to prevent the
perovskite degradation and guarantee the device stability. Among them stand
out the effective passivation of devices by the use of hydrophobic polymers
layers, the employment of photopolymerized fluorinated coatings, hydrophobic
hole-selective materials, hydrophobic carbon electrodes and a thin blocking
layer between perovskite and electron-selective layers." "

However, the impact of these environmental factors on perovskite degradation
kinetics depends on other intrinsic properties such as thermal and electrical
stability, which is determined by the perovskite composition. Therefore, special
attention has been paid to the perovskite composition in order to achieve a more
stable crystal structure and guarantee a long-term stability by the entire or
partial inclusion of different ions with different sizes into the three-dimensional
network. For instance, the beneficial effect in terms of stability of a partial
insertion of bromine into the perovskite structure was reported.”**' Similar
results were found for the inclusion of chloride.” In the both cases, the smaller
ionic radii of Br and Cl with respect to I leads to a more compact structure
in which the organic cations are less exposed. More recently, Petrus and
coworkers reported the impact of the excess of Pbl, as precursor on perovskite
stability against moisture exposure.”” In relation to the organic cations,

tolerance factor t (defined by Eq. 1.1 in Chapter 1) values of 0.88 and 0.83
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were found for perovskites containing MA and FA, respectively.” The higher
thermal stability found for FAPbI; was associated with the more-stable cubic
crystal phase with respect to the tetragonal one attributed to MAPbI;, which
could be related to the different interaction of these cations with the inorganic
matrix.”>*® Similar results were found by Snaith ef al. when they compared
CsPbl,Br and MAPbBIL,Br and demonstrated the stability of the former owing to
the appropriate ionic radii of Cs".* Triple and quadruple organic cation
perovskite (MA, FA,Cs and Rb ) as well as the incorporation of a large organic
cation as guanidinium into the MAPbI; crystal structure have also been
investigated to improvements the stability of devices.”* >’

Up to the date, previous studies related to the perovskite stability have mainly
investigated the different perovskite degradation mechanisms under
environmental factors or different approaches to prevent the perovskite
degradation. SEM and STEM (scanning transmission electron microscope)
images, EDS mapping, UV-Vis absorbance, XRD diffraction patterns, Raman
and IR spectroscopy techniques were commonly used to characterize the extent
of perovskite degradation and its kinetics. However, in this thesis, small-
perturbation optoelectronic techniques have been used to investigate the impact
of moisture on the electronic processes that determine the photovoltaic
performance. This is important to better assess how the perovskite
improvements investigated in the literature really affect the functioning of the
device in terms of stability and efficiency. In order to correlate the moisture
effect to this, we have analysed the electron transport and recombination
processes using impedance spectroscopy and intensity-modulated photocurrent
spectroscopy. In this Chapter, we have investigated both the influence of the
perovskite composition (MAPbI; = MAI and CsgosFAgs1 MAg14Pblogs Brois =
MIX) and the influence of the hole selective material (Spiro-OMeTAD and
P3HT) on the device stability. For simplicity we will use the following notation
to refer to the different device configurations studied: MAI/Spiro, MAI/P3HT,
MIX/Spiro and MIX/P3HT.

7.2 Fabrication and characterization of devices

Fabrication of perovskite solar cells (PSCs)

Perovskite devices with mesoporous regular architecture were fabricated
following the methodology described in Chapter 3. First of all, FTO TEC15
were cleaned following the solvent sequence: Hellmanex solution; Deionized
water; Ethanol; Isopropanol. Then, TiO, compact layer was deposited by spray
pyrolysis. After that, a mesoporous layer of TiO, was deposited on top of a TiO,

141



Chapter 7

compact layer. Then pure methyl ammonium (MAPbI;) and mixed cation
perovskite (CsoosFAosi MAg14Pblogs Brgs) were deposited as active layer
inside a glove box (Fig. A-7.1). For that, perovskite precursor solution of 1.2 M
for MAPDI; and 1.4 M for mixed cation perovskite were used. The thickness
obtained for the different perovskite compositions are shown in Table 3.4. Later
perovskite deposition, spiro-OMeTAD or P3HT solution was spin coated.
Finally, 80 nm of gold was deposited by thermal evaporation. (See Chapter 3
for details)

Characterization of devices

The devices were characterized using current-voltage characteristics by two
different light sources: (1) a solar simulator (ABET-Sun2000) (2) a white light
emitting diode (LED, LUXEON). The illumination for the different IS
measurements was provided by white, red (1 = 635 nm) and blue (4= 465 nm)
LEDs and over a wide range of DC light intensities. This allows for probing the
devices at different positions of the Fermi level in the semiconductor and for
different optical generation profiles.’’ To avoid voltage drop due to series
resistance, IS measurements were performed at the open circuit potential. A 20
mV perturbation in the 10°-10> Hz range was utilized to obtain the spectra.
IMPS measurements were performed at short-circuit in the 10° to 10°Hz range.
To avoid any additional degradation process related to the moisture, the
measurements were carried out under Nj-atmosphere. For the structural
characterization, perovskite films were prepared by spin coating onto Si wafers.
SEM images of the samples were performed. Electron Backscatter Diffraction
(EBSD) images were obtained wusing NordlysMax3 detector (Oxford
Instruments). Energy Dispersive Spectroscopy (EDS) was performed using a
Silicon Drift Detector (Oxford Instruments). X-ray diffractograms were
recorded on a Rigaku diffractometer using CuKa source. The measurements
were performed at grazing angle geometry. The samples were mounted without
any further modification and the divergence slit were adjusted to the dimension
of the films. The scan range of 10°- 60° was selected with an acquisition time of
3 degree/min. A baseline correction was applied to the diffractograms to
compensate for the noise arising from the substrate. XPS characterization was
performed in a Phoibos 100 DLD X-ray spectrometer from SPECS. The spectra
were collected in the pass energy constant mode at a value of 50 eV for the
general spectra and 30 eV for the different peaks using a Mg Ka source. Cls
signal at 284.5 eV was utilized for calibration of the binding energy in the
spectra. Static water contact angle (WCA) measurements were provided by a
Data Physics setup by depositing bidistilled water drops of 1uL. The given
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values correspond to a statistics over 10 values. The WCAs were evaluated for
pinning droplets several seconds after the contact with the surfaces.

7.3 Results and discussion

PCE in the range 12-16 % were obtained under standard conditions (1 sun - AM
1.5 illumination) for the different PSCs studied here (Fig. A-7.2 in appendix E).
Current-Voltage characteristics of the different PSCs were measured in reverse
scan at a scan rate of 100 mV-s”. In particular, average efficiencies of 15.3 %,
13.2 %, 13 % and 12.5 % were obtained for MAI/Spiro, MAI/P3HT, MIX/Spiro
and MIX/P3HT devices, respectively (Table A-7.1 in appendix E). In line with
the literature and the results of Chapter 5, these results highlight the impact
of the perovskite composition and the material used as HSL on the photovoltaic
performance. For both perovskite compositions, better efficiencies were
obtained when Spiro was used as HSL with respect to P3HT as a result of the
higher Vyc. Additionally, in spite of showing similar Jgc and V¢ for the both
HSL, worse efficiencies were obtained for MIX devices due to its lower fill
factor. These different devices will be used for the following discussion.

MAI/Spiro MAIPIHT

Normalized Photocurrent
Normalized Photocurrent

02 00 02 04 06 08 10 12
Potential / V Potential / V

MIX/Spiro MIX/P3HT

Normalized Photocurrent
Normalized Photocurrent

02 00 02 04 06 08 10 12 02 00 02 04 06 08 10 12

Potential / V Potential / V
Figure 7.1. Normalized IV curves for the different PSCs (blue) before and (black, red) during the
moisture exposure measured in the reverse scan and forward scan (cyclic voltammetry) under
light intensity of 10 mW-cm™ (white LED). The measurements were performed with a scan rate
of 100 mV-s™ at room temperature.

In order to investigate the impact of the moisture exposure on the device
stability, the photovoltaic performance of the different PSCs were measured
inside a hermetic chamber-holder with a constant flow of air with a RH > 90%.
Figure 7.1 shows current-voltage characteristics of PSCs measured by cyclic
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voltammetry before and during the moisture exposure. The measurements were
started with a reverse scan after a dwelling time of 10 s at 1.2 V, and were then
continued with a forward scan.

As shown in Figure 7.1, moisture exposure induces negatively effects in the
photovoltaic performance of the different PSCs. Both Ve and Js¢ tend to
decrease with respect to the moisture exposure time. In particular, an efficiency
drop of 51 % and 19 % after 10 min for MAI based devices and 60 % and 42 %
after 160 min for MIX-based devices were recorded when Spiro and P3HT were
used as HSL, respectively. From these results, the following trend was
extracted. Firstly, focusing on the impact of the perovskite composition, the
degradation process was faster when MAI was employed as active layer in
contrast to degradation rate found for MIX perovskite. The same result was
found when Spiro as well as P3HT were used as HSL. As it has been previously
reported, the longer device stability obtained for MIX samples was not only due
to the partial inclusion of bromine anions,”™*' but also to the combination of
MA, FA and Cs cations.”®**'* This combination gives rise to a more thermally
and structurally stable perovskite. And secondly, in relation to the nature of the
HSL, Spiro-based devices are significantly less stable than those with P3HT as
HSL.

In order to cast light into the perovskite degradation kinetics obtained for the
different PSCs, SEM was used to investigate the effect of moisture exposure on
the device stability. Figure 7.2 shows SEM images obtained for bare perovskites
and MAI/HSL films deposited on Si/cTiO,/mTiO, before and after moisture
exposure.

Before moisture exposure, both uncovered perovskites layers formed
homogeneous and pinholes-free films, with larger grain size in the case of MIX
perovskite (Fig. A-7.1). However, after moisture exposure remarkable
morphological changes were observable in both cases as shown Figure 7.2. In
the case of bare MAI layers, large perovskite crystals with well-defined faces
appeared leading to extensive pin-holes after 1 hour under moisture exposure.
For longer times (5 hours), larger structures with dendritic shape were formed.

In contrast, as it was expected according to the literature, "2

no significant
change was observed for MIX layers for at least 1 hour under moisture
exposure. Nevertheless, after 5 hours of exposure, large perovskite crystals with
reduced pin-holes around them were formed. The formation of these large
perovskite structures seems to be related to the perovskite aggregation process
(Fig. A-7.3). In contrast to a previous report,’® EDS analysis showed the same

Pb/I ratio for fresh and degraded samples.
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Figure 7.2: Plane-view scanning electron microscopy (SEM) images for the MAI, MIX,
MAI/Spiro and MAI/P3HT layers after moisture exposure (RH= 90%) for 1 and 5h at room
temperature.

To investigate the influence of the HSL on the device stability, MAI perovskite
was used as active layer, as it is less stable. Longer moisture exposure times (5
hours) were used. Not significant changes appeared after only 1 hour as
exposure time. As shown in Figure 7.2, as a result of the perovskite degradation,
an increased number of emerging structures coming from the underlying
perovskite layer appeared when Spiro was used as HSL. These new formed
crystals are possible reason to the fracture of the Spiro layer. In contrast, after 5
hours under moisture exposure the P3HT layer appears unchanged. This
behaviour can be ascribed to the hydrophobic character of P3HT layer,'® which
makes the penetration/percolation of water molecules towards the underlying
perovskite layer more difficult. Similar behaviour was previously reported using
UV-Vis and FTIR spectroscopy (Fourier-transform infrared spectroscopy).'"’
The water contact angles (WCAs) for the different configurations were reported
in Table A-7.2. WCAs >100° and <80° where found for perovskite/P3HT and
perovskite/Spiro  configurations, respectively. These results claim the
hydrophobic and hydrophilic character of P3HT and Spiro layer, respectively.
Therefore, it seems reasonable to assume that the short stability obtained for
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MAI/Spiro devices was connected to both the perovskite decomposition
process, higher affinity to water and consequent degradation of the Spiro layer.

Figure 7.3 shows XRD patterns of the two perovskites (MAI and MIX) with
and without HSL (Spiro and P3HT) before and after moisture exposure. The
characteristic diffraction peaks of tetragonal perovskite phase (14.1°, 28.5° and
31.9°)**** were obtained for fresh samples, which remained at the same position
when the samples were subjected to humidity (RH > 90%) exposure for 1 hour.
As it was previously reported, any additional peak appears as a consequence of
HSLs. Nevertheless, additional diffraction peaks previously related to the
formation of hydrated perovskite complex and Pbl, were found after moisture
exposure at 10.5° and 12.7°, respectively.”*** Focusing on these two
diffraction peaks, different behaviour can be observed depending on the
perovskite composition and/or HSL. Firstly, for uncovered perovskite layers
these two peaks were only observable for MAI perovskite after moisture
exposure. And secondly, contrary to expectation, higher signal intensities for
these two diffraction peaks were found for MAI/Spiro with respect to the
uncovered MAI sample. Similar behaviour was found for MIX perovskite. In
this case, the signal previously attributed to Pbl, was only found for MIX/Spiro
sample after moisture exposure, whereas it was not observed for bare MIX and
MIX/P3HT samples.

2 &2 [MAI
- ~N ™
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Figure 7.3. X-ray diffraction for the different (MAI and MIX) perovskite layers with and without
the HSL (Spiro and P3HT) deposited on the top (blue line) before and (red line) after moisture
exposure for 1 hour. The positions of the XRD peaks for (purple star) Pbl, and (green circle)
hydrated complex are marked in the graphs.
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Therefore, the rapid degradation kinetics found for MAI/Spiro samples (Fig.
7.1) could not only be related to the perovskite composition and/or the
degradation of the Spiro (Fig. 7.2), but also to a possible interfacial interaction
of both layers.”’ We have further analysed the chemical composition of fresh
and degraded devices by XPS. The comparison of the atomic percentages of
different elements (Pb, I, O, C, N, S, F and Ti) in surface is shown in Table A-
7.3. In line with Figure 7.2, part of the TiO, layer was revealed for uncovered
MALI after moisture exposure as suggest the high Ti percentage. A decrease of
the Pb/I ratio was found for both uncovered perovskite. However, the difference
was higher for MAI perovskite. In particular, after moisture exposure the Pb/I
ratio changed from 0.85 to 0.5 and 0.6 to 0.4 for uncovered MAI and MIX
perovskite. Finally, after moisture exposure, a percentage below 1% of I only
appears in Spiro-based devices, whereas it was not detected in P3HT-based
devices. Considering these results, the following trend can be established to
define device stability: MAI/Spiro < MAI/P3HT < MIX/Spiro < MIX/P3HT.
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Figure 7.4. (A, B) Impedance spectra and (C, D) frequency-dependent capacitance obtained at
open-circuit condition and under white light illumination for (A, C) fresh and (B, D) degraded
PSCs. The illumination intensity was fixed as such so the photopotential close to the 1-sun Vo is
generated (Table A-7.1).

Once the impact of the moisture exposure on the device stability has been
assessed according to the perovskite composition and the material employed as
HSL, we focus our attention on the electronic processes determining the
photovoltaic performance. To study the effect of moisture exposure on the
device performance, we analyse the impedance response in the form of Nyquist
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and frequency-dependent capacitance plots (Fig. 7.4). At this point, it is
important to remark that the different PSCs were subjected to different moisture
exposure times bearing in mind the different degradation kinetics demonstrated
above. Therefore, in order to safely isolate the effect of the degradation rate, a
photocurrent drop of 50% was employed as criteria for the exposure time. After
the moisture exposure, the PCSs were flushed with dry nitrogen for 1 hour
before starting the characterization by impedance spectroscopy.

As shown in Figure 7.4A, the impedance spectra obtained for fresh PSCs were
characterized by two signals. These two signals will only be well-detected when
the peak maxima on impedance frequency plots are sufficiently well separated
(Fig. A-7.4). As it was described in Chapter 3, the signal appearing at high
frequencies, the closest one to the origin and the largest semicircle, has been

42744 \Whereas the

attributed to electronic transport/recombination processes,
signal appearing at low frequencies has been related to ionic motion and charge
accumulation at contacts.*’ These two signals exhibit significant changes in the
impedance spectra after moisture exposure. In particular, a distortion of the HF
semicircle was found for degraded PSCs (Fig. 7.4B). This behaviour seems to
be more remarkable for degraded P3HT-based devices. This feature could
explain the non-symmetric shape of the HF peak in the impedance frequency
plots that was found for degraded PSCs (Fig. A-7.4). The non-symmetric shape
suggests that the time constant of a process previously hidden under the HF
semicircle after degradation becomes now resolved or, alternatively, the
appearance of a new capacitive process. The general response of the frequency-
dependent apparent capacitance for fresh and degraded devices is shown in
Figure 7.4C and 7.4D, respectively. According to the literature,***’ each plateau
is related to a certain specific polarization process (see Chapter 3 for more
details). In accordance to the different thicknesses of the perovskite layers (d)
(Fig. A-7.5) and the expression for the bulk capacitance C = Ae/d, higher HF
capacitance values were found for MAI-based devices. Focusing on the effect
of the moisture exposure, although the capacitance values observed for HF and
LF plateaus are in the same range (=107 F/cm™ and =107 F/cm™, respectively)
for fresh and degraded devices, the fact is that a new polarization process in the
range of ~10° - 10° F/cm™ was found at mid frequencies after moisture
exposure. This effect seems to be more pronounced for P3HT-based devices.

A similar behaviour has been previously reported for PSCs with less efficient
external contacts. In particular, impedance spectra and frequency-dependent
capacitance plots were characterized by the presence of an additional MF
component when TiO, and Nb,Os were employed as electron selective layer in
aged devices.*® Guerrero and coworkers assigned this characteristic feature with
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the charge accumulation at the ESL/perovskite interface due to the low charge
extraction efficiency of these selective contacts. Additionally, an interfacial
recombination enhancement was suggested as a consequence of this charge
accumulation process. Nevertheless, it should be considered that this charge
separation/extraction process is not only determined by the ESL but also by the
perovskite itself and the material used as HSL. As reported, the interfacial
interactions between the selective contacts and the perovskite layer affect the
energetic barriers that determine the charge separation/extraction processes.*’**"
> Considering the devices are characterized by the same ESL, the MF
component could be associated with an interfacial charge accumulation process
due to the perovskite composition and material employed as HSL which can not
only determine the charge extraction at the ESL/perovskite interface, but also at
the perovskite/HSL interface. This interpretation could explain the difference
found for Spiro and P3HT-based devices (Fig. 7.4 and Fig. A-7.4).
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Figure 7.5. Frequency-dependent capacitance obtained at open-circuit condition and under
illumination for (squares) fresh and (circles) degraded MAI/Spiro, MAI/P3HT and MIX/Spiro
devices using the two excitation wavelengths of (blue) 4, = 465 nm and (red) 4,.¢= 635 nm.

To cast light into the origin of this new feature appearing at mid frequencies
after moisture exposure, impedance spectroscopy was measured using two
different illumination wavelengths (blue and red illumination) to modify the
charge generation profile inside the perovskite layer like we did in Chapter 5
and 6. From that, a higher concentration of photogenerated charge would be
expected at the ESL/perovskite interface than at the perovskite/HSL one under
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blue illumination. In contrast, the profile of photogenerated charge is more

. . . . 31.56
uniform under red illumination.””

Figure 7.5 shows the apparent capacitance-
frequency response under blue and red illumination for MAI/Spiro, MAI/P3HT
and MIX/Spiro devices before and after moisture exposure.

In line with Figures 7.4C and 7.4D, the apparent capacitance-frequency
response obtained under blue and red illumination was characterized by the
presence of a characteristic polarization process appearing at mid frequencies
(10*-10%> Hz) which overlaps with the HF plateau (bulk capacitance) after
moisture exposure. For fresh devices the apparent capacitance-frequency
response was not affected by electron-hole generation profile produced as a
result of the different optical excitation wavelengths employed during the

impedance spectroscopy.

A similar behaviour was found for degraded MAI/Spiro and MIX/Spiro devices.
In contrast, a significant difference was found at mid frequencies for degraded
MAI/P3HT devices when the electron-hole generation profile was modified. In
particular, higher MF capacitance values were found when the availability of
the photogenerated charges was higher at the perovskite/HSL interface (red
illumination) with respect to when charge was photogenerated preferentially in
the vicinity of the ESL (blue illumination). This behaviour is also brought to
light in the Nyquist plots by the presence of the MF semicircle for degraded
MAI/P3HT devices under red illumination (Fig. A-7.6). Therefore, a more
important interfacial charge accumulation process seems to take place after
moisture exposure when P3HT was used as HSL and consequently, a poorer
hole extraction is expected at the perovskite/P3HT interface with respect to
perovskite/Spiro. This possible interpretation could not only explain the
distorted HF semicircle and/or the apparent MF semicircle found in Nyquist
plot of impedance response for degraded devices, respectively (Fig. 7.4B and
Fig. A-7.6), but also the more remarkable MF capacitive process observed for
P3HT-based devices (Fig. 7.4D). On the other hand, as mentioned above, the
energetic barriers that determine the charge extraction/separation process also
depends on the perovskite material. As shown in Figure 7.5C, when the Spiro
was used as HSL the capacitance-frequency response obtained under blue and
red illumination shows the same behaviour before and after moisture exposure.
Similar results were found for MAI/Spiro devices (Fig. 7.5A). Nevertheless,
this MF capacitive process seems to be less visible after moisture exposure
which suggest a better electron and hole extraction in both interfaces even after
moisture exposure. This robustness of the electronic properties of the Spiro
contact explains the normally better photocurrents obtained in devices when
such material was used.
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Figure 7.6. Recombination (HF) resistance versus open-circuit potential as extracted from fittings
of the impedance spectra using the two excitation wavelengths of (blue) 4, = 465 nm and (red)
Area= 635 nm for (squares) fresh and (triangles) degraded MAI/Spiro device.

In order to understand the differences found in the Nyquist plot of impedance
spectra under different optical excitation wavelengths for degraded devices
(Fig. A-7.6), the HF signal was investigated. Figure 7.6 shows the HF
resistance (Ryr) extracted by fitting the impedance response under blue and red
illumination for fresh and degraded MAI/Spiro devices to simple Voight
equivalent circuit (see inset Fig. 3.9A in Chapter 3).”’ To be sure about the
fitting, the time constant (7r) were estimated from Eq. 3.22; and Eq. 3.23
(Chapter 3). The same behaviour was obtained for both fresh and degraded
devices (Fig. A-7.7).

Specifically, the Ryr shows the same behaviour for fresh devices regardless of
the electron-hole generation profile. In contrast, a minor difference was found
after moisture exposure when the optical excitation wavelength was changed.
For degraded devices, lower values of Rpr were found when the red
illumination was used as optical excitation. In other words, the photogenerated
charge at the perovskite/HSL interface seems to recombine strongly than the
photogenerated charge at the ESL/perovskite interface for a degraded device.
On the other hand, a remarkable change of the slope ( f-parameter ) of the Ryr
for both optical excitations was observed with respect to fresh devices. Similar
results were obtained for the different devices when a white LED was employed
as illumination source before and after moisture exposure (Fig. A-7.8). This
observation suggests that the charge that has been mainly photogenerated at the
ESL/perovskite and perovskite/HSL interface are subjected to different
recombination mechanisms after moisture exposure. As it was observed in
previous Chapters,’"® the results obtained for fresh devices suggest that the
main recombination process is mediated via a trap-limited mechanism in the

59-63 . .
However, surface recombination could be more
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important as a consequence of the perovskite degradation by the moisture.”**%

Therefore, the increase of this surface-mediated recombination seems to be
intimately related to the larger interfacial charge accumulation described (Fig.
7.5). Similar results were expected for the rest of devices studied in this Chapter
as revealed by Nyquist and impedance frequency plots obtained under both
optical excitations showing the same behaviour (Fig. A-7.6 and Fig. A-7.9,
respectively).

This interpretation seems to be in line with the conclusions previously reported
by A. Leguy et al.*® In particular, they related the efficiency drop after moisture
exposure to the isolation of the perovskite grains which would reduce the
charge transport leading to an increased recombination at the grain interfaces. In
other words, the grain insulating effect could limit the charge transport and
improve the charge recombination giving rise to a shorter charge diffusion
lengths.®*** In order to consolidate this assumption, IMPS was measured to

provide information about the different charge transport processes.
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Figure 7.7. IMPS frequency plot of the imaginary part for MAI/Spiro device (blue) before and
(red) after moisture exposure obtained under white illumination.

As shown in Figure 7.7, IMPS frequency plot shows two well differentiated
peaks with respect to the frequency scale which have been previously related to
different charge transport processes characterized by different time
constants.****%7 As it was indicated in Chapter 3, the HF peak (=10, Hz) was
associated with the electron transport inside the perovskite layer, whereas the
LF peak (=1 Hz) was attributed to ionic motion. In addition, a peak at mid
frequencies was also found and related to the electron transport process in the
mesoporous TiO, matrix. >’ Nevertheless, this MF peak was not resolved in
our case (Fig. 7.7). Considering HF peak only, a lower charge diffusion
coefficient (D,) is expected for degraded devices, since the HF peak appears at
lower frequencies (D, was extracted from Eq. 4.3 in Chapter 4).°® A smaller
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diffusion coefficient gives rise to shorter charge diffusion lengths, in line with
the faster recombination observed in the degraded samples.

7.4 Conclusion

In this Chapter, we have investigated the effect of the moisture-induced
degradation of perovskite solar cells using a combination of structural
characterization (SEM, EDS, XRD and XPS) and small-perturbation
optoelectronic ~ (impedance and intensity = modulated  photocurrent
spectroscopies) techniques. We studied the influence of the perovskite
composition and HSL employed on the device stability. In particular, our results
reveal a lower degradation rate for perovskite solar cells based on (CsgosFAgs:
MA.14Pblygs Brois) as active layer and P3HT as HSL. On the other hand, the
effect of the moisture-induced degradation on the electronic processes that
determine the photovoltaic performance in perovskite solar cell was also
investigated. Regardless of the device configuration, the charge recombination
is governed by the bulk of the perovskite layer via a trap-limited mechanism.
However, the moisture-induced degradation modifies the charge recombination
mechanism. The additional mid-frequency component recorded in both Nyquist
and frequency plots after moisture exposure suggests an interfacial charge
accumulation. This charge accumulation process can accelerate the charge
recombination rate due to a greater contribution of a surface-mediated
recombination route. As a consequence of the moisture-induced degradation, a
slower electron transport in perovskite layers was also observed, which can be
traced back to the formation of more grain boundaries.
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Chapter 8

Impedance Analysis of Perovskite
Solar Cells: a Case Study

In this Chapter, we carry out an impedance spectroscopy analysis of two
perovskite solar cells with quite distinct optical and electrical characteristics,
i.e. MAPbI; and CsPbBrs-based devices. The main aim of the analysis is to
establish how, regardless the inherent complexity of the impedance spectrum
due to ionic effects, information like ideality factors, recombination losses and
the collection efficiency can be qualitative and quantitatively assessed from

impedance experiments at operating conditions.



Chapter 8

8.1 Introduction

As it has been shown in previous Chapters, photovoltaic halide perovskites
behave as a sort of “soft” semiconductor where electronic and ionic condition
are mixed.'” This feature appears to be related to the occurrence of different
kinetic processes that take place in quite separated time scales: electronic
transport and recombination in the ns-ps range,*® ionic redistribution and
hysteresis in the ms-seconds range, " and reversible and irreversible
degradation processes for seconds, minutes and even in a longer time scale.'' "
In particular, it is generally accepted that recombination is especially slow and
diffusion lengths especially long in PSCs, leading to open-circuit photovoltages

very close to the theoretical limits.*'*

In this context, advanced optoelectronic techniques such as impedance
spectroscopy' "'* are particularly appealing to study solar cells, as they allow
the characterization in a broad range of time scales. A typical impedance
experiment consists in setting a small frequency-modulated (AC) signal
(voltage perturbation) which is applied in addition to a stationary (DC) voltage.
By registering the AC response in terms of current one can extract the complex
frequency-dependent impedance and obtain information about internal
processes of PSCs occurring at different time scales (us — s) (see Chapter 3 for
details). This makes it possible to distinguish processes of distinct kinetics, like
those based on either pure electronic changes (supposed to be fast) or,
indirectly, those based on ionic changes either in the bulk or at interfaces
(supposed to be slow). Thus, impedance spectroscopy can be theoretically used
as characterization method of PSCs and provide a basis to quantify transport
rates, recombination losses, interfacial charge accumulation processes
characteristic geometric capacitances, ionic diffusion coefficients, ... occurring
in these time domains.

The main drawback of IS, especially as regards its exploitation to characterize
PSCs, is that an interpretation of the spectra is still not well-established in the
field yet, as it is for other systems such as dye-sensitized solar cells.'” Several
factors contribute to this. First of all, the impedance experiment itself produces
internal electrical fields that displace and reorganize the ions, altering the
electrical features.' Secondly, there is a large variety of equivalent circuits “in
the market” to fit the spectra. Due to the existence of the afore-mentioned
disparity of kinetics, different types of circuit happen to yield the same fitted
parameters.”” As a consequence, the interpretation of the obtained fitted
parameters is not univocally understood yet. Thus, the following questions can
be formulated in order to establish IS as a useful tool to assess the performance

of a perovskite solar cell: in spite of the ionic effects and inherent complexity of
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the spectrum, can we still quantify recombination, and charge collection at
working conditions?

Herein, to provide a deeper electrical and phenomenological characterization
with new insights in the physical process that determine the photovoltaic
response of PSCs under working conditions, we have chosen two configurations
characterized by very different optical characteristics and band gaps and a quite
distinct hysteretic behaviour in the current density-voltage curve. In particular,
we analysed the electrical properties of MAPbI; and CsPbBr; devices under
illumination, being probably the most studied hybrid and inorganic perovskites,
respectively. In order to understand the spectra, the impedance parameters (time
constants, resistances and capacitances) are analysed, for both configurations, as
a function of three experimental variables: (1) illumination intensity and open-
circuit voltage, (2) DC voltage and (3) temperature. From experiment (1) it will
be shown how the ideality factor can be extracted, and how it can be
qualitatively compared to the recombination rates of PSC with different optical
band gaps. From experiment (2) we can follow how the IV curve can be traced
down from the impedance response. From experiment (3) we can differentiate
between electronic and ionic process and extract activation energies.

8.2 Fabrication and characterization of devices

Fabrication of perovskite solar cells (PSCs)

Perovskite devices with mesoporous regular architecture were fabricated
following the methodology described in Chapter 3. First of all, FTO TEC15
were cleaned following the solvent sequence: Hellmanex solution; Deionized
water; Ethanol; Isopropanol. Then, TiO, compact layer was deposited by spray
pyrolysis. After that, a mesoporous layer of TiO, was deposited on top of a TiO,
compact layer. For MAPDI; based devices, a pure methylammonium lead iodide
solution was deposited as active layer at environmental humidity conditions
(relative humidity = 42 %). According the methodology reported,” the
perovskite precursor solutions was prepared for a ratio DMSO:Pb*" of 1 (Table
3.2). For CsPbBr; based devices a two-step sequential deposition technique was
employed. Later perovskites deposition, spiro-OMeTAD solution was then spin
coated. Finally, 60 nm of gold was deposited by thermal evaporation. (See
Chapter 3 for details).

Characterization of devices

Current-voltage characteristics of the devices were obtained using a solar
simulator (4ABET-Sun2000) with AM 1.5G filter. The current-voltage
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characteristics were determined by applying an external potential bias to the cell
and measuring the photocurrent using an Autolab/PGSTAT302N potentiostat.
The current-voltage characteristics were measured with a scan rate of 100 mV/s
and a sweep delay of 20s. Incident Photon-to-current Conversion efficiency was
measured using an Oriel Xenon lamp coupled to McPherson monochromator.
Light intensity was determined as a function of the wavelength using a
calibrated silicon photodiode (PH-100 Si, GENTECE). The illumination for the
IS measurements was provided by white LED over a wide range of DC light
intensities. Two types of IS experiments were performed: (1) at open circuit
(OC) under varying illumination intensities (parameters are extracted, analysed
and plotted as a function of the resulting open-circuit photopotential) and (2) at
non open circuit (NOC) conditions varying DC potential (voltage) while light
intensity is fixed.” In this latter case the parameters are corrected for voltage
drop due to the resulting DC current and the corresponding series resistance.'’
In the following, we will use the labels OC and NOC to refer to these two kinds
of experiments. In both OC and NOC conditions a 20 mV perturbation in the
10°-107 Hz range was applied. A response analyser module
(PGSTAT302N/FRA2, Autolab) was utilized to analyse the frequency response
of the devices. IMPS measurements were carried out by coupling the
PGSTAT302N/FRA2 module to the LED. IMPS measurements were performed
at short-circuit with a light perturbation corresponding to 10% of the DC
background illumination intensity. Due to limitations of the experimental set-
up, the measurement was limited to the 10° - 10"'Hz frequency range. For the
structural characterization, SEM and EDS images of the samples were
performed. For optical characterization, UV—vis absorption spectra and
photoluminescence measurements were recorded. Temperature-dependent
experiments were carried out by means of a MHCS622CD Heating and Cooling
Vacuum/gas tight Stage configured with MTDC600 temperature controller
(Microptik).

8.3 Results and discussion

Pinhole-free and crystalline perovskite layers with close to 400 nm thickness in
both cases were formed and characterised for the MAPbI; and CsPbBr;
configurations (Fig. 8.1, A-8.1, A-8.2 and A-8.3 in appendix F). As it is well
known, the use of different cation and anion affects the morphological (Fig. A-
8.1A) and optical properties (Fig. A-8.1B and A-8.1C). 2% Optical band-gaps
were extracted from UV-Vis spectra for MAPbI; (1.61 eV) and CsPbBr; (2.33
eV), Figure A-8.1C. A relatively long subgap tail is observed in the absorption
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spectra of CsPbBr;, extending for about 0.6-0.7 eV, in contrast to the tail of
only 0.02 eV for MAPbI; (Fig. A-8.1B).

Figure 8.1A shows the IV curves obtained for the best performing MAPbI; and
CsPbBr; devices measured at 1 sun. Statistics of the photovoltaic parameters
extracted from all fabricated devices is shown in Figure A-8.3 in the appendix
F. Average Power Conversion Efficiency of 14.9% (short circuit current, Jgc:
19.2 mA'cm'z, open-circuit potential, Voc: 1037 mV and FF: 0.74) and 4.1%
(Jsc: 5.3 mA-cm™, Voc: 1254 mV and FF: 0.61) in a reverse scan of 100 mV/s
were obtained for MAPDbI; and CsPbBr; solar cells respectively.
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Figure 8.1. Photovoltaic characterization of MAPbI; and CsPbBr; films and solar cells: (A)
Density current-voltage characteristic of MAPbI; and CsPbBr; based devices in reverse scan
under 1 sun — AM 1.5G illumination. A scan rate of 100 mV-s" after poling 20 s at 1.2V and
1.4V was employed for MAPbI; and CsPbBr; based devices, respectively. (B) IPCE as a function

of monochromatic wavelength and the corresponding AM 1.5G illumination integrated
photocurrent.

The PCE of CsPbBr; is substantially lower than the one obtained for MAPbI.
The lower Jsc is due, in one hand, to a wider band gap, and on the other, to a
lower IPCE recorded for CsPbBr; cell, Figure 8.1B. The integrated
photocurrents are in good agreement with the Js obtained from IV curve
measurements, Figure 8.1B and A-8.3. After correction by the absorption
coefficient, Internal Quantum Efficiencies at stationary conditions has also been
measured at 465 and 630 nm and different light intensities. Values very close to
95% are obtained for MAPDI; based devices whereas a lower IQE (around 80-
90%) is obtained for CsPbBr; devices.

Figures 8.2A and 8.2B show the variation of V¢ with respect to illumination
intensity and temperature. The V¢ has a logarithmic dependence with respect
to illumination intensity which follows the diode equation (see Chapter 5, Eq.
5.6). The slope determines the ideality factor of the solar cells, which lies
between 1.7 and 2.2 for both configurations (Fig. 8.2A). The V¢ decreases
linearly with respect to absolute temperature, except at lower temperatures (Fig.
8.2B). As it was shown in Chapter 5, the extrapolation to 7 — 0 reproduces the
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optical band gap of each type of perovskite in good agreement with the optical
characterization (Fig. A-8.1C).
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Figure 8.2. (A) Vyc vs. illumination intensity and (B) V¢ as a function of the temperature at a
light intensity of 14 mW-cm™ using a white-LED as light source. The ideality factors and the
estimation of the band gap are shown in panel A and B, respectively.

Both kind of solar devices were characterized by impedance spectroscopy. Two
types of IS experiments were performed: (1) at open circuit (OC) under varying
illumination intensities (plotted as a function of the resulting V) and (2) at non
open circuit (NOC) conditions varying DC potential (voltage) while light
intensity is fixed at 1 sun.” In this Chapter case the parameters are corrected for
voltage drop due to the resulting DC current and the corresponding series
resistance.'’

Figure 8.3 shows representative Nyquist (Z'-Z"") plots of impedance spectra for
both studied configurations under illumination at different applied potentials at
OC and NOC conditions in the 10°-10” Hz frequency range. The corresponding
Bode plots are depicted in Figure A-8.4. At OC conditions, the Nyquist plots of
MAPbI; based devices (Fig. 8.3A) are characterized by the presence of two arcs
and the corresponding frequency plots show two peaks at high and low
frequencies accordingly (Fig. A-8.4A). The impedance spectra of CsPbBr;
based devices at OC conditions (Fig. 8.3B, A-8.4B) display a different
behaviour depending on illumination. At very high OC photovoltages (1.3-1.2
V) there are two signals in the high frequency region (10*-10° Hz) that merge
into a single one as the Vyc is reduced. Under NOC conditions (Fig. 8.3C and
8.3D), the Nyquist plots for MAPbl; and CsPbBr; based devices were
characterized by one complete and well-defined high-frequency arc and,
depending on the applied DC potential, a second low frequency arc. The Bode
plots display two peaks in the high and frequency regions accordingly, Figures
A-8.4C and A-8.4D.
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Figure 8.3. Nyquist plots of impedance spectra obtained under white LED illumination in the
vicinity of the 1-sun open-circuit potential for (A, C) MAPbI; and (B, D) CsPbBr; based devices
under illumination at (A, B) open-circuit (OC) and (C, D) and non-open-circuit (NOC)
conditions. Insets: zoom at the high frequency region.

In spite of the presence of other minor features, the IS of perovskite solar cells
is basically determined by the existence of two characteristic times, at high and
low frequencies. Note that the characteristic times can be easily obtained from
the reverse of the frequency at which a peak is observed in the Bode plot (see
Chapter 3, Eq. 3.23). The corresponding arc in the Nyquist representation can
be described by a parallel association of a resistor and a capacitor, where the
time constant is the product of both of them (Eq. 3.22). In order to properly
interpret these characteristic times and how a recombination rate or a collection
efficiency can be inferred from them, we have performed additional
experiments.

On one hand, temperature dependence of IS at short circuit conditions (i.e. 0 V
DC bias in NOC) have been carried out, Figure A-8.5. It can be easily
appreciated that the high frequency signal is independent of temperature, 7. In
contrast, the low frequency part varies with 7" and the low frequency signal gets
shifted towards higher frequencies when the sample is heated. An activation
energy of 36.9 kJ/mol was extracted from these data (Fig. A-8.5E) in agreement
with Chapter 4 (Eq. 4.4). This finding suggests that it is in the low frequency
region of the spectra where processes that are thermally activated (as could be
ionic migrations and/or chemical reactions) are probed, whereas at high
frequencies mainly pure electronic processes are determining the response. On
the other hand, Figure A-8.6 summarizes the impact of illumination at NOC
conditions. We observe that for MAPbI; based devices, the high frequency time
constant shifts towards shorter time scales, whereas the low frequency one
remains basically unaltered.

167



Chapter 8

A proper interpretation or analysis of an impedance spectrum requires a suitable
model based on rate (continuity) equations. From these equations, an equivalent
circuit is derived, which is used to fit the experimental data. However, due to
the complexity of the system with electronic and ionic conductivity, there is no
broad consensus on the equations ruling perovskite devices. These can include
different boundary conditions, such as extracting ones for electrons and
blocking ones for ions. On the other hand, the possibility of interfacial reactions
cannot be ruled out.”?® The lack of a well-established model prevents taking
full advantage of impedance characterization, which otherwise could allow to
extract an important number of parameters. Nevertheless, in Chapter 5 we have
shown a semi-empirical approach that allows to extract important parameters
such as ideality factors and recombination losses. In this Chapter, we expand
this approach to show that not only the parameters above but also the collection
efficiency can be qualitative and quantitatively assessed at operating conditions.

The two features at high frequency (HF) and low frequency (LF) of the
impedance spectra, Figure 8.3, have been fitted using a simplified equivalent
circuit depicted in the inset of Figure 8.4B, and the obtained parameters are
plotted in Figure 8.4. This equivalent circuit yields essentially the same results
as those used in previous chapters in which the two RC elements (or R-CPFE) are
placed in series.”’ Ry takes into account the series resistance induced by
extracting contacts and wiring. Cp is associated with the geometrical
capacitance,”’ in line with the potential independent values obtained and in good

20,27-30

agreement with Chapter 5 and previous works. In contrast, the Cy

capacitance shows an exponential trend at high potentials:

aqV
Crr = Cgpexp (m> (8.1)
where Cy is preexponential factor and a is a positive parameter. Interestingly,
the data shows a = f (see Table 8.1) where f is obtained from the slope of the
293132 15 addition, the Cur
becomes flat at the same V', (device potential) at which the resistance reaches its
saturation value. These facts point towards a coupled LF resistance and

LF resistance, as also reported in the literature.

capacitance, with a corresponding characteristic time, 7,7 = R;rCip roughly
voltage independent (Fig. A-8.8). The complementary behaviour of the two
circuit elements suggest that the same process that makes the LF capacitance to
increase with illumination or DC applied voltage makes the LF resistance to
decrease.
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As previously discussed, there is not consensus on the interpretation of the
elements producing the low frequency arc, but all the models point that ionic
movement is related to the origin of this feature. This lack of consensus is
mainly due to the difficulty of interpretation of the physical origin of each one
of the parameters of the equivalent circuit. While, in DSSCs just one physical
process can be assigned to each parameter in the case of PSCs, different
processes present similar characteristic times and it is difficult to decouple their
effect. Consequently, different processes affect the same feature. For example,
HF arc has been previously ascribed (Chapter 5) to account for R,.. but it is also
affected by selective contact or perovskite transport.”’3 334 1n the same, line, R,
has been related with the LF arc®® or with both,3’6’32’35
to decouple the recombination contribution from other contributions, as
transport or injection at the interfaces. Following Eq. 2.22 (see Chapter 2), we
suggest that a resistance associated with R,.. in each case can be assigned to that
presenting a slope f = 1/m, and consequently this resistance can be linearly
linked to R,cc.

as it is not straightforward
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Figure 8.4. (A, B) Resistive and (C, D) capacitance elements as extracted from fittings of the
impedance spectra obtained at (A, B) open-circuit (OC) and (C, D) non-open-circuits (NOC)
conditions using the equivalent circuit model for (red) MAPbI; and (blue) CsPbBr; based devices.

Analysis of Figure 8.4 shows exponential behaviour for both resistances and for
the HF capacitance in the high voltage region. The resistances in the OC
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experiment fit well to Eq. 2.22. The values of the corresponding slope
parameters are collected in Table 8.1.

Ryy obtained for MAPbI; and CsPbBrs-based devices show a similar S
parameter value at OC conditions, of around 0.5. This follows the expected
dependence for a dominating recombination resistance, R,.., considering the
ideality factor measured in Figure 8.2A. In contrast, values around 0.78 were
found for the R;r of MAPDI; devices at OC. It is worth mentioning the different
voltage-dependence for the LF and HF resistances, which is not the case

: : 6,29
reported in previous works.”

Table 8.1. § and o parameter values extracted from the high frequency and low frequency
resistances and capacitances fitted from impedance spectra for MAPbI; and CsPbBr; based
devices at open-circuit (OC) and non-open-circuit (NOC) conditions (for NOC conditions only
the exponential region is used in the fittings to Eqs. 2.22 and 8.1)

Device IS ﬂ - RHf ﬂ - RLf a- CHf a- CLf

MAPbI; oC 0.56-05 0.81-0.75 flat 0.80-0.77

NOC 0.15-0.13 0.51-0.46 flat 0.46 - 0.42

CsPbBr; oC 0.51-0.43 No signal flat No signal

NOC 0.15-0.11 0.46-0.40 flat 0.46-0.4

At NOC conditions the behaviour of the two resistances is quite different.
Firstly, the exponential dependence is only observed at high DC potentials but
becomes flat as the experiment approaches SC conditions, which suggests that
the device is ruled by the shunt resistance at fixed light intensity and low
applied bias. The transition between the two regimes occurs at voltages right
below the maximum power point of the corresponding IV curves (Fig. 8.1A).
Secondly, at high applied bias in NOC the slope in good agreement with the
ideality factor is that at LF. Note that in Figure 8.4 NOC parameters are plotted
as a function of the device potential, V; = V- Vieries, Wwhere the applied voltage,
Vappi» 1s corrected by the substraction of the voltage drop at the series resistance,
Vseries- It 1s important to stress out that the series resistance correction does not
change significantly the slope of neither the two resistances (Fig. A-8.7).

Since at OC the Ry slope is in good agreement with the ideality factor,
indicating that this resistance is linearly proportional to R, as expected from
Eqgs. 5.6 (Chapter 5) and 2.22, the results are consistent with intrinsic or high

injection conditions and a recombination reaction order of y ~ 1, a signature of
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Shockley-Read-Hall recombination for both MAPbI; and CsPbBr3.”** Eq. 5.6
also predicts a linear dependence of V¢ versus absolute temperature, as we saw
in Chapter 5. This behaviour is indeed reproduced in Figure 8.2B and the fact
that the optical band gap is recovered by extrapolation to 77 — 0, strongly
suggests that, at least under OC conditions, the recombination process
represented by the rate law (see Eq. 5.2 in Chapter 5) takes place in the bulk or
it is determined by the perovskite layer only. This is consistent with the results
obtained in Chapter 5 using ideality factor’® and different optical penetrations
of the light in impedance experiments with different excitation wavelengths.”**’

The exponential dependence of Ry with voltage and its proportional connection
to R.. at OC allows for a direct comparison between MAPbI; and CsPbBr;
recombination behaviours. To do that, it is necessary to take into account both
the thermodynamic effect (different band gap) and the kinetic behaviour
(recombination rate), plotting the impedance parameters at the same value of
the photogenerated charge density. Eq. 2.18 (see Chapter 2) provides a means
to do this. According to this expression, plotting versus Ey/q — V,. should
guarantee that we are comparing cells of different band gaps at the same value
of the photogenerated charge density. The correction is analogous to an analysis
commonly done in dye-sensitized solar cells,”®*’ and would be valid if the n = p
condition is fulfilled, i.e., at intrinsic or at high injection conditions.
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Figure 8.5. Resistive element extracted from fittings of the impedance spectra obtained at open-
circuit plots versus the photopotential corrected for the optical band gap of the perovskite.

Once the effect of the band gap is corrected for (Fig. 8.5), it becomes evident
that the recombination rate in CsPbBr; based devices is substantially larger than
in the MAPDI; ones. This could be expected from the potential loss with respect
to the band gaps, which is ~ 1 V for CsPbBr; (Eg/q — Voc =2.34 — 1.3) versus ~
0.45 V for MAPbI; (E,/q — Voc = 1.55 — 1.1). The difference roughly coincides
with the voltage separation between the two resistances in Figure 8.5.
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At NOC and high applied voltage, it is R;s the one than presents a slope
concurring with the ideality factor, and consequently, proportional to R,... Thus,
the same correction of thermodynamic effect can be applied with similar results
than those in Figure 8.5 (Fig. A-8.9).

The faster recombination in CsPbBr; devices, which is derived from the
recombination resistance analysis, is most probably related to their rougher
morphology and longer tail of subgap states observed in the absorption spectra
(Fig. 8.1B). A relatively long Urbach tail will lead to a substantial V. loss with
respect to the thermodynamic limit.'"® In addition, more crystal defects will
cause as a more rapid recombination rate, that may cause additional voltage
loss. Thus, recombination is of the same type as in MAPDI; cells, as indicated
by a similar value of the ideality factor, but it is more rapid due to a higher
concentration of defects (parameter py in Eq 5.3). In a recent publication, a 300-
400 mV voltage loss in bromine-based devices is attributed to surface
recombination.*’ However, contrary to our results, the reported activation
energy at 7 — 0 is significantly lower than the optical band gap, and does not
detect any Urbach tail in their IPCE measurements, showing that in their case
the main voltage loss arises from band misalignment and recombination
mediated by interfacial effects. Consequently, the 7 analysis allows
discriminating between surface and bulk recombination, while impedance
comparison permits comparing the recombination rate when the thermodynamic
effect is corrected for as in Figure 8.5.

As mentioned in the introduction, the main objective of this Chapter is to
establish an approach to quantify recombination losses and charge collection
from the impedance spectrum. First of all, it is important to verify that the two
resistances at NOC and steady-state conditions, can be used to reconstruct the
IV,*/2/19 16:14 taking into account all contributions related with
recombination, transport, injection or series resistance:

Vapp (Vv

J(V) = ]SC'AJ.

(8.2)
0 Rtot

with R, = Ry + Ruyr+ Rir (4 is the active area of the device). In Figure A-8.10 it
is shown that the experimental curves for both MAPbI; and CsPbBr; based
devices can be recovered, using Eq. 8.2, from the impedance data at NOC
conditions.

Following previous work,” the charge collection efficiency, CCE, in a solar cell
can be determined from the recombination resistance at OC and NOC
conditions using the expression:
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R
CCE ~ 1- =09 (8.3)
Rrec(NOC)
where R,.. is the recombination resistance as defined by Eq. 2.22. Hence, at
open-circuit CCE = 0 by definition and at short-circuit, for an optimal system

with minimum recombination, R,.. (V =0) — o and CCE — 1.

The difficult bit is how to define and extract R, in the impedance spectrum. As
outlined before, several possibilities have been claimed in the literature. Since
no definitive theoretical model for impedance is well-established yet, we apply
here an empirical approach. It has already been mentioned that the OC high
frequency resistance is the only one whose voltage dependence predicts the
correct ideality factor in line with Eqgs. 5.6 and 2.22. However, at NOC
conditions the R,r is the one with a slope closer to the ideality factor. Thus,
either high or low frequency resistance can be invoked as the true
recombination resistance as well as the sum of the two. All three possibilities
are tested in Figure A-8.11. Due to the fact that R;r >> Ry (see Fig. 8.4C) at
NOC conditions, only assuming R,.. = Ryr yields values significantly different
from 100%. As a matter of fact, only this possibility makes it possible to
discriminate between MAPbI; and CsPbBr; cells. Results are presented in
Figure 8.6.
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Figure 8.6. Charge collection efficiency as predicted by Eq. 8.3 using impedance data at OC and
NOC conditions.

The collection efficiency of photogenerated electrons in the perovskite film can
be considered an approximation to the IQE (assuming that there are no charge
losses in the injection of chargers to the contacts). The variation of the
collection efficiency in Figure 8.6 with DC potential resembles the shape of the
IV curve. The curve yields the collection efficiency at SC conditions (V¥ = 0).
Values of ~ 0.9 and ~ 0.8 are obtained for MAPbI; and CsPbBr; based devices,
respectively. These figures agree remarkably well with the IQE wvalues
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measured for both configurations, which confirm the larger recombination loss
for CsPbBr; cells.

Another indication that there is a substantial recombination loss in CsPbBr;
devices, even at SC conditions, is evidenced by the maximum theoretical
photocurrents, as obtained from integration of the measured absorptance (Fig.
A-8.12. Values of 24.9 and 10.8 mA/cm? are obtained for MAPDbDI; and CsPbBr;
based devices, respectively. When compared with the actual experimental
values, 20 = 2 and 5 + 1 mA/cm’, we infer that recombination losses (and
possibly poorer injection too) are affecting critically the performance of the
devices made with CsPbBr; perovskite.

The prediction of the collection efficiencies evidences that the impedance
response changes from a regime where recombination is dominant: V> V,,,, and
both resistances show an exponential behaviour (although with different
slopes), and a regime where collection is dominant: V' < V,, and both
resistances become flat. As the recombination resistance increases exponentially
as the voltage decreases, at low voltages the impedance response becomes
determined by the other elements in the equivalent circuit like shunting and
transport resistances, which are effectively voltage independent.

The previous results in terms of ideality factors and CCE point to the high
frequency component as the impedance element that basically contains the
information about recombination loss. However, the exponential behaviour of
Ry at NOC conditions implies that this identification is not so straightforward.
To provide additional assurance we have measured the IQE at short-circuit of a
batch of MAPbI; based devices and plotted the results versus the predictions of
Eq. 8.3 at V=0 using R,.. = Ryr in Eq. 8.3 for the determination of IQE. In this
respect we have to bear in mind that CCE and IQE, although related, do not
represent exactly the same thing and they can only be identified if there are not
additional losses between photocarrier generation and carrier collection.

The results in the inset of Figure 8.6 reveal a clear correlation between both
ways of determining the IQE and demonstrates that the impedance high
frequency signal provides a way to assess the recombination loss in a perovskite
solar cell. However, impedance values do not exactly coincide with IQE
measurements, being the difference larger the less efficient a particular cell is.
For instance, for the most efficient specimen of the batch the prediction of Eq.
8.3 is ~0.83, whereas the stationary measurement gives ~0.88. This means that
Ryr cannot be naively identified with the recombination resistance and probably
includes transport and ion-mediated dielectric relaxation mechanisms.*'
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In this respect, it is important to bear in mind that not all resistances needed to
reconstruct to the IV curve are necessarily recombination resistances. This is the
case of series, transport or dielectric contributions. They do not stem from a
recombination mechanism and therefore must not be considered in the
determination of the collection efficiency. An analogous situation occurs in dye-

842 and solid-state hole

sensitized solar cells with viscous electrolytes
conductors,43 for which there are well-established impedance models. In the
first case, an additional low frequency arc, arising from ionic transport in the
electrolyte, should be considered in the reconstruction of the IV curve but it
does not contribute to the electron recombination loss. In analogy with the solar
cells studied here, both low and high frequency signals have a very distinct
temperature dependence, consequence of their different nature (ionic,

electronic).

8.4 Conclusion

MAPbI; and CsPbBr; perovskite solar cells have been thoroughly studied by
impedance spectroscopy at open-circuit and non-open-circuit conditions, at
different illuminations and temperatures. Despite, the difficulty of decoupling of
the different processes occurring in the photovoltaic device, a resistance linearly
related with recombination resistance can be obtained by comparing the
exponential slope with the ideality factor. We have shown that these resistances
can be used to extract information, both qualitative and semi-quantitative, about
the nature of recombination. Correction is needed if cells of different band gaps
are compared. The use of this protocol allowed us to establish, as a case study,
that MAPDI3 and CsPbBr; perovskite solar cells analyzed in this work have the
same recombination mechanism (trap-limited in the bulk) but it is much faster
in CsPbBr; devices, possibly due to a larger concentration of subgap states.

On the other hand, high-frequency resistances measured at OC and NOC
conditions are found to provide an estimation of the charge collection efficiency
along the IV curve. However, both low and high frequency resistances probably
include additional mechanisms such as transport and dielectric contributions.
Further efforts are therefore required to develop a robust model to describe the
impedance response of perovskite solar cells in order to get a fully quantitative
description.

175



Chapter 8

8.5 References

1 C. Eames, J. M. Frost, P. R. F. Barnes, B. C. O’Regan, A. Walsh and
M. S. Islam, Ionic transport in hybrid lead iodide perovskite solar cells, Nat.
Commun., , DOI:10.1038/ncomms8497.

2 R. A. Kerner and B. P. Rand, Ionic—Electronic Ambipolar Transport in
Metal Halide Perovskites: Can Electronic Conductivity Limit Ionic Diffusion?,
J. Phys. Chem. Lett.,2017,9, 132—137.

3 D. Moia, I. Gelmetti, P. Calado, W. Fisher, M. Stringer, O. Game, Y.
Hu, P. Docampo, D. Lidzey and E. Palomares, lonic-to-electronic transcarrier
current amplification in hybrid perovskite solar cells, ArXiv Prepr.
ArXivi80506446.

4 G. Xing, N. Mathews, S. Sun, S. S. Lim, Y. M. Lam, M. Gratzel, S.
Mhaisalkar and T. C. Sum, Long-Range Balanced Electron- and Hole-Transport
Lengths in Organic-Inorganic CH3NH3PbI3, Science, 2013, 342, 344-347.

5 S. D. Stranks, V. M. Burlakov, T. Leijtens, J. M. Ball, A. Goriely and
H. J. Snaith, Recombination Kinetics in Organic-Inorganic Perovskites:
Excitons, Free Charge, and Subgap States, Phys. Rev. Appl., ,
DOI:10.1103/PhysRevApplied.2.034007.

6 A. Pockett, G. E. Eperon, N. Sakai, H. J. Snaith, L. M. Peter and P. J.
Cameron, Microseconds, milliseconds and seconds: deconvoluting the dynamic
behaviour of planar perovskite solar cells, Phys. Chem. Chem. Phys., 2017, 19,
5959-5970.

7 C. Li, S. Tscheuschner, F. Paulus, P. E. Hopkinson, J. Kie\s sling, A.
Kohler, Y. Vaynzof and S. Huettner, lodine migration and its effect on
hysteresis in perovskite solar cells, Adv. Mater., 2016, 28, 2446-2454.

8 L. Contreras, J. Idigoras, A. Todinova, M. Salado, S. Kazim, S. Ahmad
and J. A. Anta, Specific cation interactions as the cause of slow dynamics and
hysteresis in dye and perovskite solar cells: a small-perturbation study, Phys.
Chem. Chem. Phys., 2016, 18, 31033-31042.

9 G. Richardson, S. E. O’Kane, R. G. Niemann, T. A. Peltola, J. M.
Foster, P. J. Cameron and A. B. Walker, Can slow-moving ions explain
hysteresis in the current—voltage curves of perovskite solar cells?, Energy
Environ. Sci., 2016, 9, 1476-1485.

10 H. J. Snaith, A. Abate, J. M. Ball, G. E. Eperon, T. Leijtens, N. K. Noel,
S. D. Stranks, J. T.-W. Wang, K. Wojciechowski and W. Zhang, Anomalous
Hysteresis in Perovskite Solar Cells, J. Phys. Chem. Lett., 2014, 5, 1511-1515.

11 G. Niu, X. Guo and L. Wang, Review of recent progress in chemical
stability of perovskite solar cells, J. Mater. Chem. A, 2015, 3, 8970-8980.

176



Impedance Analysis of Perovskite Solar Cells: A case study

12 K. Domanski, B. Roose, T. Matsui, M. Saliba, S.-H. Turren-Cruz, J.-P.
Correa-Baena, C. R. Carmona, G. Richardson, J. M. Foster and F. De Angelis,
Migration of cations induces reversible performance losses over day/night
cycling in perovskite solar cells, Energy Environ. Sci., 2017, 10, 604-613.

13 M. Bag, L. A. Renna, R. Y. Adhikari, S. Karak, F. Liu, P. M. Lahti, T.
P. Russell, M. T. Tuominen and D. Venkataraman, Kinetics of lon Transport in
Perovskite Active Layers and Its Implications for Active Layer Stability, J. Am.
Chem. Soc., 2015,137,13130-13137.

14 S. D. Stranks, G. E. Eperon, G. Grancini, C. Menelaou, M. J. P.
Alcocer, T. Leijtens, L. M. Herz, A. Petrozza and H. J. Snaith, Electron-Hole
Diffusion Lengths Exceeding 1 Micrometer in an Organometal Trihalide
Perovskite Absorber, Science, 2013, 342, 341-344.

15 J. S. Manser, J. A. Christians and P. V. Kamat, Intriguing
Optoelectronic Properties of Metal Halide Perovskites, Chem. Rev., 2016, 116,
12956-13008.

16 W. Tress, Perovskite Solar Cells on the Way to Their Radiative
Efficiency Limit - Insights Into a Success Story of High Open-Circuit Voltage
and Low Recombination, Adv. Energy Mater., 2017, 7, 1602358.

17 F. Fabregat-Santiago, G. Garcia-Belmonte, I. Mora-Ser6 and J.
Bisquert, Characterization of nanostructured hybrid and organic solar cells by
impedance spectroscopy, Phys. Chem. Chem. Phys., 2011, 13, 9083.

18 E. Barsoukov and J. R. Macdonald, Impedance Spectroscopy: Theory,
Experiment, and Applications, John Wiley & Sons Inc, Hoboken, N.J, Edicién:
2nd Edition., 2005.

19 D. Pitarch-Tena, T. T. Ngo, M. Vallés-Pelarda, T. Pauporté and L.
Mora-Sero, Impedance Spectroscopy Measurements in Perovskite Solar Cells:
Device Stability and Noise Reduction, ACS Energy Lett., 2018, 3, 1044—-1048.

20 A. Todinova, L. Contreras-Bernal, M. Salado, S. Ahmad, N. Morillo, J.
Idigoras and J. A. Anta, Towards a Universal Approach for the Analysis of
Impedance Spectra of Perovskite Solar Cells: Equivalent Circuits and Empirical
Analysis, ChemElectroChem, 2017, 4, 2891-2901.

21 C. Aranda, C. Cristobal, L. Shooshtari, C. Li, S. Huettner and A.
Guerrero, Formation criteria of high efficiency perovskite solar cells under
ambient conditions, Sustain. Energy Fuels, 2017, 1, 540-547.

22 F. Fabregat-Santiago, M. Kulbak, A. Zohar, M. Vallés-Pelarda, G.
Hodes, D. Cahen and 1. Mora-Serd, Deleterious effect of negative capacitance
on the performance of halide perovskite solar cells, ACS Energy Lett., 2017, 2,
2007-2013.

177



Chapter 8

23 E. T. Hoke, D. J. Slotcavage, E. R. Dohner, A. R. Bowring, H. L
Karunadasa and M. D. McGehee, Reversible photo-induced trap formation in
mixed-halide hybrid perovskites for photovoltaics, Chem. Sci., 2015, 6, 613—
617.

24 G. E. Eperon, S. D. Stranks, C. Menelaou, M. B. Johnston, L. M. Herz
and H. J. Snaith, Formamidinium lead trihalide: a broadly tunable perovskite for
efficient planar heterojunction solar cells, Energy Environ. Sci., 2014, 7, 982.

25 A. Guerrero, J. You, C. Aranda, Y. S. Kang, G. Garcia-Belmonte, H.
Zhou, J. Bisquert and Y. Yang, Interfacial Degradation of Planar Lead Halide
Perovskite Solar Cells, ACS Nano, , DOI:10.1021/acsnano.5b03687.

26 M. D. Bastiani, G. Dell’Erba, M. Gandini, V. D’Innocenzo, S.
Neutzner, A. R. S. Kandada, G. Grancini, M. Binda, M. Prato, J. M. Ball, M.
Caironi and A. Petrozza, lon Migration and the Role of Preconditioning Cycles
in the Stabilization of the J-V Characteristics of Inverted Hybrid Perovskite
Solar Cells, Adv. Energy Mater., 2016, 6, 1501453.

27 A. Guerrero, G. Garcia-Belmonte, I. Mora-Sero, J. Bisquert, Y. S.
Kang, T. J. Jacobsson, J.-P. Correa-Baena and A. Hagfeldt, Properties of
Contact and Bulk Impedances in Hybrid Lead Halide Perovskite Solar Cells
Including Inductive Loop Elements, J. Phys. Chem. C, 2016, 120, 8023—-8032.

28 L. Contreras-Bernal, M. Salado, A. Todinova, L. Calio, S. Ahmad, J.
Idigoras and J. A. Anta, Origin and Whereabouts of Recombination in
Perovskite Solar Cells, J. Phys. Chem. C, 2017, 121, 9705-9713.

29 I. Zarazua, G. Han, P. P. Boix, S. Mhaisalkar, F. Fabregat-Santiago, I.
Mora-Sero, J. Bisquert and G. Garcia-Belmonte, Surface Recombination and
Collection Efficiency in Perovskite Solar Cells from Impedance Analysis, J.
Phys. Chem. Lett., 2016, 7, 5105-5113.

30 A. Pockett, G. E. Eperon, T. Peltola, H. J. Snaith, A. Walker, L. M.
Peter and P. J. Cameron, Characterization of Planar Lead Halide Perovskite
Solar Cells by Impedance Spectroscopy, Open-Circuit Photovoltage Decay, and
Intensity-Modulated Photovoltage/Photocurrent Spectroscopy, J. Phys. Chem.
C, 2015, 119, 3456-3465.

31 1. Zarazua, J. Bisquert and G. Garcia-Belmonte, Light-Induced Space-
Charge Accumulation Zone as Photovoltaic Mechanism in Perovskite Solar
Cells, J. Phys. Chem. Lett., 2016, 7, 525-528.

32 Z. Zolfaghari, E. Hassanabadi, D. Pitarch-Tena, S. J. Yoon, Z.
Shariatinia, J. van de Lagemaat, J. M. Luther and 1. Mora-Ser6, Operation
Mechanism of Perovskite Quantum Dot Solar Cells Probed by Impedance
Spectroscopy, ACS Energy Lett., 2018, 4, 251-258.

33 E. J. Juarez-perez, M. Wupler, F. Fabregat-santiago, K. Lakus-wollny,
178



Impedance Analysis of Perovskite Solar Cells: A case study

E. Mankel, T. Mayer, W. Jaegermann and I. Mora-sero, Role of the Selective
Contacts in the Performance of Lead Halide Perovskite Solar Cells, .

34 M. Anaya, W. Zhang, B. C. Hames, Y. Li, F. Fabregat-Santiago, M. E.
Calvo, H. J. Snaith, H. Miguez and 1. Mora-Serd, Electron injection and
scaffold effects in perovskite solar cells, J. Mater. Chem. C, 2017, 5, 634—644.

35 I. Zarazua, S. Sidhik, T. Lopéz-Luke, D. Esparza, E. De la Rosa, J.
Reyes-Gomez, I. Mora-Seré and G. Garcia-Belmonte, Operating Mechanisms
of Mesoscopic Perovskite Solar Cells through Impedance Spectroscopy and J-V
Modeling, J. Phys. Chem. Lett., 2017, 8, 6073—-6079.

36 W. Tress, M. Yavari, K. Domanski, P. Yadav, B. Niesen, J. P. C.
Baena, A. Hagfeldt and M. Graetzel, Interpretation and evolution of open-
circuit voltage, recombination, ideality factor and subgap defect states during
reversible light-soaking and irreversible degradation of perovskite solar cells,
Energy Environ. Sci., 2018, 11, 155-165.

37 D. Bi, W. Tress, M. 1. Dar, P. Gao, J. Luo, C. Renevier, K. Schenk, A.
Abate, F. Giordano, J.-P. Correa Baena, J.-D. Decoppet, S. M. Zakeeruddin, M.
K. Nazeeruddin, M. Gritzel and A. Hagfeldt, Efficient luminescent solar cells
based on tailored mixed-cation perovskites, Sci. Adv., 2016, 2, e1501170.

38 S. R. Raga, E. M. Barea and F. Fabregat-Santiago, Analysis of the
Origin of Open Circuit Voltage in Dye Solar Cells, J. Phys. Chem. Lett., 2012,
3, 1629-1634.

39 J. Idigoras, L. Pelleja, E. Palomares and J. A. Anta, The redox pair
chemical environment influence on the recombination loss in dye-sensitized
solar cells, J. Phys. Chem. C, 2014, 118, 3878-3889.

40 A. Zohar, M. Kulbak, I. Levine, G. Hodes, A. Kahn and D. Cahen,
What Limits the Open-Circuit Voltage of Bromide Perovskite-Based Solar
Cells?, ACS Energy Lett., 2018, 4, 1-7.

41 J. Bisquert, L. Bertoluzzi, I. Mora-Sero and G. Garcia-Belmonte,
Theory of impedance and capacitance spectroscopy of solar cells with dielectric
relaxation, drift-diffusion transport, and recombination, J. Phys. Chem. C, 2014,
118, 18983—-18991.

179






Chapter 9

Homeopathic Perovskite Solar
Cells: Effect of Humidity during
Fabrication on the Performance

and Stability of the Device

Rapid degradation in humid environments is a major drawback of MAPbI;. In
this Chapter, we have investigated the aging and degradation kinetics of
MAPbDI; films and devices fabricated under controlled conditions as a function
of relative humidity, and compared their performance with those that were
prepared under dry conditions. The aging and degradation kinetics is
monitored by optical absorption and impedance spectroscopy measurements
under monochromatic illumination at two different wavelengths. Aged devices
show a substantial difference between the recombination rate under red and
blue light illumination, which was attributed in previous Chapters to
enhancement of local recombination routes. Interestingly, we observe that this
feature is less pronounced in devices prepared under conditions of the highest
relative humidity of 50%. In addition, chemical analysis by XPS reveals the
presence of coordinating water in the CH;NH;PbI; crystalline structure which

seems to have a beneficial effect against degradation in a humid environment.
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9.1 Introduction

In previous Chapters, it has been mentioned that perovskite solar cells suffers
from serious stability due to the degradation of perovskite layer under several
environmental factor such as light, heat, oxygen and/or moisture.”” In
connection with moisture-induced degradation, it has been proposed that the
process for film degradation can be triggered by just a few molecules of water.
In the particular case of MAPbI;, H,O as a Lewis base can coordinate to the Pb
atom and have an important influence on the hydrogen bonding between the
MA and the Pb—I cage. The hydrates that can form during sample preparation
modify the electronic properties of the material, even when no defect can be
visually detected.>* The effect of moisture in MAPbI; is easily detected by
absorbance measurements’ and even with the naked eye when the brownish
perovskite film turns to yellow due to the formation of Pbl,.

Recently Guerrero et al. have shown that this donor property of the water
molecules with the ammonium groups can be taken advantage of, and devised a
preparation procedure under ambient conditions with relative humidity of up to
60%.° By controlling the proportion of the DMSO additive with respect to the
Pb," concentration as a function of the RH of the ambient atmosphere, it is
possible to fabricate highly homogeneous films under ambient conditions.
Using this methodology, PCEs approaching 19% for devices fabricated in
humid environment are achieved, which are in the range of the highest reported
efficiencies for this type of perovskite prepared in dry conditions.”

On the other hand, using precursor formulations in which the two competing
donors DMSO and ambient H,O are not adequately balanced leads to the
formation of chemical defects (plumbates, hydrates) that can act as
recombination centers (see Chapter 2 for more information).

In this Chapter, we have investigated the degradation kinetics and the electrical
response of MAPDI; solar cells fabricated at environmental conditions. During
preparation, the RH of the environment is perfectly controlled. The perovskite
films and devices have analysed by optical absorption measurements and
impedance spectroscopy analysis, respectively. The latter are carried out with
two excitation wavelengths following the methodology described in Chapter 5.
In addition, chemical analysis XPS was performed on the fabricated films.
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9.2 Fabrication and characterization of devices

Fabrication of perovskite solar cells (PSCs)

Perovskite devices with mesoporous regular architecture were fabricated
following the methodology described in Chapter 3. First of all, FTO TECI1S5
were cleaned following the solvent sequence: Hellmanex solution; Deionized
water; Ethanol; Isopropanol. Then, TiO, compact layer was deposited by spray
pyrolysis. After that, a mesoporous layer of TiO, was deposited on top of a TiO,
compact layer. A pure methylammonium (MAPbI;) layer was deposited as
active layer at environmental humidity conditions. According the methodology
reported,’ for the different ambient moisture conditions (with a RH of 50%,
40%, 30% and 0%, this latter in glovebox), the molar ratio of DMSO in
perovskite precursor solution was changed from 0.75; 1; 1; 1.5, respectively.
Later perovskite deposition, spiro-OMeTAD solution was then spin coated.
Finally, 60 nm of gold was deposited by thermal evaporation. Only for humidity
conditions of 0% RH the devices were prepared inside an argon glove box
under controlled moisture and oxygen conditions from precursor solution
MAPbI; 1.2 M. (See Chapter 3 for details).

Characterization of devices

IV curves were measured under a solar simulator (ABET-Sun2000) with an AM
1.5G filter. The current-voltage curves were obtained using a scan rate of 100
mV/s and sweep delay of 20 s. Aging was studied by subjecting perovskites
solar devices prepared under different moisture conditions (RH: 0%, 30% 40%
and 50%) to ambient air in darkness during 15 days under environmental
moisture conditions with a RH in the range of 30% - 60%. In addition,
perovskite films deposited on the TiO, substrate were subjected to an
accelerating degradation treatment by exposing the film to humid air with a RH
>85% for a relatively long period of time. The illumination for the IS
measurements was provided by a red (A =635 nm) and blue (A = 465 nm) LEDs
over a wide range of DC light intensities. As it was shown in Chapter 5, this
allows for probing the devices with two distinct optical penetrations.” In these
experiments a 20 mV perturbation in the 10°-10” Hz range was applied. To
avoid voltage drop due to series resistance, the measurements were performed
at the open circuit potential, the Fermi level (related to the open-circuit voltage)
being fixed by the DC (bias) illumination intensity. To compensate for the
different response under blue and red light due to the different optical
absorption all parameters are monitored and plotted as a function of the open-
circuit potential generated by each type of bias light. UV-Visible absorption
spectra were recorded in the range of 400-850 nm. XPS was used to analyse the
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chemical composition and the presence of water in the samples. SEM images of
the samples were performed as well.

9.3 Results and discussion

The photovoltaic parameters of fresh and aged devices prepared under different
ambient moisture conditions (RH: 0, 30, 40 and 50%) are compared in Table
9.1 and Figure A-9.1 in appendix G. Devices are aged by subjecting devices to
the environmental conditions with a RH in the range of 30-60% in darkness
during 15 days, similar to the ISOS-D1-shelftest protocol where the humidity is
controlled.'’ Fresh devices show an almost constant average energy conversion
efficiency of around 14% (see Table 9.1). After aging, this efficiency is reduced
by 1% for the devices fabricated in dry conditions. In contrast, the devices made
under the highest humidity (50%) get their efficiencies even increased, with
recorded values well exceeding 15%. It is observed that the efficiency loss is
mainly due to a deterioration of the fill factor of the devices. The efficiency
boost is, though, linked to an enhancement of the short-circuit photocurrent.
This effect can be related to the increase of the optical absorbance of the
MAPDI; upon accelerated degradation as shown and discussed in the appendix
G (section A-9.2). The open-circuit potential remains basically unaltered after
aging although a slight decrease can be detected.

Table 9.1. Photovoltaic parameters under AM1.5 1 sun illumination of fresh (top) and aged
(bottom) MAPDI; solar cells fabricated under different humid conditions. Error bars extracted
from the statistics extracted from the measurements of 3-5 devices are added to the data.

RH(%) J.(Aem?)  Voc (V) FF (%) EFF (%)
FRESH

0 19.704+0.88  1.05+0.01  69.0+0.6 14.4+0.7

30 21204052 1.01+0.02  653+19 14.0 £ 0.6

40 20.63+1.41 1.04+0.01  662+6.5 142+0.8

50 20.53+035 1.04+0.01  66.6+1.6 142+0.3
AGED

0 20.62+0.18 1.04+0.08  61.0+4.7 13.1£1.3

30 22.13+0.89  0.96+0.02  62.0+3.3 13.4£0.5

40 23364081 0.95+0.03  63.0£4.0 14.1£1.0

50 24534052 1014006  622+33 15.4+0.5
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In Figure 9.1 a comparison between the absorbance degradation kinetics of
samples prepared inside the glove box (dry conditions) and under ambient
moisture conditions (RH: 50%) is depicted when stressed with humid air.
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Figure 9.1. Optical absorption data of bare MAPbI; films deposited on TiO, substrates by solvent
engineering under 50% RH (red lines) and at dry conditions (blue lines). Between 0 and 25 hours
the films were exposed to a flow of humid air (> 85% RH). Photographs of the two films after the
degradation treatment are also added to the picture. Note that the two recipes do not produce the
same film thickness, hence the different initial absorption.

The absorption spectrum of a perovskite film prepared under a RH of 50%
remains basically unaltered after being vented in very humid air (RH >85). In
fact, even led to a slight increase of the absorbance at short wavelengths. This
increase in absorbance has been correlated previously with a decrease of under-
coordinated plumbate ions.'" In contrast, the films prepared in the glove box
show a dramatic decrease of the absorbance, especially after 25 hours. This
result confirms the exceptional stability of the films formed under humid
conditions towards moisture-induce degradation.

The stability of the perovskite films after moisture exposure can also be studied
by SEM images of fresh and degraded films fabricated at three different
humidity conditions: 30%, 40% and 50% (Fig. 9.2). Perovskite films deposited
at RH of 40% was employed as reference. The used recipe produces
homogeneous films with no pinholes and an approximately constant crystal size
of around 200 nm. Degradation upon exposure to humid air (RH >85%) show
up in the form of inhomogeneities and pinholes. An increase of the grain size is
also observed.'? The number of pinholes is reduced and the homogeneity of the
sample is significantly improved against moisture exposure the larger is the
humidity used in the preparation of the films. On the other hand, as mentioned,
ambient water promotes increased crystalline domains from about 100 nm for
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the reference device to up to 500-600 nm. This observation can be explained by
the action of ambient water, which acts an additive that can promote Ostwald
ripening effect and increase the domain size as recently reported with
Guanidinium Thiocyanate."
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Degraded Devices: Moitsure exposure at R.H. > 85%

Figure 9.2. SEM images of fresh perovskite films fabricated at R.H.=40% (top) and after
degradation (bottom). Results for degraded films with very humid air (> 85% R.H.) but prepared
at different ambient humidity values are shown.

The robustness of the films fabricated under ambient conditions suggests that
these films retain some water molecules in the crystalline structure, thus
preventing further invasion by moisture. To test this hypothesis XPS
measurements were performed for fresh samples deposited at different relative
humidity values, that is, 0%, 30%, 40% and 50%. Figure A-9.3 in the appendix
G shows the survey spectra for the samples. The peaks are assigned to the
elements which compose the perovskite phase: C, N, Pb and 1. In turn, no

evidence of Ti is observed, which confirms that only the perovskite layer is
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analysed. However, a weak O 1s signal, produced by small amounts of water in
the perovskite structure, can be detected. Figures A-9.4 and 9.3A show the O 1s
signal obtained for fresh samples. The binding energy (BE) for O 1s signal for
the four samples is about 531.5 eV. As reported previously, the presence of
coordinating (hydrating) water appears in the range between 531.0 - 531.6 eV."
This signal at BE of 531.5 eV cannot be assigned to O in the lattice of oxide
species as this type of signal is typically observed at BE lower than 530 eV. For
instance, in the case of lead oxides, they appear between 528.4 and 529.4 eV.
Other typical assignation for O Is signal is to adsorbed species, such as water,
hydroxyl groups or carboxylates species, but these contributions normally show
up at BE higher than 532 e¢V."”""" On the other hand, Figure 9.3B shows the Pb
4f signal for the sample exposed to 50% RH, which is considered as
representative for all the samples analysed. The peaks for Pb 4f;, and 4fs,
appear at 138.4 eV, and 143.3 eV, respectively. The 4.9 eV separation between
this spin-orbit components is typical for Pb(II)."® Figure 9.3B also includes a
deconvolution of the Pb 4f;, signal. Two contributions can be extracted. The
main contribution (peak 1) at a BE of 138.4 eV is assigned usually'® to Pbl,.
This is the contribution from the Pb-I bonds of the perovskite. The small
contribution (peak 2) appears at about 137.4 eV. The signals around this value
of BE for Pb 4f;, are usually ascribed to species in which Pb-O interactions are
present.
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Figure 9.3. O 1s and Pb 4f signals obtained from XPS measurements of fresh perovskite thin
films deposited on top of mesoporous TiO, layers fabricated at different ambient humidity values.

Therefore, for XPS measurements, the presence of coordinating water can be
deduced from the energy position of the O 1s signal and it is confirmed with the
analysis of the Pb 4f signal. Although a signal is observed in the sample
deposited under dry conditions (RH: 0%) (probably due to residual water during
sample manipulation), it is significantly smaller than the signal obtained in
films deposited under ambient conditions with a RH of 50% . Nevertheless, due
to the low intensity of the signal, the evolution of the water content with respect
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to the relative humidity (Fig. A-9.4) cannot be safely monitored from these
measurements. In any case, the presence of coordinating water molecules
around the Pb cations explains the molecular stability of the perovskite films
towards inclusion of additional water during aging or degradation experiments.

Finally, to verify the change in the internal functioning of the perovskite solar
cell upon aging, impedance spectroscopy measurements at open circuit were
carried out. The IS response of PSCs is typically characterized by the
appearance of two signals (peaks in the frequency plots or arcs in the Nyquist
plot). The analysis of the evolution of these arcs can be inversely related with
the recombination rate as we saw in the previous Chapter. Here, we focus on the
HF region, in the 10°- 10° range, which is generally accepted that is affected by
the transport in the selective contacts and interfaces.'””’ The measurements
were carried out with two excitation wavelengths, characterized by a different

penetration of the light into the perovskite layer (see Chapter 5).°

The HF resistance (Ryr) has been extracted from the impedance spectra by
fitting the data to a simple Voight circuit (see inset Fig. 3.9A in Chapter 3).*'
The corresponding high frequency resistance Ryr is plotted in Figure 9.4 as a
function of the V¢ originated by the different illumination intensities applied,
and the two excitation wavelengths employed in the experiment. The ideality
factors extracted from pf-parameter (m=1/ S, see Chapter 5) are reported in
Table 9.2.

Table 9.2. Ideality factors for fresh and aged (after environmental moisture exposure during 15
days, RH: 30-60%) cells as extracted from the high frequency resistances in Figure 9.4.

Ideality factor
R.H. ( %) Fresh cell Degraded cell
Blue Red Blue Red
0 2.38 £0.01 244+£0.02 294+0.08 2.78+0.08
30 1.75+£0.01 1.85+0.09  2.44+0.01 2.50 £ 0.06
40 1.69 +£0.01 1.85+0.01 1.92 £ 0.06 1.96 £ 0.06
50 2.08+£0.06 2.08+0.14 1.75 +£0.05 1.75 +£0.01

The analysis of the ideality factors reveals that they are approximately the same
for both blue and red light illumination. They have values close to 2, which can
be attributed to bulk Shockley- Read-Hall recombination.”**** However, there
is a clear net enhancement in the recombination rate after degradation, as
evidenced by the lower values of Ryr in Figure 9.4. This result is in line with
reduction of the V¢ at 1 sun illumination reported in Table 9.1, which indicates
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that the inclusion of ambient water into the perovskite structure introduces
recombination centers and additional routes of non-radiative recombination.
Furthermore, the degraded devices exhibit a different value of the
recombination resistance depending on whether red or blue light is used to
generate the open-circuit potential. Lower values of Ry are observed under red
light illumination in all aged devices. Bearing in mind red light illumination
produces photo-generated carriers further away from the TiO,/perovskite
interface in comparison with blue light due to the lower light absorption in the
red, the results can be interpreted as (1) a magnification of the recombination
loss close to the perovskite/hole transport material interface and/or (2) a global
acceleration of the bulk recombination rate, leading to shorter diffusion
lengths.’
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Figure 9.4. High frequency resistance versus open-circuit potential for fresh and aged (after
environmental moisture exposure during 15 days, RH: 30-60%) devices prepared under different
humidity conditions (a: 0%, b: 30%, c: 40%, d: 50%). Red and blue symbols stand for the data
extracted under red and blue light illumination, respectively. Solid symbols correspond to fresh
devices and open symbols to aged devices.

An important property also arises from the analysis of the results: those cells
which are fabricated at conditions of higher humidity tend to withstand the
negative effect of aging better. Thus, devices prepared at 0% and 30% humidity,
show a clear splitting of the “red” and “blue” resistances upon degradation. In
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contrast, cells made at 40% and 50% humidity show less disparity between the
two values of Ryp.

Similar conclusions can be extracted from the analysis of the frequency plots
(Fig. 9.5). In the studied frequency range, a distinct peak at around 10*-10° Hz
is detected.
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Figure 9.5. Imaginary part of the impedance in the 10°-10° Hz frequency range for fresh (left) and
aged (right) MAPDI; perovskite solar cells prepared at RH values of 30% (top), 40% (middle) and
50% (bottom). Aging was carried by environmental moisture exposure for 15 days with RH: 30-
60%. Data obtained under red and blue light illumination are shown. The open-circuit
photopotentials generated by the illumination are indicated in the graphs.

Although the inverse of the corresponding frequency signal cannot be
considered a real carrier lifetime, its time scale and its behaviour for different
architectures and Fermi level positions strongly suggest that it is related with
the recombination rate of photogenerated carriers in the device.”’**® The
comparison of the behaviour of this signal for fresh and aged devices reveals
that whereas for the former the “lifetime” is basically the same for red and blue
light illuminations, the positions of the peaks for the latter are significantly
different. Furthermore, the splitting of the red and blue signals tends to be more
pronounced for the devices fabricated at lower humidity conditions.

The robustness of the prepared devices is also confirmed when the apparent
capacitance extracted from impedance is analysed (Fig. A-9.5). In Chapter 7,
solar devices used were fabricated at dry glove box conditions and showed the
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appearance of an additional capacitive process after aging, evidenced by a
distortion of the high frequency arc and the disappearance of the mid-frequency
plateau. Interestingly, these features are not observed for the devices fabricated
at ambient humid conditions.

9.4 Conclusion

Preparation of MAPbI; perovskite films at controlled ambient humidity leads to
solar cell devices which are more robust against moisture-induced aging and
degradation than those prepared under dry conditions or low RH values. This is
a consequence of the presence of small amounts of water, which are
incorporated into the MAPbI; crystalline structure. Although this amount is
small the impact on the degradation kinetics and on the optical/electronic
properties is very high. The presence of crystallization water is confirmed by
XPS analysis, that reveals the presence of small amounts of water, in the form
of coordinating molecules around the Pb cations. Based on this observation we
tentatively attribute the robustness of the perovskite films to the presence of
these water molecules, which prevent the formation of additional hydrates that
trigger the degradation mechanism.

On the other hand, degradation of samples prepared under dry conditions
produces an acceleration of recombination. This is evidenced by a small
deterioration of the V¢ and the increase of the recombination rate. Aging also
leads to a different impedance response under different optical penetration
depths of the bias light. These negative features are found to be larger for
devices prepared at conditions of lower humidity. These results demonstrate
that “homeopathic” additions of water during perovskite preparation are
beneficial against moisture-induced aging.
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Chapter 10

Water Vapour Pressure as
Determining Control Parameter
to Fabricate High Efficiency
Perovskite Solar Cells at ambient
Conditions

There is a need of experimental procedures that allow the fabrication of PSCs
at ambient conditions, which would decrease substantially manufacturing costs.
However, under ambient conditions, a delicate control of the moisture level in
the atmosphere has to be enforced to achieve efficient and highly stable devices.
In this Chapter, we show that it is the absolute content of water measured in the
form of partial water vapour pressure (WVP) the only determining control
parameter that needs to be considered during preparation. For that, MAPbI;
perovskite films were deposited under different WVP by changing the relative
humidity and the lab temperature. In addition, we have extended the procedure
to accomplish high-efficient FAjg3MAy 17Pbls devices at ambient conditions by

adjusting DMSO proportion in precursor solution as a _function of WVP only.



Chapter 10

10.1 Introduction

Nowadays, the PSCs can be fabricated with competitive efficiency (PCE > 20
%) '°. However, these high PCEs have been achieved using testing-devices
with a small active area and fabricated under dry conditions inside a glove box.
These two issues do not only increase the manufacturing cost and limit its
industrial scale, but also restrict its commercialisation.””

Although perovskite films under certain moisture level have been achieved with
a high quality,'® " the fact is that these devices have not reached yet the PCEs
of their glove box counterparts.'* Nevertheless, different strategies have been
recently reported in the literature to optimize PSCs fabrication under ambient
condition.'> " One of the most recent methodology is that proposed by Guerrero
et al."® As we saw in previous Chapter, they demonstrated that it is possible to
prepare highly efficient MAPbI; perovskite devices under different humidity
conditions by controlling the DMSO: Pb*" ratio in the precursor solution as a
function of the relative humidity (RH) of the environment. We used this
methodology in Chapter 9 to fabricate the solar devices at ambient conditions,
and shown that these devices are more robust against moisture-induced ageing
and degradation than those prepared at low RH values or dry conditions.* On
the other hand, the addition of both thiocyanate ions or orthosilicate in
perovskite precursor solution'®'”*!
electron selective contact'™'” have been suggested as other strategies to

or the use of pre-heating treatments of the

fabricate PSCs with high efficiency at ambient conditions.

In all reports up to the date related to the preparation of PSCs outside glove box,
RH is considered as the main control parameter to fabricate solar devices.
Nevertheless, RH is a relative parameter that depends of the saturation value of
water vapour in air, which depends on the temperature. The maximum amount
of water molecules in the vapour phase (saturation), which is able to hold a
system is determined by the Clausius-Clapeyron equation

AH
InPyg = -——+C 10.1

where P, and AH, are the saturation vapour pressure and the water
vapourization enthalpy, respectively. 7" is the temperature, R is de ideal gas
constant and C is a constant. Considering Eq. 10.1, a larger vapour pressure is
expected for higher temperatures with an exponential correlation. Therefore a
small temperature change brings about a larger modification of water content in
air, measured as their partial vapour pressure P,,.”> RH is actually defined as>
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Py
RH (%) = =+ 100 10.2

WS

Therefore, RH is not an indicative of absolute water content in air which is
intimately related to the temperature of the system via Eq. 10.1. This could be
the reason of the broad spread of PCE found in the literature for same type of
perovskite prepared at the same values of RH, especially taking into account
1718 Therefore,
RH is not by itself sufficient as control parameter to study and fabricate PSCs
under atmospheric conditions. The ambient temperature needs to be considered

that a small temperature variation produces a huge change in P,,.

as well.

In this context, it has been recently proposed to use the dew point as a control
parameter in the fabrication procedure.”* Playing with several temperatures at
the same RH, these authors have found an optimum value of the dew point in
which the PCE was highest, showing that it is the absolute content of water the
only parameter that matters. However, they only took into account the moisture
levels during the annealing stage ignoring the fact that the water content in air
affects the perovskite crystallization process in other stages of perovskite films
fabrication as well.'> In this study we choose to use the water vapour pressure
(WVP) only as control parameter because it has a more direct and clear physical
meaning associated to the RH, temperature and vapourization enthalpy via Egs.
10.1 and 10.2.

Herein, we analysed the impact of WVP during the fabrication process of
perovskite devices at ambient conditions in order to achieve high-efficiency
solar devices. For that purpose, FTO/c-TiO,/m-TiO,/perovskite/spiro-OMeTAD
based devices have been fabricated using MAPbI; perovskite precursor solution
with different DMSO:Pb>" ratio.'® This perovskite precursor solution was
deposited by spin-coating at different environmental conditions (outside glove
box). In particular, MAPDbI; based devices were fabricated at different
temperatures and RH values. UV-Vis spectra, photoluminescence (PL)
measurements and impedance spectroscopy (IS) analysis were employed as
characterization techniques to explain the photovoltaic parameters obtained for
the PSCs as function of WVP. Finally, by setting WVP as the main control
humidity parameter, we have achieved FA(g;MA, 7Pbl; based PSCs under
highly humid conditions. To our best knowledge, this is the first work in the
literature where the photovoltaic parameters are reported as a function of the
absolute content of water molecules in air in the form of a water vapour
pressure.
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10.2 Fabrication and characterization of devices

Fabrication of perovskite solar cells (PSCs)

Perovskite devices with mesoporous regular architecture were fabricated
following the methodology described in Chapter 3. First, FTO TECI15 were
cleaned following the solvent sequence: Hellmanex solution; Deionized water;
Ethanol; Isopropanol. Then, TiO, compact layer was deposited by spray
pyrolysis. After that, a mesoporous layer of TiO, was deposited on top of a TiO,
compact layer. A pure methylammonium (MAPbI;) and double-cation
perovskite (FAs3:MA(17Pbls) were deposited as active layer at environmental
humidity conditions. According the methodology reported,'® MAPbI; precursor
solution was prepared with different DMSO:Pbl, molar ratio (0; 0.5; 0.75; 1;
1.25; 1.5). While FA(33sMA, 17Pbl; perovskite precursor solution was obtained
by adjusting DMSO:Pbl, molar ratio to 0.75. Later perovskite deposition, spiro-
OMeTAD solution was spin coated. Finally, 60 nm of gold was deposited by
thermal evaporation. (See Chapter 3 for details)

Characterization of devices

IV curves were measured under a solar simulator (ABET-Sun2000) with an AM
1.5G filter. The current-voltage curves were obtained using a scan rate of 100
mV/s and sweep delay of 20 s.. The illumination for the Impedance
Spectroscopy measurements was provided by red (A = 635 nm) and blue (A =
465 nm) LEDs over a wide range of DC light intensities. As it was shown in
Chapter 5, this allows for probing the devices with two distinct optical
penetrations.” In these experiments a 20 mV perturbation in the 10° -0.1 Hz
range was applied. To avoid voltage drop due to series resistance, the
measurements were performed at the open circuit potential, the Fermi level
(related to the open-circuit voltage) being fixed by the DC (bias) illumination
intensity. To compensate for the different response under blue and red light due
to the different optical absorption all parameters are monitored and plotted as a
function of the open-circuit potential generated by each type of bias light. UV-
Visible absorption spectra in the range of 400-850 nm and Steady state
photoluminescence spectra were recorded as well. X-ray diffractograms were
recorded on a Bruker-A25 (D8 Advance) diffractometer using a Cu-Kal
(1.5406 A) source. The diffractometer was set in Grazing incidence geometry at
2°. SEM images of the samples were performed.
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10.3 Results and discussion

Figure 10.1 shows the best IV curves obtained for MAPbI; devices prepared at
the same value of the RH (50 %) but different temperatures (298 K, 299 K and
301 K). In accordance to Eq. 10.1, higher temperature implies a larger value of
the water content in the laboratory atmosphere. In particular, WVP values of
1.58, 1.72 and 1.85 kPa were derived from Eqs. 10.1 and 10.2 for those
environmental conditions, respectively. PCEs of 16.7 £ 0.6 %, 11.4 £ 0.6 % and
113 + 0.9 % were obtained at 1.58, 1.72 and 1.85 kPa, respectively. The
statistical data of characterization photovoltaic parameters are shown in Figure
A-10.1 (see appendix G) as a function of WVP.
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Figure 10.1. Current—voltage curves of MAPDI; perovskite devices prepared under different
temperature conditions but same relative humidity (50 %) (resulting in different WVPs, as
indicated). The curves have been measured in reverse scan under 1 sun—AM 1.5 illumination and
using a mask of 0.16 cm?. For all three cases, perovskite films were deposited from a solution
precursor with a ratio DMSO:Pb*" of 0.75.

It should be noted that similar PCE values were previously reported for MAPbI;
devices deposited at 50% RH although no specific temperature data was
given.'”" In this work we show, though, that small temperature changes have a
strong impact on the performance, as a consequence of the big jump in the
absolute content of water in air. Although the perovskite films looked
homogenous regardless of the environmental conditions during the deposition
process, a drop of Jsc and Ve was clearly observed with the increase of
temperature and, consequently, with higher WVPs (Fig. A-10.1B and Fig. A-
10.1C). Therefore, these results plainly demonstrate the importance of WVP, as
the main control parameter to take into account humidity, instead of RH as

popularly used in PSC fabrication.
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To analyse the effect of DMSO in perovskite precursor solution as a function of
water content in air, precursor solutions with different DMSO:Pb*" ratios were
employed. WVPs of 1.66 kPa and 1.85 kPa (301 K and RH of 44 % and 49 %,
respectively) were considered in these experiments. Figure A-10.2 shows the
average photovoltaic parameters obtained using different DMSO:Pb*" ratios in
the precursor solutions. The optimum DMSO:Pb*" ratio for the different WVP
are in line with the mechanism previously discussed (see Chapter 2 and 9).'**
Under ambient conditions, the atmospheric H,O molecules can be incorporated
to the lead complex and compete with the DMSO in the coordination sphere of
the lead ion. Thus, in humid atmospheres, it is necessary to adjust the content of
DMSO in the perovskite precursor solution as a function of WVP to achieve the
correct stoichiometry of the Pbl,:H,O:DMSO complex. In general, lower
amounts of DMSO are required to reach high efficiencies at higher WVP. In
particular, an optimum DMSO:Pb*" ratio of 1.0 and 0.75 were found for 1.66
kPa and 1.85 kPa, respectively, for which a maximum efficiency of 15.6 % and
12.5 % were obtained (Fig. A-10.2A). Nevertheless, in both cases, the values
obtained using the different DMSO:Pb>" ratios at these environmental
conditions were mainly determined by the distinct Js¢ values (Fig. A-10.2B). In
contrast, no significant differences were found for Vycvalues (Fig. A-10.2C). A
further analysis is presented below.

On the other hand, regardless the DMSO:Pb* ratio, lower efficiencies were
revealed for the highest WVP (Fig. A-10.2A). These results are line with the
efficiency trends previously reported in which only the RH values were taken
into account as main parameter (Fig. 10.1)."""® For atmospheric conditions of
1.85 kPa, lower efficiencies (around 12 % for ratio 0.75) were obtained as
compared with those reported for the same perovskite deposition methodology
(around 15 % for ratio 0.75)."® This worse performing device could be due to
the PSCs were here fabricated at a higher temperature (301 K) than that usually
reported in literature.' "% Thus, although the RH were the same, the content of
water in air (WVP) has been higher in our experiments than any other before. In
this context, a drop of photovoltaic parameters was observed for 1.85 kPa with
respect to 1.66 kPa, except to the FF that showed a similar value for
intermediate ratios (Fig. A-10.2B, Fig. A-10.2C and Fig. A-10.2D). This further
demonstrates that it is the absolute water content in air what really matters when
the perovskite film is fabricated.

Average efficiencies for a large range of WVPs are shown in Figure 10.2. The
range of WVP analysed corresponds to typical atmospheric conditions
throughout one year in a region with Mediterranean climate. The highest
efficiencies were found for WVP values lower than 1.66 kPa. Specifically, 16.8
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+ 0.9 % efficiencies were obtained for devices prepared at 1.06 kPa (301 K and
28 % RH). In this regime (from 1.0 kPa to around 1.6 kPa), the performance of
devices seems to be insensitive to the content of water in air as shown by the
plateau obtained for the optimum DMSO:Pb>" ratio of 1.0. The maximum
efficiency found in this work (18.2 % for 1.06 kPa) is in line with the maximum
reported PCE for MAPbI; devices. %% However, WVPs beyond 1.7 kPa lead
to a strong drop in efficiency. This is the case of 1.85 kPa (corresponding to 301
K and 49 % RH) in which the performance of the devices drops to 10.5 = 1.6 %
using even the optimum DMSO:Pb*" ratio of 0.75. Previously, it has been
reported that low performance of PSCs at high temperature could be due to a
low solubility of perovskite materials in the precursor solution, which could
affect the growth of perovskite crystals.”®*’ Nevertheless, it should be noted that
the same high temperature was here reached to both the lowest and highest
WYVP analysed. Therefore, the dispersion in efficiencies appears to result from
effects of atmospheric water content during the PSCs fabrication but not due to
a change of perovskite solubility. This is an extra argument to further support
the importance of using the absolute content of water as control during the
perovskite deposition process.

On the other hand, we also observed that the stability under illumination and
the reproducibility were worse for the bad performing devices. In consequence,
a WVP value of around of 1.6 kPa appears to be an upper limit for safe
fabrication of high efficiency devices at ambient conditions.
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Figure 10.2. Efficiency obtained for MAPDI; devices as a function of the water vapour pressure
(WVP) during perovskite deposition. Alternative values of the DMSO:Pb*" ratio of the precursor
are compared as indicated. The efficiency has been extracted from current-voltage curves
measured under 1 sun—AM 1.5 illumination using a mask of 0.16 cm®.
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Figure 10.3. Impedance Nyquist (A) and Bode (B) plots for MAPbI; devices prepared with
different DMSO:Pb*" ratios at 1.66 kPa. Data obtained under red illumination (635 nm) are
shown. The open-circuit photopotential generated by the illumination is 0.911 V.

As it has been shown above, the efficiency trends for a certain WVP are mainly
governed by the photocurrent, whereas the Vyc happens to be basically
insensitive to the DMSO content in the precursor solution (Fig. A-10.2). To
analyse the impact of DMSO:Pb®" ratios on performing devices, impedance
spectroscopy measurements at open circuit potential in the range of frequency
of 10°-0.1 Hz were performed. Due to the lack of stability during impedance
measurement shown by devices prepared under higher environmental WVP
values, the impedance analysis was restricted to devices fabricated at 1.66 kPa.
The measurements were carried out at two excitation wavelengths (465 nm and
635 nm) to establish the impact of different optical penetration lengths in the
perovskite layer like we have already done in previous Chapters.”>”**' Figure
10.3A and 10.3B show the impedance response in the form of Nyquist and
Bode plots, respectively, for various DMSO:Pb** ratios recorded at 635 nm. The
impedance spectra were mainly characterized by two kinetics signals whose
meanings were mentioned in Chapter 3. In this Chapter, we focus in high
frequency (HF) signal at 10° Hz since this has been attributed to electronic

transport and recombination processes in the perovskite layer”>* >’
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The HF resistance (Ryr) has been extracted from the impedance data by fitting
to an Voigt equivalent circuit [R,—(Rur.CPEnr)].*® The Ry obtained for the two
excitation wavelengths are plotted as a function of open-circuit potential
originated by different illumination intensity in Figure A-10.3. Results for the
HF resistance are in line with previous impedance analysis (Chapters 5, 6 and
9):>*° The ideality factors were close to 2 and unchanged with respect to the
generation profile, which is associated with Shockley—Read—Hall
recombination in the bulk of the active layer.”*™*® Activation energy for
recombination of the employed perovskite materials was also determined (1.60
eV) by extrapolating the V¢ for different temperature data to 7 — 0°° (Fig. A-
10.4B). This activation energy was coincident with the band gap reported for
MAPDI; perovskite®” and with the optical band gap (Fig. A-10.4A) extracted
from absorption data of the devices (1.63 eV), which confirms that the
recombination is mainly determined by the bulk of the perovskite layer itself at
open-circuit conditions. Besides, we found that the Rpr was basically
independent from the DMSO:Pb*" ratio, which explains the relative constancy
of the V¢ values with respect to the precursor composition (Fig. A-10.2).

Nevertheless, when the Ryr extracted for two different WVPs (1.66 kPa and
1.85 kPa) is compared, lower values of Ryr for highest WVP but same ideality
factor (close to 2) are obtained. This is shown in Figure A-10.3B. This indicates
a clear net enhancement in the Shockley—Read—Hall recombination rate for
1.85 kPa, which explains the reduction of the open-circuit potential at 1 sun
illumination reported in Figure 10.1, Figure A-10.1C and Figure A-10.2C. This
means that too much water in the crystalline structure of the perovskite (above
the upper limit of 1.6 kPa mentioned above) triggers more recombination in the
bulk of the perovskite, probably due to the formation of more recombination

centers.
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Figure 10.4. Optical absorption and normalized steady state photoluminescence spectra of
MAPbI; films deposited on TiO, substrates from precursor solution with different DMSO:Pb*"
ratios. Data obtained for two WVP: 1.85 kPa (left) and 1.66 kPa (right). Excitation wavelength of
497 nm and 532 nm were used, respectively.
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To investigate the influence of DMSO:Pb”" ratio as a function of water content
in air on both absorption and charge extraction/separation performance, steady-
state photoluminescence and UV-Vis spectroscopy studies were conducted.
These were done in perovskite films deposited on mesoporous TiO, at 1.66 kPa
and 1.85 kPa, respectively and the results are presented in Figure 10.4. PL data
have been normalized to the maximum absorbance found for each device by
dividing the whole UV-Vis spectrum by the maximum intensity and multiplying
the PL peak by the factor thus obtained. This way, a better comparison of
different perovskite films is ensured.

From Figure 10.4, we infer that lower DMSO:Pb*" ratios produce perovskite
films with higher absorption spectra at short wavelengths regardless the WVP
used. This effect is more acute at 1.66 KPa. Bearing in mind that the perovskite
films thickness are similar for all devices studied (~ 400 nm), the changes in
absorbance could arise from changes in lead ion coordination, which depends
on the mixture solvent in the precursor solution.* This is in line with the
improved crystallinity observed for DMSO:Pb** > 1.0 by the increase in the X-
ray diffraction (XRD) peak intensity at 14.1°, as shown in Figure A-10.5. (This
peak is associated with (110) plane of tetragonal MAPbI;.) The XRD was
carried out for perovskite films deposited at 1.01 kPa, for which a peak at 12.6°
was also found for the different DMSO:Pb*" ratios. This peak is attributed to the
(001) lattice plane of hexagonal Pbl,. A qualitative analysis of these peaks
revealed that the highest Pbl,/MAPDI; ratio is achieved for films prepared at
DMSO:Pb*" ratio < 1.0 (Table A-10.1). Bearing in mind that the highest
efficiency was obtained for ratio 1.0 for low WVP, this result points out that a
certain Pbl, content on perovskite films could be the reason of the better
performing devices.””*

It is also interesting to analyse the impact of the ratio on both light harvesting
and electron injection. In Figure 10.4 it is observed that the lowest DMSO:Pb*"
led to the highest photoluminescence peak intensities. Since the PL signal
intensity arise from the radiative recombination processes inside perovskite
material, an increased PL signal is indicative of slower electron injection from
the perovskite film to the TiO, layer. Therefore, we conclude that injection and
absorption are somehow compensated, which explains the relative insensitivity
of the photocurrent with respect to the DMSO:Pb*" ratio (Fig. A-10.2B). By
contrast, there is a clear difference between the PL intensities revealed at
different WVP. Faster charge extraction was obtained for the films prepared at
1.66 kPa than those prepared at 1.85 kPa. Furthermore, for 1.66 kPa, an increase
of the absorbance at short wavelengths for lowest DMSO:Pb*" ratios is also
observed. These results are in line with the drop in photocurrent obtained at
higher WVP (Fig. 10.1, Fig. A-10.1B and Fig. A-10.2B).
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Scanning electron microscopy images show also a distinct perovskite
morphology depending on the WVP and DMSO:Pb*" ratio (Fig. A-10.6). The
morphological change as function of DMSO content in precursor solution is in
agreement with the data reported by Guerrero ef al.'® For 1.66 kPa, perovskite
films deposited from precursor solutions with low content in DMSO (ratio 0.5)
revealed a fiber-like morphology mixed with larger crystalline domains (Fig. A-
10.6E), while for ratio 1.0 these fibers did not show up, and a totally covered
surface is observed (Fig. A-10.6C). Although, large domains were also formed
for highest content in DMSO (ratio 1.5), non-homogeneous films were detected
(Fig. A-10.6A) due to presence of pin-holes. Therefore, an optimized
stoichiometry of Pbl,:H,O:DMSO leads to a more adequate morphology, in line
with the best performing devices. The same trend was observed for films
fabricated at 1.85 kPa. However, a higher pin-hole proportion was revealed for
the highest DMSO:Pb*" ratios (Fig. A-10.6B). Indeed, non-homogeneous films
were already detected for ratio 1.0 (Fig. A-10.6D). On the other hand, smaller
crystalline domains were observed when the films were prepared at higher
WYVPs. In particular, perovskite domains in the range of 200 nm and 100 nm
were obtained for 1.66 kPa and 1.85 kPa, respectively.

Considering that the grain boundaries increase the non-radiative recombination
rate as well as adversely affect to charge extraction efficiency at the interface
between perovskite and selective contact,27’43 these results could explain the low
Voc (due to the larger concentration of recombination centers, as stated above)
(Fig. 10.1, Fig. A-10.1 and Fig. A-10.2) and the poor injection efficiency (Fig.
10.4) obtained for devices prepared under higher WVP.

In order to show the wide applicability of a preparation method based on the
control of the absolute water content in air, we have attempted the preparation
of mixed perovskites at ambient conditions. Thus, we have extended the
methodology reported18 for fabrication of MA-devices under ambient conditions
to formamidinium(FA)-devices by adjusting the DMSO proportion in precursor
solution as a function of WVP. In particular, we fabricated FA,s3:MA,17Pbl; at
1.56 kPa (302 K and 39 % RH). A planar configuration was chosen to simplify
the devices manufacturing. Because DMSO coordinate worse for FA-perovskite
than MA-perovskite,** we used a lower DMSO content in the solution precursor
than that calibrated for MAPbI; (Fig. 10.2). By adjusting DMSO:Pb*" ratio to
0.75, FA-devices with an efficiency of 14.7 % (Jsc: 19.14 mA-cm™; Voc: 1.03
V; FF: 74.7%) were obtained (Fig. 10.5). This efficiency is much higher than
reported in the literature for FA-type of perovskite deposited at the same RH ( 9
% PCE at 40% RH)."
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Figure 10.5. Current—voltage curve of the best FA;g3MA( 7Pbl; devices prepared at 1.56 KPa

(302 K and 39 % relative humidity) The curves have been measured in reverse scan under 1

sun—AM 1.5 illumination and using a mask of 0.16 cm’ The table inset illustrates the

photovoltaic parameters statistics for the 4 devices measured.

10.4 Conclusion

The PCE differences found for devices prepared at different room temperature
for the same RH underlined the importance of using the water vapour pressure
as the parameter that matters when controlling the humidity in the preparation
of perovskite at ambient conditions. Taking into account WVP during
perovskite deposition, a study of the effect of the absolute water content in air
on the performance of devices was carried out. Simultaneously, the optimum
DMSO content in precursor solution as a function of WVP was also analysed.
Highest efficiencies were revealed for WVP values lower than 1.7 kPa and a
DMSO:Pb*" ratio of 1.0. The best performance of devices was related with
increased photocurrent and higher open-circuit potential. These results were
attributed to faster electron injection into the TiO, layer. Higher electron
recombination resistances were found in devices prepared at lower WVP, which
seems to be related to the larger grain size. We demonstrated the broad
applicability of a procedure based on the control of the absolute water content in
air by fabricating double-cation perovskites (FAos3sMAy17Pbl;) under humid
conditions by adjusting the DMSO proportion in precursor solution as a
function of WVP. Efficiencies higher than those reported for similar devices at
ambient conditions were obtained. The results here reported show the
potentiality of a method of preparation of stable and highly efficient perovskites
devices at ambient conditions for industrial application as long as the absolute
content level of water vapour do not surpass certain levels.

206



WVP as Determining Control Parameter to Fabricate High Efficiency PSCs

10.5 References

1 W. S. Yang, B.-W. Park, E. H. Jung, N. J. Jeon, Y. C. Kim, D. U. Lee,
S. S. Shin, J. Seo, E. K. Kim, J. H. Noh and S. I. Seok, lodide management in
formamidinium-lead-halide—based perovskite layers for efficient solar cells,
Science, 2017, 356, 1376-1379.

2 M. A. Green, Y. Hishikawa, E. D. Dunlop, D. H. Levi, J. Hohl-Ebinger
and A. W. Y. Ho-Baillie, Solar cell efficiency tables (version 51), Prog.
Photovolt. Res. Appl., 2018, 26, 3—12.

3 D. Yang, R. Yang, K. Wang, C. Wu, X. Zhu, J. Feng, X. Ren, G. Fang,
S. Priya and S. Liu, High efficiency planar-type perovskite solar cells with
negligible hysteresis using EDTA-complexed SnO2, Nat. Commun.,
DOI:10.1038/s41467-018-05760-x.

4 M. Saliba, T. Matsui, K. Domanski, J.-Y. Seo, A. Ummadisingu, S. M.
Zakeeruddin, J.-P. Correa-Baena, W. R. Tress, A. Abate, A. Hagfeldt and M.
Gratzel, Incorporation of rubidium cations into perovskite solar cells improves
photovoltaic performance, Science, 2016, 354, 206-209.

5 M. Saliba, T. Matsui, J.-Y. Seo, K. Domanski, J.-P. Correa-Baena, M.
K. Nazeeruddin, S. M. Zakeeruddin, W. Tress, A. Abate, A. Hagfeldt and M.
Gritzel, Cesium-containing triple cation perovskite solar cells: improved
stability, reproducibility and high efficiency, Energy Environ. Sci., 2016, 9,
1989-1997.

6 K. T. Cho, S. Paek, G. Grancini, C. Roldan-Carmona, P. Gao, Y. Lee
and M. K. Nazeeruddin, Highly efficient perovskite solar cells with a
compositionally engineered perovskite/hole transporting material interface,
Energy Environ. Sci., 2017, 10, 621-627.

7 A. Abate, J.-P. Correa-Baena, M. Saliba, M. S. Su’ait and F. Bella,
Perovskite Solar Cells: From the Laboratory to the Assembly Line, Chem. -
Eur. J., 2018, 24, 3083-3100.

8 S. Sun, T. Buonassisi and J.-P. Correa-Baena, State-of-the-Art Electron-
Selective Contacts in Perovskite Solar Cells, Adv. Mater. Interfaces, 2018,
1800408.

9 M. Cai, Y. Wu, H. Chen, X. Yang, Y. Qiang and L. Han, Cost-
Performance Analysis of Perovskite Solar Modules, Adv. Sci., 2017, 4,
1600269.

10 J. You, Y. (Michael) Yang, Z. Hong, T.-B. Song, L. Meng, Y. Liu, C.
Jiang, H. Zhou, W.-H. Chang, G. Li and Y. Yang, Moisture assisted perovskite
film growth for high performance solar cells, Appl. Phys. Lett., 2014, 105,
183902.

207



Chapter 10

11 S. Wozny, M. Yang, A. M. Nardes, C. C. Mercado, S. Ferrere, M. O.
Reese, W. Zhou and K. Zhu, Controlled Humidity Study on the Formation of
Higher Efficiency Formamidinium Lead Triiodide-Based Solar Cells, Chem.
Mater., 2015, 27, 4814-4820.

12 Y. Xu, L. Zhu, J. Shi, X. Xu, J. Xiao, J. Dong, H. Wu, Y. Luo, D. Li
and Q. Meng, The Effect of Humidity upon the Crystallization Process of Two-
Step Spin-Coated Organic—Inorganic Perovskites, ChemPhysChem, 2016, 17,
112-118.

13 G. E. Eperon, S. N. Habisreutinger, T. Leijtens, B. J. Bruijnaers, J. J.
van Franeker, D. W. deQuilettes, S. Pathak, R. J. Sutton, G. Grancini, D. S.
Ginger, R. A. J. Janssen, A. Petrozza and H. J. Snaith, The Importance of
Moisture in Hybrid Lead Halide Perovskite Thin Film Fabrication, ACS Nano,
2015, 9, 9380-9393.

14 Q. Jiang, L. Zhang, H. Wang, X. Yang, J. Meng, H. Liu, Z. Yin, J. Wu,
X. Zhang and J. You, Enhanced Electron Extraction Using SnO2 for High-
Efficiency Planar-Structure HC(NH2)2Pbl3-Based Perovskite Solar Cells, Nat.
Energy, 2016, 1, 16177.

15 K. Huang, C. Wang, C. Zhang, S. Tong, H. Li, B. Liu, Y. Gao, Y.
Dong, Y. Gao, Y. Peng and J. Yang, Efficient and stable planar heterojunction
perovskite solar cells fabricated under ambient conditions with high humidity,
Org. Electron., 2018, 55, 140-145.

16 A. Rapsomanikis, D. Karageorgopoulos, P. Lianos and E. Stathatos,
High performance perovskite solar cells with functional highly porous TiO2
thin films constructed in ambient air, Sol. Energy Mater. Sol. Cells, 2016, 151,
36-43.

17 B. A. de Carvalho, S. Kavadiya, S. Huang, D. M. Niedzwiedzki and P.
Biswas, Highly Stable Perovskite Solar Cells Fabricated Under Humid Ambient
Conditions, IEEE J. Photovolt., 2017, 7, 532-538.

18 C. Aranda, C. Cristobal, L. Shooshtari, C. Li, S. Huettner and A.
Guerrero, Formation criteria of high efficiency perovskite solar cells under
ambient conditions, Sustain. Energy Fuels, 2017, 1, 540-547.

19 K. Sveinbjornsson, K. Aitola, J. Zhang, M. B. Johansson, X. Zhang, J.-
P. Correa-Baena, A. Hagfeldt, G. Boschloo and E. M. J. Johansson, Ambient
air-processed mixed-ion perovskites for high-efficiency solar cells, J. Mater.
Chem. A, 2016, 4, 16536—-16545.

20 L. Contreras-Bernal, C. Aranda, M. Valles-Pelarda, T. T. Ngo, S.
Ramos-Terrén, J. J. Gallardo, J. Navas, A. Guerrero, I. Mora-Serd, J. Idigoras
and J. A. Anta, Homeopathic Perovskite Solar Cells: Effect of Humidity during
Fabrication on the Performance and Stability of the Device, J. Phys. Chem. C,

208



WVP as Determining Control Parameter to Fabricate High Efficiency PSCs

2018, 122, 5341-5348.

21 Q. Tai, P. You, H. Sang, Z. Liu, C. Hu, H. L. W. Chan and F. Yan,
Efficient and stable perovskite solar cells prepared in ambient air irrespective of
the humidity, Nat. Commun., 2016, 7, 11105.

22 C. J. Adkins and C. J. Adkins, An Introduction to Thermal Physics,
Cambridge University Press, 1987.

23 E. Slowinski and W. C. Wolsey, Chemical Principles in the Laboratory,
Cengage Learning, 2008.

24 Y. Ko, C. Lee, Y. Kim, Y. Kim, Y. J. Yun and Y. Jun, Dew point
temperature as an invariant replacement for relative humidity for advanced
perovskite solar cell fabrication systems, J. Mater. Chem. A, 2018, 6, 20695—
20701.

25 L. Contreras-Bernal, M. Salado, A. Todinova, L. Calio, S. Ahmad, J.
Idigoras and J. A. Anta, Origin and Whereabouts of Recombination in
Perovskite Solar Cells, J. Phys. Chem. C, 2017, 121, 9705-9713.

26 J. Burschka, N. Pellet, S.-J. Moon, R. Humphry-Baker, P. Gao, M. K.
Nazeeruddin and M. Gritzel, Sequential deposition as a route to high-
performance perovskite-sensitized solar cells, Nature, 2013, 499, 316-319.

27 D. Y. Son, J. W. Lee, Y. J. Choi, I. H. Jang, S. Lee, P. J. Yoo, H. Shin,
N. Ahn, M. Choi, D. Kim and N. G. Park, Self-formed grain boundary healing
layer for highly efficient CH3 NH3 PbI3 perovskite solar cells, Nat. Energy,
2016, 1, 16081.

28 M. Saliba, J.-P. Correa-Baena, C. M. Wolff, M. Stolterfoht, N. Phung,
S. Albrecht, D. Neher and A. Abate, How to Make over 20% Efficient
Perovskite Solar Cells in Regular (n—i—p) and Inverted (p—i—n) Architectures,
Chem. Mater., , DOI:10.1021/acs.chemmater.8b00136.

29 M. L. Saidaminov, A. L. Abdelhady, B. Murali, E. Alarousu, V. M.
Burlakov, W. Peng, I. Dursun, L. Wang, Y. He, G. Maculan, A. Goriely, T. W,
O. F. Mohammed and O. M. Bakr, High-quality bulk hybrid perovskite single
crystals within minutes by inverse temperature crystallization, Nat. Commun., ,
DOI:10.1038/ncomms8586.

30 M. Salado, L. Contreras-Bernal, L. Calid, A. Todinova, C. Lépez-
Santos, S. Ahmad, A. Borras, J. Idigoras and J. A. Anta, Impact of moisture on
efficiency-determining electronic processes in perovskite solar cells, J. Mater.
Chem. A,2017,5,10917-10927.

31 J. Idigoras, L. Contreras-Bernal, J. M. Cave, N. E. Courtier, A.
Barranco, A. Borras, J. R. Sanchez-Valencia, J. A. Anta and A. B. Walker, The
Role of Surface Recombination on the Performance of Perovskite Solar Cells:

209



Chapter 10

Effect of Morphology and Crystalline Phase of TiO2 Contact, Adv. Mater.
Interfaces, 0, 1801076.

32 E. Guillén, F. J. Ramos, J. A. Anta and S. Ahmad, Flucidating
Transport-Recombination Mechanisms in Perovskite Solar Cells by Small-
Perturbation Techniques, J. Phys. Chem. C, 2014, 118, 22913-22922.

33 A. Todinova, J. Idigoras, M. Salado, S. Kazim and J. A. Anta, Universal
Features of Electron Dynamics in Solar Cells with TiO , Contact: From Dye
Solar Cells to Perovskite Solar Cells, J. Phys. Chem. Lett., 2015, 6, 3923-3930.

34 M. Bag, L. A. Renna, R. Y. Adhikari, S. Karak, F. Liu, P. M. Lahti, T.
P. Russell, M. T. Tuominen and D. Venkataraman, Kinetics of Ion Transport in
Perovskite Active Layers and Its Implications for Active Layer Stability, J. Am.
Chem. Soc., 2015, 137, 13130-13137.

35 A. Guerrero, G. Garcia-Belmonte, I. Mora-Sero, J. Bisquert, Y. S.
Kang, T. J. Jacobsson, J.-P. Correa-Baena and A. Hagfeldt, Properties of
Contact and Bulk Impedances in Hybrid Lead Halide Perovskite Solar Cells
Including Inductive Loop Elements, J. Phys. Chem. C, 2016, 120, 8023—-8032.

36 A. Todinova, L. Contreras-Bernal, M. Salado, S. Ahmad, N. Morillo, J.
Idigoras and J. A. Anta, Towards a Universal Approach for the Analysis of
Impedance Spectra of Perovskite Solar Cells: Equivalent Circuits and Empirical
Analysis, ChemElectroChem, 2017, 4, 2891-2901.

37 D. Bi, W. Tress, M. 1. Dar, P. Gao, J. Luo, C. Renevier, K. Schenk, A.
Abate, F. Giordano, J.-P. Correa Baena, J.-D. Decoppet, S. M. Zakeeruddin, M.
K. Nazeeruddin, M. Gritzel and A. Hagfeldt, Efficient luminescent solar cells
based on tailored mixed-cation perovskites, Sci. Adv., 2016, 2, e1501170.

38 W. Tress, M. Yavari, K. Domanski, P. Yadav, B. Niesen, J. P. Correa
Baena, A. Hagfeldt and M. Graetzel, Interpretation and evolution of open-
circuit voltage, recombination, ideality factor and subgap defect states during
reversible light-soaking and irreversible degradation of perovskite solar cells,
Energy Environ. Sci., 2018, 11, 151-165.

39 W. L. Leong, Z.-E. Ooi, D. Sabba, C. Yi, S. M. Zakeeruddin, M.
Graetzel, J. M. Gordon, E. A. Katz and N. Mathews, Identifying Fundamental
Limitations in Halide Perovskite Solar Cells, Adv. Mater., 2016, 28, 2439-2445.

40 J. S. Manser, J. A. Christians and P. V. Kamat, Intriguing
Optoelectronic Properties of Metal Halide Perovskites, Chem. Rev., 2016, 116,
12956-13008.

41 S. Rahimnejad, A. Kovalenko, S. M. Forés, C. Aranda and A. Guerrero,
Coordination Chemistry Dictates the Structural Defects in Lead Halide
Perovskites, ChemPhysChem, 2016, 17, 2795-2798.

210



WVP as Determining Control Parameter to Fabricate High Efficiency PSCs

42 M. L. Petrus, Y. Hu, D. Moia, P. Calado, A. M. A. Leguy, P. R. F.
Barnes and P. Docampo, The Influence of Water Vapor on the Stability and
Processing of Hybrid Perovskite Solar Cells Made from Non-Stoichiometric
Precursor Mixtures, ChemSusChem, 2016, 9, 2699-2707.

43 R. Long, J. Liu and O. V. Prezhdo, Unravelling the Effects of Grain
Boundary and Chemical Doping on Electron—Hole Recombination in CH 3 NH ;
Pbl 5 Perovskite by Time-Domain Atomistic Simulation, J. Am. Chem. Soc.,
2016, 138, 3884—-3890.

44 T. Liu, Y. Zong, Y. Zhou, M. Yang, Z. Li, O. S. Game, K. Zhu, R. Zhu,
Q. Gong and N. P. Padture, High-Performance Formamidinium-Based
Perovskite Solar Cells via Microstructure-Mediated d-to-a.  Phase
Transformation, Chem. Mater., 2017, 29, 3246-3250.

211






General Conclusions



In this thesis, organic-inorganic metal halide perovskite solar cells have been
object of a fundamental study aimed at understanding the different electronic
and ionic mechanisms that determine the performance and photovoltaic
response of these devices.

In Chapter 4, we studied the hysteretic behaviour in perovskite solar cells
analysing the low-frequency component of IS and IMPS spectra. Our results
point to the coupled effect of ionic migration charge accumulation at
TiO,y/perovskite interface, and surface recombination under the electrode
polarization as the origin of the hysteresis. In particular, we suggest that the
chemical interaction between TiO, and cations in the perovskite is a key factor
of this phenomenon. These interactions can modify the energy barriers that
determine the charge separation process likely due to the modification of the
space charge layer and the enhancement of surface recombination routes.

In Chapters 5 and 8, interpretation models of the information extracted from the
small perturbation techniques have been brought. In these chapters, we show
that the high frequency component of the impedance spectrum provides
information (qualitative and semi-quantitative) about the nature and magnitude
of recombination in perovskitesolar cells. In particular, the high frequency
resistance can be related to the recombination rate and be used to obtain the
ideality factor and to estimate the charge collection efficiency. Besides that,
we have set a protocol that allows us to compare perovskites devices with
different band gaps.

We usethese models, in Chapters 5 and 6, to show that the main recombination
process in fresh devices takes place in the bulk of perovskite layer, which is
what determines the open-circuit potential of the device. In the case of
inadequate selective contacts (hole or electrons selective contacts) or degraded
devices, an additional recombination mechanism, surface-mediated
recombination, decreases the open-open circuit potential and short-circuit
photocurrent. We associate this new process to worse charge extraction at the
selective contacts. In particular, in case of inadequate electron selective
contacts, this lower charge extraction efficiency does not only promote the
surface-mediated recombination (TiO/perovskite interface), but also a higher
interfacial charge accumulation which leads to more hysteresis.

Regarding this latter point, in Chapter 7, the devices degraded by the exposure
at humidity ambient show a faster recombination than the fresh devices due to
the coupled effect to the bulk recombination and the surface-mediated
recombination. The greater contribution of the latter in degraded devices is
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revealed by interfacial charge accumulation processes and slower electron
transport inside the perovskite layer.

In Chapter 9, we analysed the stability under humidity atmosphere of
perovskite devices prepared at ambient conditions. Our results point to the
fabrication of perovskite solar cells under high humidity conditions leads to
devices that are more robust against moisture-induced ageing and degradation
than those prepared at low relative humidity values or dry. We propose that this
higher humidity stability is due to the incorporation of small amounts of water
in the perovskite crystalline structure during preparation at ambient conditions.
In connection with this, in Chapter 10, we propose to use the water vapour
pressure as the main humidity control parameter to fabricate high efficiency
perovskite devices at ambient conditions. Using this parameter instead of the
more popular of “Relative Humidity”, perovskite precursor solutions are
prepared with the suitable stoichiometry to obtain high quality perovskite films
that show faster electron injection into the TiO, layer, lower recombination
resistance, overall improved efficiencies and enhanced stability.
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SECTION A
Chapter 3. Materials and Methods

Table A-3.1. List of chemical, company and product code

Chemical Company CAS number
Hellmanex III Sigma_Aldrich 0000000000
Isopropanol Panreac 67-63-0
Ethanol absolute VWR chemicals 64-17-5
Ti0O, paste 30NR-D Greatcell Solar 0000000000
TiO2 paste 18NR-T Greatcell Solar 0000000000
Acetonitrile Panreac 75-05-8
Lithium iodine Sigma_ Aldrich  10377-51-2
4-terc-butylpyridine Sigma Aldrich  3978-81-2
Titanium tetraisopropoxide Sigma Aldrich 546-68-9
Titanium diisopropoxide bis(acetylacetonate) Sigma_ Aldrich  17927-72-9
Lead(II) bromide Sigma Aldrich  10031-22-8
Lead(Il) iodide Sigma_ Aldrich  10101-63-0
Methylammonium bromide Greatcell Solar ~ 6876-37-5
Methylammonium iodide Greatcell Solar  14965-49-2
Formamidinium iodide Greatcell Solar  879643-71-7
Cesium bromide Sigma_ Aldrich  7787-69-1
Cesium iodide Sigma_ Aldrich  7789-17-5
Dimethyl sulfoxide pure Panreac 67-68-5
N,N-Dimethylformamide Panreac 68-12-2
Clorobenzene Sigma_Aldrich 108-90-7
Diethyl ether Sigma_Aldrich 60-29-7
Spiro-OMeTAD Sigma Aldrich 207739-72-8
LITFSI sigma_Aldrich  90076-65-6
P3HT Sigma_Aldrich  156074-98-5

Fabrication of perovskite solar cell

To prepare reproducible and high efficiency perovskite solar cells, some
important details need to be taken into account:

Substrate Cleaning

i.  If the isopropanol is not used at the end of the solvent sequence, stains
can be observed in the FTO surface.
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ii.

iii.

v.

vi.

Vii.
viii.

IX.

ii.

iii.

v.

Although the cleaning is a simple step, it is an important one due to can
introduce variability in the photovoltaic results. Therefore, every
substrate needs to look spotless before moving on to the next step.

Electron selective contact

As dust can cause inhomogeneity, before the deposition of any bottom
layer, the substrate should blown with soft compressed air to remove it.
We have observed that the titanium solution sprays in less than 5 min
can lead to a drop open-circuit potential (Voc).

The titanium diisopropoxide bis(acetylacetonate) solution must be kept
in inert atmosphere, or if it not possible, in low relative humidity (R.H).
This reactive might degrade when it is bad stored. A change of colour
indicates degradation.

The FTO/c-TiO, substrates can be stored in low humidity for a week.

If the ¢-TiO, or m-TiO, layer has been deposited for over 24h, the
samples need to be warmed at 100 °C for a brief time (1- 2 min) in
order to remove as humidity as possible from them.

The 100 pL of TiO, mesoporous solution need to diffuse on ¢-TiO, film
before the spinning. Otherwise, the substrate should be discarded.

The TiO, dispersion needs to be stored under continuous stirring.

The ¢-TiO, and m-TiO, films need to look homogeneous and
semitransparent. Those that do not look good should be discarded.

The pure oxygen as carrier gas is advised instead of dry air. The
titanium must be Ti*" when is deposited, so, if the pure oxygen is used,
possible Ti*" traces will be oxidated to Ti*".

Perovskite film deposition

The chemical reagents such a lead salts and halogen organic salts must
be stored in inert atmosphere, or if this is not possible, in R.H lower
than 10 %.

For lead salts, a glass vial should be used; otherwise, the lead salt will
take a long time to be completely dissolved.

The lead salts solutions can be stored for two days. However, before
adding the MALI, the lead solution has to be warmed and cooled again.
Due to the delicacy of this step, the use of micropipettes and precision
balance perfectly calibrated is required.

It is strictly to clean and wipe carefully the working place before
beginning with this step. Any type of contamination needs to be
avoided.
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vi.

Vii.

viii.

IX.

ii.

iil.

ii.
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In order to protect the perovskite films from environmental humidity,
hole-transporting material (HTM) should be placed on the perovskite
films as soon as possible.

For the perovskite deposition, a new micropipette tip is required for
every substrate.

Using a Pasteur pipette, which has been broken by the tip, the diethyl
ether antisolvent is added. On the other hand, a 100-1000 pL
micropipette is used to add the chlorobenzene antisolvent.

To avoid the accumulation of solvents inside the glove box, this should
be purged during the spinning and annealing of the substrate by using a
constant flow of a noble gas (Ar or N,).

Hole selective contact

The FK209 and LiTFSI solutions can be stored for months in inert
atmosphere or if this is not possible, in R.H lower than 10 %. However,
the spiro-OMeTAD and P3HT solutions need to be prepared just before
using it.

For spiro-OMeTAD, the few seconds of the spin-coated beginning, a
colour change needs to be observed on the perovskite surface. If it is
not observed, the substrate is discarded.

The spiro-OMeTAD and P3HT films need to look homogeneous
otherwise a drop of V¢ could be observed.

Metallic back contact

Before the gold deposition, the substrate is left in the dark and under
low R.H (20 %) overnight so that the lithium salt takes part in the HTM
solutions.

The substrate is blow with a soft compressed air to remove any particle
of dust before covering it with the mask.
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Chapter 4. Specific Cation Interactions as the Cause of Slow Dynamics
and Hysteresis in the Dye and Perovskite Solar Cells

Fabrication of dye-sensitize solar cells

Substrate cleaning

Fluorine-doped tin oxide-coated (FTO) glasses are used as working and
counter-electrode. The choice of FTO glass substrates is a compromise between
optical transmittance and sheet resistance: higher conductivity is normally
related to lower transmittance. For this reason, TEC15 is employed for the
deposition of the semiconductor film as working electrode, whereas TECS
(Pilkington, resistance 8Q/square, 80-81.5% visible transmittance) as counter-
electrode in DSSCs.

The glasses are subjected to a rigorous cleaning protocol: 15 min of sonication
in baths of Hellmanex solution, deionized water, isopropanol and ethanol,
successively. Then the substrates are annealing to remove the organic matter.
(500 °C for 30 min).

Dye sensitization

As it was indicated in Chapter 4, the dye based on ruthenium-complexes N719
is employed in this thesis for sensitization of semiconductor photoanodes. For
that, the TiO; films are immersed overnight under dark at room temperature. To
avoid the aggregation of dye molecules chenodeoxycholic acid is used as
coadsorbent. The bulky size of this molecule keeps dye molecules attached onto
the surface of semiconductor well separated. After sensitization, the films ere
washed in the same solvent as employed in the dye solution and dried under air.

Electrolyte Solution

Electrolytes of varying viscosity have been prepared by using different ratio of
acetonitrile (Acn) and room temperature ionic-liquid (RTIL) as solvents. The
ionic liquid used is 1-Buthyl-1-Methylpyrrolidinium bis(trifluoromethane
sulfonyl)imide (Pyr) and the redox pair chosen is the iodide/iodine. The
composition and concentration from every electrolyte is showed in the Table A-
4.1.
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Table A-4.1. Composition and acronyms of the electrolytes for the DSSCs studied in this thesis.
I,: Iodine ,BMII:1-butyl-3-methylimidalozliumiodide, Lil: Lithium iodide, TBP: 4-
tertbutylpiridine, GuSCN: Guanidine thiocyanate, Acn: Acetonitrile, Pyr: 1-Buthyl-1-
Methylpyrrolidinium bis(trifluoromethanesulfonyl)imide. RTIL means room temperature ionic-
liquid.

Electrolyte Solvent [V/V %] Solutes
Acn 100 (ACH)
50:50
Pyr 50 (Acn/RTIL) 003ML+1MBMII+0.05MLil+05M
25:75 TBP+ 0.1 M GuSCN
Pyr75 (Acn/RTIL)
Pyr100 100 (RTIL)

Figure A-4.1: Plane-view scanning electron microscopy (SEM) images for the (A) MAPbI; and
(B) MA¢FA(4Pbl; perovskite layers.

Table A-4.2. Photovoltaic parameters measured under 1 sun - AM 1.5 illumination for the
different devices. Error bars are estimated from the results of three devices of the same
configuration.

Devcice JscemA-em™]  Voc [mV] Fllllgiftor Eﬁ}?’/l:]ncy
Acn 13.4+0.2 770+ 8 68+ 2 7.0+£0.2
Pyr50 123+0.2 721 +£9 59+ 1 52+0.1
Pyr75 2.8+0.4 680+12 72+£2 1.5+ 0.1
Pyr100 1.5£0.2 675+ 5 66+ 3 0.6+£0.2
MAI 20+ 0.7 980 £ 20 70 £ 4 13.5+1

MAI/FAI 199+04 885+ 30 66 £ 1 11.5+0.5
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Figure A-4.2. Current-voltage curves of the different (A) DSSCs and (B) PSCs under 1 sun — AM
1.5 illumination in forward scan and reverse scan, respectively. Scan rate of 35mV/s and
100mV/s with a waiting time of 30s at 1V and 1.2V were employed for DSSCs and PSC,
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Figure A-4.3. Current-voltage curves of Pyr75 and MAI devices measured in the reverse scan
(line) and forward scan (dash line) under light intensity of 10 mW-cm-2 using a green LED.
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Figure A-4.4. Time-dependence photocurrent density for different DSSCs at different
temperatures measured under light intensity of 10 mW-cm-2 using a green LED.
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Figure A-4.5. Electron recombination resistance data as extracted from impedance spectroscopy
measurements for (A) Pyr75 and (B) MAI samples. Equivalent circuits used for the fitting of the
impedance spectra for (C) DSSCs (transmission line model, where DX1 is the distributed element
for the diffusion-recombination transmission line [see Ref.'] R1 is charge transfer resistance, C1
is double layer capacitance, W1 is Warburg diffusion impedance and R2 is series resistance).
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Figure A-4.7. lonic diffusion coefficients data as extracted from impedance spectroscopy
measurements for (A) DSSCs and (B) PSCs.
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Figure A-4.9. Characteristic time constants extracted from (A, B) IMPS and IS (C, D) frequency
plots for (A,C) MAI and (B, D) MAI/FAI samples at different temperatures: (green) 318K, (blue)
298K, (red) 278K and (orange) 258K.
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Figure A-4.10. Arrhenius-like plot ln(T/z'LF)'l versus 1000/T for MAI and MAI/FAI devices. 7;r
was extracted from IMPS low-frequency component.
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Figure A-4.11. Low-frequency capacitance (Fig. 4.3C) with respect to open-circuit potential
extracted for the different DSSC compositions studied. The labels indicate the slope in V'
extracted from both data sets.
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Chapter 5. Origin and Whereabouts of Recombination in Perovskite
Solar cells

Table A-5.1. Device configurations, photovoltaic parameters including statistics and best
efficiencies of the solar cells studied in this Chapter.

Fill
) Thickness Jsc Voc Efficiency
Configuration (nm) [mA-cm?] [mV] F ;l(;t;)l‘ [%]
(1]
(0331(\)/[) 148+0.9 64517 65+1 6.6
MAI/P3HT 500
(1.2M) 13.5+0.5 735+£30 69 £1 7.3
(0331(\)/[) 16.2+0.2 903 +£21 68 £ 8 11.6
MAI/Spiro 500
(1.2M) 176 £ 0.9 953 +16 69 +3 11.8
650
. (0.8M) 200+£0.2 967+16 671 13.5
MIX/Spiro 950
(1.2M) 201 +£04 932+19 64 +£2 13.1
Best values:
) Thickness Jsc Voc Fill Factor  Efficiency
Configuration ") [mA-em?]  [mV] (%] [%]
(0331(\)/[) 14.23 0.687 65.5 6.40
MAI/P3HT 500
(1.2M) 17.46 0.878 67.9 10.41
(0331(\)/[) 16.03 0.898 74.0 10.66
MAISpiro 500 19.15 0.969 72.5 13.46
(1.2M) ’ ’ ’ )
(06;(\)/[) 20.48 0.998 69.4 14.23
MISpiro 950 20.19 0.957 70.7 13.69
(1.2M) ’ ’ ’ )
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Figure A-5.1. SEM cross-sectional images of the studied devices for different device
configurations. (A,D) MAI/P3HT, (B,E) MAI/Spiro and (C,F) MIX/Spiro and different
concentration of perovskite precursors: (A,B,C) 0.8M and (D,E,F) 1.2M.
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Figure A-5.2. UV/Vis absorption spectra of the perovskite layers studied in this work. The inset
illustrates the estimation of the optical band gap from the measured spectra.
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Figure A-5.3. High-frequency resistances as extracted from fittings of the impedance spectra
using the two excitation wavelengths of (blue) Ablue = 465 nm and (red) Ared = 635 nm.
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Figure A-5.4. Current-voltage curve for backward scans (scan rate = 0.1 V/s) for a concentration
of perovskite precursor of 1.4M. Inset shows the SEM cross-sectional image.
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Figure A-5.5. Low-frequency resistances and associated capacitances as extracted from fittings of
the impedance spectra for the configurations indicated using the two excitation wavelengths of
(blue) Appe = 465 nm and (red) 4,., = 635 nm. Slopes in units of ¢/kpT are indicated in the graphs.
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Figure A-5.6. Resistance Bode plot at open-circuit under the excitation wavelengths of (blue)
Apie =465 nm and (red) 4,.,= 635 nm the configurations described in Table 1 and for a precursor
concentration of 1.2 M: (A) MAI/P3HT, (B) MAI/Spiro and (C) MIX/Spiro.
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Figure A-5.7. Current-voltage curves for fresh and degraded MIX/Spiro cells (left) and high-
frequency recombination resistance as extracted from fittings of the impedance spectra using the
two excitation wavelengths of (blue) A4, = 465 nm and (red) 4,., = 635 nm for degraded cells
(right). Data at the top corresponds to cells being kept in the dark at ambient humidity during 6
days. In the case shown at the bottom, the cell was kept under ambient illumination during 6 days.
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Figure A-5.8. Open-circuit potential as a function of temperature for the aged devices studied in
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degradation under illumination
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as obtained from the numerical solution of Eqs. 5.3 and 5.4. Top panels: linear recombination
case (y = 1). Results of the analytical model of Sédergren et al.” is added for comparison. Middle

and bottom panels: non-linear recombination (y = 0.5) with slow (middle) and rapid (bottom)
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Figure A-5.11. Dark currents with both blue and red illumination for the degraded devices of
Figure A-5.7. Left: degradation in the dark. Right: degradation under illumination.
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Numerical solution of Eqs. 5.3 and 5.4

Egs. 5.3 and 5.4 in the main text
dn
dt

Urec = — = kTpOny (5-3)
d2

D, d—x’Z — Upoe + ly(Da(Dexp[—a(D)x] = 0 (5.4)

can be solved numerically* to obtain the current-voltage curve and the dark
current. The Forward Time Centered Space (FTCS) method was used with the
following boundary conditions:*

n(x=0,t)=n,(V)

(A-5.1)
n(x,t=0)=n,(V) (A-5.2)
dn (x,t

n asx, )) -0

A hed (A-5.3)
where dis the thickness of the active layer, V is the applied voltage and
—,0

ny(V)=nyexp(V /k,T) (A-5.4)

Once the equation is solved the photocurrent density for a given value of the
potential V' is obtained from the stationary density profile at x = 0 (it is assumed
that collection of electrons and holes in external contacts is the same):

dn(x,1)
dx  ho.15e (A-5.5)

J(V)=(

Solving Egs. 5.3 and 5.4 for different values of V, and using Eq. A-5.4 and Eq.
A-5.5), the full IV curve can be obtained.

The following parameters were used in the simulations (intended to
approximately reproduce the conditions of the MIX/Spiro devices). Absorption
coefficient: o (1 = 465 nm) = 5 10°m™ (blue), o (1 = 635 nm) =2 10°m™ (red),
electron diffusion coefficient:* D, =2 10° m%”, photon flux: I, (A = 465 nm) =
3.5 10 m%s™ (blue), I, (A = 635 nm) = 4.8 10 m*s™" (red). Two recombination
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rates where considered: k.. = 2 10° m’"" s corresponding to a diffusion
length of L, =1 um4 and k. = 2 108 m*0 V¢! , which yields L, = 0.1 um for
linear recombination (y = 1). The numerical simulation was carried out using
300 points in x-space and 1.2 10° points in t-space, which were found to be
enough to ensure convergence and the steady-state is reached.

Results of the numerical simulation can be found in Figure A-5.5 for both linear
(y = 1), and non linear recombination (y = 0.5). In the first case, simulated data
where compared with the analytical results of Sodergren et al.* In the second
case, both slow and rapid recombination (long and short diffusion lenght) were
compared. As explained in the main text, significant differences in the dark
currents obtained between the red and the blue light illumination are only found
in the non-linear case for a short-diffusion length.
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Chapter 6. The Role of Surface Recombination on the Performance of

Perovskite Solar Cells: Effect of Morphology and Crystalline Phase of
TiO; Contact

Drift-Diffusion Device Modeling

The IV curves were numerically simulated using a fully-coupled drift-diffusion
model of charge carrier and halide ion dynamics in a perovskite solar cell. The
simulated device consisted of a TiO, electron selective layer, MAPbI; absorber
layer and spiro-OMeTAD hole selective layer. Electrons were constrained to the
perovskite and TiO,, while holes were constrained to the perovskite and spiro-
OMeTAD layer. Ion vacancies were constrained to the perovskite. In one spatial
dimension x, the behaviour of each species of particle over time ¢ is described
by the drift-diffusion equation

dc 6(qca¢ 66)+G R T
ot ox - (A=6.1)

kgT 0x Ox

where ¢ is the particle density, 2 the diffusion coefficient, ¢ the elementary

charge, kp the Boltzmann constant, 7" the temperature, @ the electric potential, &

any generation (sources) and # any recombination (sinks). The electric potential

is found from the Poisson equation

0’ p
€

— (A-6.2)

where p is the net charge density and ¢ the permittivity of the material.
Electrons and holes are generated within the perovskite with a Beer-Lambert
profile given by

G = Fypae™™ (A-6.3)

where Fpp, is the flux of photons incident on the device with energy above the
band gap and o the absorptivity of the perovskite. Recombination within the
bulk of the perovskite is calculated using a combination of bimolecular (direct
relaxation across the band gap) and SRH schemes, given by

nlz) n (np - nlz)

A-6.4
Tpp + pn ( )

Rpuix = B(np —
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where n and p are the electron and hole densities, 7, and 7, the SRH
pseudolifetimes for electrons and holes. The intrinsic carrier density n; is
defined from Eq. 2.8 (Chapter 2) as

L —fal) (qV)) (A-6.5)

np = NcNyexp (— 2T

The surface recombination is also allowed, where a carrier in a transport layer
recombines with an opposite carrier within the perovskite across the interface.
This is modeling using a purely SRH mechanism, given by

2

np —n;
RS=% (A-6.6)
v Y,

where v, and v, are the recombination velocities at the relevant interface. All
parameters used in the model are given in Table A-6.1. The only parameter
changed between the two IV scans is the hole recombination velocity at the
TiO,/MAPDI; interface, which it is increased from 10 m/s for Np-Anatase TiO,
to 1000 m/s for the Nc-Amorphous TiO,.

A finite difference scheme is used to discretise in space, and integrate over time
using the MATLAB odel5s (The MathWorks Inc., Natick, MA, USA) solver
adapted for quadruple-precision arithmetic using the Advanpix Multiprecision
Computing Toolbox. (Advanpix LLC, Yokohama, Japan). A full description of
the method is detailed in Courtier ef al.'® IV curves at 100 mV/s were simulated
by varying the boundary conditions on the Poisson equation at this rate.

- Np-Anatase
Nc-Anatase
Nc-Amorphous

Intensity / a.u.

20 / degrees

Figure A-6.1. X-ray diffraction for the different TiO, films employed as ETL in perovskite
devices.
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Table A-6.1. Parameters used in the drift-diffusion model to simulate the IV curve

Parameter Value
Temperature 295K

Incident photon flux 1.4x10"7 cm™s™
MAPbDI; absorber layer

Width 400 nm
Permittivity 24.1¢gg

Electron diffusivity 1.7 cm’s™

Hole diffusivity 1.7 cm’s™
Conduction band energy -3.7eV
Valence band energy -54¢eV

Conduction band density of states
Valence band density of states
Absorptivity

Ion vacancy density

Ion vacancy diffusivity

8.1x10" cm™
5.8x10"% ¢cm™
1.3x10° cm™
1.6x10" cm™
1.2x10™" cm?s™!

TiO,( ESL)

Width 50 nm
Permittivity 3&o
Electron diffusivity 0.15 cm’s™
Doping density 1.7x10"™ cm™
Conduction band energy -3.95eV
Spiro-OMeTAD (HSL)

Width 200 nm
Permittivity 40¢q

Hole diffusivity 0.15 cm’s™
Doping density 8x10'" cm™
HOMO energy -5.0eV
Bulk recombination

Bimolecular rec. coefficient 10° cm’s™
SRH electron pseudolifetime 50 ps

SRH hole pseudolifetime 50 ns
Surface recombination velocities

Electrons at TiO,/MAPbI; interface 10° ms™
Holes at TiO,/MAPbI; interface 10 ms™, 1000 ms™
Electrons at MAPbI,/spiro interface 0.01 ms™
Holes at MAPbls/spiro interface 10* ms™
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Figure A-6.2. Cross-section SEM images of perovskite films deposited on mesoporous (A) and
nanocolumnar (B) TiO, substrates
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Figure A-6.3. UV-Vis absorption spectra of perovskite deposited on top of the different TiO,
films employed as ETL in perovskite devices.
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Figure A-6.4. Photovoltaic parameters statistics of the devices studied in this work. Data were
obtained in reverse scan under AM1.5 - 1 sun illumination for perovskite solar devices based on
the different nanostructure employed as electron transport layer. Note that at least 20 devices of
each configuration were measured.
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Figure A-6.5. (A) Impedance frequency plot of phase shift () and (B) HF time constants
extracted as 1/2nf for Np-Anatase devices under open-circuit conditions and under red and blue
light illumination.
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Figure A-6.6. Impedance spectra and under open circuit conditions and under blue and red
illumination as excitation wavelengths for Ncolumns-Amorphous devices. An external potential
of 0.988V was applied.
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Chapter 7. Impact of Moisture on Efficiency-Determining Electronic
Processes in Perovskite Solar Cells

Counts

2 4 6 8 10 12 14 16

KeV

Figure A-7.1. (Up) Plane-view scanning electron microscopy (SEM) images for the (MAI)
MAPDI; and (MIX) CsgosFAgs1 MAg 14Pblggs Brg s perovskite layers. (Down) EDX spectra of
the different perovskite layers deposited on Si/cTiOy/mTiO,.
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Figure A-7.2. Current-voltage characteristics of the different devices under 1 sun - AMI1.5
illumination in reverse scan. A scan rate of 100mV/s with a poling of 30s at 1.2V was employed.
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Figure A-7.3. EDX mapping of the different (MAI and MIX) perovskite layers deposited on
Si/cTi0,/mTi0O, after moisture exposure (RH > 90%) for 5 hour at room temperature.

r MALl/Spiro
[
\'\/\ 4

, 4
..‘N"'f".ﬂ '\:\
S Y

un hy

7

R\ MAUP3HT :"h\\\
RN

e, | 1R
S, _‘:}‘; \\}3’

."hn:

le

T

1[._\ MIX/Spiro .
\
A
e A
4

A

N

"5
h MIX/IP3HT
Fy /
A

\
P —

102107 10° 10' 10° 10° 10° 10° 10°
Frequency /Hz

Ll
J

Figure A-7.4. Impedance frequency plots of the imaginary part for (blue) fresh and (red)
degraded PSCs obtained at open-circuit condition and under white illumination.
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Figure A-7.5. (Right) cross-section scanning electron microscopy and (left) back scattering
electron images for the different configurations. A thickness of 450 nm and 950 nm were found
for MAI and MIX devices, respectively.
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Figure A-7.6. Nyquist impedance spectra for degraded MAI/Spiro, MAI/P3HT and MIX/Spiro
devices at open-circuit condition and under blue and red illumination.
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Figure A-7.8. Electron recombination resistance versus open-circuit potential and under white-

light excitation extracted from fittings of the impedance spectra for the (left) fresh and (right)
degraded PSCs.
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Figure A-7.9. Impedance frequency plots of the imaginary part for (left) fresh and (right)

degraded PSCs obtained at open-circuit condition and under illumination using the two excitation
wavelengths of 1,,,= 465 nm (blue) and 4,,,= 635 nm (red).
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Table A-7.1. Photovoltaic parameters measured under 1 sun - AM 1.5 illumination for the
different devices in reverse scan. Error bars are estimated from the results of three best devices of

the same configuration.

Device Jsc [nzl]A-cm Voc [mV] Flll[l:/illctor Eff}.c);)e]ncy
MAI/Spiro 209+0.2 996 + 5 73+2 153+0.9
MAI/P3HT 204+0.3 940 £ 10 70£5 13.2+0.8
MIX/Spiro 21.2+0.1 986+ 4 64 +3 13+£1
MIX/P3HT 21.1+£0.2 912+ 17 65+1 12.5+0.2

Table A-7.2. Static water contact angle of the different devices.

. Water Contact
Device

Angle
MAI 72.5+2
MALI/Spiro 77+2
MAI/P3HT 106+ 3
MIX 87 +2
MIX/Spiro 78 £2
MIX/P3HT 105+3

Table A-7.3. Atomic percentage of the elements present in the samples estimated after XPS

characterization.
Device .

At % Pb | (0] C N S F Ti

MAI 159 186 112 47.0 7.3 - - -
MAI (90%

RH) 7.7 14.8 328 274 34 - - 13.9
MAI/Spiro - - 141 732 45 2.4 5.8 -
MAI/Spiro
(90% RH) 0.2 0.7 151 68.2 5.6 2.2 8.1 -
MAI/P3HT - - - 88.8 - 11.2 - -
MAI/P3HT
(90% RE) - 04 21 8.7 - 98 - -

MIX 134 228 108 449 8.1 - - -
MIX (90%

RH) 144 379 8.6 289 10.2 - - -
MIX/Spiro - - 127 772 44 2.0 3.6 -
MIX/Spiro
(90% RH) - 0.6 19.1 68.1 4.6 1.7 59 -
MIX/P3HT - - - 89.6 - 10.4 - -
MIX/P3HT
(90% RE) - - 907 - 93 - ;
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Chapter 8. Impedance analysis of perovskite solar cells: a case study
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Figure A-8.1. Morphological, and optical characterization of MAPbI; and CsPbBr; films and
solar cells: (A) Plane-view scanning electron microscope images (SEM), (B) UV-Vis spectra (C)
Tauc plot
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Figure A-8.2. EDX map of MAPbI; and CsPbBr; films.
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Figure A-8.3. Statistical data of photovoltaic parameters for MAPbI; and CsPbBr; solar cell

devices.
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Figure A-8.5. (A) Impedance spectra and (B) frequency plot for MAPbI; based devices at SC
conditions and different temperatures. (C) Arrhenius plot of the low and high frequency time
constants. An activation energy of 36.9 kJ/mol can be extracted from the low frequency data. (D)
and (E) resistances and capacitances at SC circuit as a function of temperature.
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Figure A-8.6. Effect of illumination on the impedance response of MAPbIs based devices
at NOC conditions. In Panels (A) and (B) the voltage dependence of both the high and
low frequency time constants and capacitances is shown. Frequency Bode plots at 0.02,
0.05 and 0.2 suns are shown in panels (C), (D) and (E) respectively.
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Figure A-8.7. Correction for voltage drop due to series resistance in the impedance
measurements at NOC conditions for MAPbI; devices.
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Figure A-8.8. High and low frequency time constants as extracted from fittings for MAPbI;
based devices at OC and NOC conditions.
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Figure A-8.9. Resistive element extracted from fittings of the impedance spectra obtained at non
open circuit plots versus the photopotential corrected for the optical band gap of the perovskites.
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Figure A-8.10. Experimental JV curves (symbols) and reconstruction from the impedance data at
NOC conditions using Eq. 8.2 in the main text (lines).
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Figure A-8.11. Charge collection efficiency of MAPDI; solar cells as predicted by Eq. 8.3 using
impedance data at OC and NOC conditions for several choices of R,,,.
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Figure A-8.12. Absorptance and integrated photocurrent for MAPbI; (A) and CsPbBr; (B). Total
integrated photocurrent amounts to 24.9 and 10.8 mA/cm?, respectively.
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Section G

Chapter 9. Homeopathic perovskite solar cells: Effect of humidity during
fabrication on the performance and stability of the device

24

N
i
!

2

o
!

®
L

Photocurrent density / mA-cm
Photocurrent density / mA-cm”

o

T T
0.0 0.4 0.8 1.2 014 0?8 1:2
Potential / V Potential / V

=t
o

Figure A-9.1. Representative current-voltage curves (average of 3-5 devices —see Table 9.1 in
main text) under AM1.5 1 sun illumination of (A) fresh and (B) aged MAPDI; solar cells
fabricated under different humidity conditions (see main text for details).

Section A-9.2: absorbance of perovskite films after exposure to very humid
air

In parallel to the photoelectrical characterization, optical absorption
measurements of the CH;NH;Pbl; bare films deposited on the TiO, substrates
were also conducted. Figure A-9.2 shows the absorption spectra of the
perovskite deposited under varying moisture conditions before and after
exposure to a constant current of highly humid air (RH > 85%) at short and
longer times (1 and 5 hours). Interestingly enough, the absorbance for the films
prepared under high humidity conditions (40% and 50%) is observed to increase
in time upon exposure to very humid air. These results appear to be in line with
the increase of photocurrent detected in the aged devices. Integration of the
corresponding absorptance (1 — 10™, with A the absorbance) convoluted with
the AM1.5 solar spectrum between 350 nm and 800 nm provides an estimation
of what would be the impact in terms of short-circuit photocurrent of the alleged
better light harvesting of the aged films. Results for the 1-hour aged films yields
an increment of 0.1, 0.8 and 0.9 mA/cm?® for 30, 40 and 50% RH films,
respectively. This is significantly less than the increase observed in J,, upon
aging. However, it must be noted that the optical absorption experiment was
done on bare films subjected to very humid air, not on a full device, as it is the
case of the measurement of J;., which is done on devices aged under ambient
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conditions. Furthermore, other effects affecting the photocurrent in the full
device cannot be ruled out, as, for instance, improved charge collection at short

circuit.

We can also observe that for the driest conditions (30%) the absorbance spectra
recorded after 5 hours does not only show an intensity decrease, but also a
change of shape. As previously reported™ this shape is characteristic of
degraded devices where the presence of Pbl, is more remarkable and gives rise
to a shoulder around 500 nm. This is less visible for degraded devices deposited
under the moistest conditions (50%).
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Figure A-9.2. Optical absorption data of bare MAPbI; films deposited on TiO, substrates under
different environmental moisture conditions (30%, 40% and 50%). Absorbance data is shown for
the pristine material (solid line) and after exposure times of 1h (dash line) and 5h (dot line) under
a relative humidity >85%.
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Figure A-9.3 XPS spectra of perovskite thin films deposited on mesoporous TiO,
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Figure A-9.4 O 1s signal obtained from XPS measurements of perovskite thin films fabricated at
R.H values as indicated and deposited on mesoporous TiO,
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Figure A-9.5. Nyquist plots (left) and apparent capacitance (right) for fresh and aged devices as
extracted from open-circuit impedance experiments with red light illumination.
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Chapter 10. Water vapour pressure as determining control parameter to
fabricate high efficiency perovskite solar cells at ambient conditions
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Figure A-10.1. Photovoltaic parameters statistics using analysis of variance (ANOVA) of
MAPDI; devices prepared under different temperature conditions and a relative humidity of 50 %.
Data were obtained in reverse scan under AM1.5 - 1 sun illumination for perovskite films
deposited from a solution precursor with a ratio DMSO:Pb*" of 0.75. Note that at least 6 devices
of each configuration were measured.
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Figure A-10.2. Photovoltaic parameters of MAPbI; devices prepared from precursor solution
with different DMSO:Pb*" ratio for two water vapour pressure (WVP). Data were obtained in

reverse scan under AM1.5 - 1 sun illumination for perovskite solar devices fabricated at 301 K
and 44 % and 49 % R.H (1.66 kPa and 1.85 kPa, respectively).
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Figure A-10.3. Electron recombination resistance data as extracted from impedance spectroscopy
measurements for MAPDbI; devices prepared (A) from precursor solution with different
DMSO:Pb*" ratio and deposited under 1.66 kPa and (B) for two different water vapour pressure
(WVP) for ratio 0.75.
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Figure A-10.4. (A) Illustration the estimation of the optical band gap from the measured spectra
for MAPbI; devices prepared from precursor solution with different DMSO:Pb*" ratio (B) Open-
circuit potential as a function of temperature for MAPbI; devices from DMSO:Pb*" ratio 1.0 for
white light and a light intensity of 14.15 W/m?” Date obtained for devices prepared under 1.66
kPa.
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Figure A-10.5. XRD pattern of composite MAPbIs/mesoporous-TiO, films prepared
under 1.01 kPa (299 K and 30 % relative humidity).
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Table A-10.1. Pbl,/ MAPDI; ratio for films deposited under 1.01 KPa (299 K and 30 % relative
humidity).

Ratio , Pbl, MAPbDI; /1,
DMSO:Pb 20 I 20 I,

0 12.65 740.9 14.08 4539.6 0.163

0.5 12.65 472.4 14.1 7424.5 0.064
0.75 12.63 498.7 14.1 7881.7 0.064

1 12.61 1690.6 14.08 6343.2 0.266

1.25 12.61 1241.8 14.08 4829.2 0.257

1.5 12.63 1438.4 14.1 4114.9 0.35

Figure A-10.6. Top-view scanning electron microscopy (SEM) images for MAPbI; films from
precursor solution with DMSO:Pb*" ratio 1.5 (A and B), 1.0 (C and D) and 0.5 (E and F) and
deposited at1.66 kPa ( A, C and E) and 1.85 kPa ( B, D and F).
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List of abbreviations

AM 1.5G Air Mass 1.5 Global

CB Conduction Band

CPE Constant Phase Element

DSSC Dye-Sensitized Solar Cell

EDS Electron Dispersive Spectroscopy
EQE External Quantum Efficiency

ESL Electron Selective Layer

ESM Electron Selective Material

ETM Electron Transport Material

FF Fill Factor

HI Hysteresis Index

HSL Hole Selective Layer

HSM Hole Selective Material

HTM Hole Transport Material

IMPS Intensity-Modulated Photocurrent Spectroscopy
IPCE Incident-Photon-to-Current-Efficiency
IQE Internal Quantum Efficiency

IS Impedance Spectroscopy

NOC Non Open Circuit

oC Open Circuit

OPV Organic Photovoltaic

PCE Power Conversion Efficiency

PL Photoluminescence

PV Photovoltaic

QD Quantum Dot

RH Relative Humidity

RTIL Room Temperature lonic-Liquid

SC Short Circuit

SEM Scanning electron microscopy

SRH Shockley-Read-Hall (recombination)
STEM Scanning Transmission Electron Microscope
VB Valence Band

WCA Water Contact Angle

WVP Water Vapour Pressure

XPS X-Ray Photoelectron Spectroscopy

XRD X-Ray Diffraction



Resumen

Debido al incremento de la demanda energética y al impacto medio ambiental
derivado del uso de combustibles fosiles, las energias renovables se han
posicionado en los ultimos afios como una alternativa limpia a las fuentes de
energia tradicionales. Entre ellas, la energia solar fotovoltaica ha experimentado
una revolucion sin precedentes en los ultimos afios debido a la aparicion de
conceptos emergentes tales como los dispositivos solares basados en
perovskitas organometalicas como material fotoactivo. Estos materiales
fotovoltaicos se han convertido en competidores directos de las tecnologias
convencionales gracias a sus extraordinarias propiedades optoelectronicas y a la
abundancia natural de sus precursores. No obstante, estos dispositivos de
perovskitas presentan una serie de limitaciones que dificultan su produccion a
escala industrial. Estas son su baja estabilidad térmica y eléctrica en
condiciones de operacion y un tiempo de vida demasiado corto en condiciones
ambientales.

Entender el funcionamiento fisicoquimico y electronico de los procesos que
determinan el rendimiento y la estabilidad de las celdas solares de perovskita es
la clave para optimizar y comercializar estos dispositivos. Con esta motivacion,
esta tesis tiene como objetivo principal contribuir con un estudio profundo y
fundamental de los diferentes mecanismos electronicos e i6nicos que
determinan su respuesta fotovoltaica. En concreto, se han utilizado técnicas
optoelectronicas de pequeia perturbacion (espectroscopia de impedancia y
espectroscopia de fotocorriente modulada en intensidad) para tratar de entender
los mecanismos de recombinacién de carga que determinan el rendimiento
fotovoltaico en dispositivos con diferentes arquitecturas y bajo diferentes
condiciones de humedad. Estas técnicas se han usado también para explicar el
fenomeno de la histéresis, el cudl se ha vinculado a los problemas de
inestabilidad de los dispositivos de perovskitas. Paralelamente, hemos
desarrollado modelos para interpretar la informacion que se puede extraer de las
técnicas de pequefia perturbacion. Finalmente, en esta tesis proponemos un
nuevo parametro de control para fabricar celdas solares de perovskitas de alta
eficiencia en condiciones ambiente. Este nuevo parametro, a la postre la presion
parcial de vapor de agua, facilitaria la implementacion industrial de esta
tecnologia ya que eliminaria la necesidad de usar camaras de atmosfera
controlada y trabajar, por ende, con dispositivos de mayor tamaio.
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