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Chapter 1.

Introduction






1. Introduction
1.1. Perovskite solar cells: A new paradigm in photovoltaics

Renewable energy resources have emerged as an important
component of global energy production as a consequence of
growing concerns about fossil fuels, mainly the environmental
consequences of greenhouse gases leading to global warming.
Despite a significant recent increase in renewable energy use and
efficiency, most (= 80%) of the world energy demand is still met
by fossil fuels, as shown in figure 1. All processes associated with
fossil fuels extraction, transportation, refinement and particularly
their consumption have harmful impact on the environment. One
solution to meet the world energy demands while reducing the
environmental impact of energy generation is a large deployment
of renewable energy sources. The most important features of
renewable energy sources are the low environmental impact and
their abundancy.
Nuclear energy
79.7% m Traditional
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Figure 1. Estimated renewable energy share of global energy
consumption in 2017. The image is adapted from reference .

Solar irradiation is the most abundant energy source on earth
and among the technologies available to harvest it, photovoltaics



(PVs) is one of the most promising. PV system consists of several
components, including solar cell panels which can absorb and
convert the solar energy into electricity, figure 2. Despite the
advantages of PV technology, PV is still considered as an
expensive substitute to conventional fossil fuels. In order to
make PV more competitive in the current energy market, a
substantial cost reduction of module production and solar energy
storage is desirable.

Solar cells are generally divided into three main so-called
generations. The first generation solar cells employ crystalline
Silicon (c-Si) and are considered as the oldest commercially
available photovoltaic technology. Silicon is widely abundant on
earth; however, challenges still remain regarding processing it
into an efficient semiconductor for solar cells. Si solar cells have a
relatively high performance, but as high purity Si is required and
because of the energy consumption of the purification process,
the price is still relatively high compared to the power output.
Another widely studied photovoltaic technology includes the
second generation solar cells or thin-film solar cells because they
are made of very thin layers of semiconductor materials such as
cadmium telluride (CdTe), gallium arsenide (GaAs) or copper
indium gallium selenide (CIGS). CdTe and CIGS solar cells are
potentially cheaper to fabricate, compared to first generation
devices, but they have lower efficiency. The opposite is true for
GaAs solar cells.” The third generation of solar cells is made from
organic material, quantum dots and hybrid semiconductors
which offer, in principle, lower manufacturing costs and simple
fabrication. Recent breakthroughs in this field include the
production of solar cells composed of a class of materials called
perovskites, which promise to deliver cheaper and efficient solar
panels.?


https://en.wikipedia.org/wiki/Solar_panel
https://www.greenmatch.co.uk/blog/2014/11/how-efficient-are-solar-panels
https://www.greenmatch.co.uk/blog/2014/11/how-efficient-are-solar-panels

Figure 2. The images of roof integrated PV system and solar panels on
an electric car. The images are adapted from references *°.

1.2. Hybrid perovskites: Structure, properties, and challenges

The term “perovskite” originated from the crystal structure of
calcium titanate, which was discovered in 1839 by the German
mineralogist Gustav Rose and named in honour of the Russian
mineralogist Lev Perovski.® Metal halide perovskites can be
categorized into two groups, alkali halide and organic (or hybrid)
halide perovskites, both of which behave as semiconductors.’
Three dimensional hybrid perovskites share the general formula
ABX3, where A is a monovalent cation, B is a divalent metal and X
is a halide anion. This crystal structure (figure 3) consists of a
framework of corner-sharing metal halide (BXg) octahedra that
extend in three dimensions, with interstitial A cations. In the
organic-inorganic perovskites, A is an organic (methylammonium,
CH3;NH3;" or MA", or formamidinium NH,CH=NH," or FA") or
inorganic monovalent cation (Cs*), B is a divalent metal (Pb*" or
Sn?*) and X is a halide (CI', Br', I').2

Knowledge of the optical and electrical properties of perovskites
such as bandgap energy, charge carrier mobility, diffusion length
and lifetime is essential for the fabrication of optoelectronic



devices. Herein, we summarize some of the optoelectronic
properties of metal halide perovskites.
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Figure 3. Two views of the cubic perovskite crystal structure. Atoms of
type A (in yellow) are positioned at the cube corners, B atoms (in blue)
at the cube center, and X atoms (in red) at cube faces. The image is
adapted from reference °

High optical absorption coefficient: hybrid perovskites, in
particular methylammonium lead iodide (MAPbI3), have a high
optical absorption coefficient (o > 10" cm™) comparable to that
of inorganic semiconductors such as GaAs.” In comparison with
Si solar cells, which typically need an absorber layer with
thickness of hundreds of microns, perovskite solar cells can be
fabricated with submicron thick absorber layers. This originates
from the generic nature of direct band gap materials.™
Furthermore, the exciton binding energy in hybrid perovskites is
low, in the order of tens of meV, favouring free charge carrier
generation at room temperature.*"*2

Balanced electron/hole mobility and long diffusion length: the
charge carrier mobility, y, describes the ability of electrons and
holes to move within a semiconductor under an applied bias, and



is defined as the ratio of the carrier drift velocity v and the
applied field E:

v

B=z (1)
The mobility is connected to the charge diffusion coefficient D
through the Einstein relation:

D=u— (2)

Where k is the Boltzmann constant, T the temperature and e the
electron charge. A carrier with a specific lifetime t will travel at
an average distance L (known as diffusion length) from the
generation point following the relation:

L=+Dt (3)

Charge carrier mobility of 8 em? Vs 2and 11.6 cm? V' s have
been reported for MAPbl; and MAPbIs_,Cl, halide perovskite thin

314 Eurthermore, polycrystalline perovskite

films, respectively.
films exhibit a large diffusion length of carriers (in the range of
um) which together with the balanced electron/hole mobility,
facilitates charge extraction from the perovskite absorber layer
toward the electrodes.”™°

Bandgap energy tunability: The generic perovskite structure ABX;
allows synthesizing a wide range of different materials with
altered properties by simple substitution of the building blocks A,
B, and X. This is due to the fact that the conduction band of the
perovskite is formed mainly by the p orbitals of the B atoms
while the valence band is composed mainly by the p orbitals of
the halide.?® On the other hand, the A cation only influences the

electronic structure via changing the geometry of the ABX;



lattice. MAPbI;, for instance, has a band gap energy of
approximately 1.5-1.6 eV.”!  The band gap can be tuned by
replacement of the MA" for FA" which results in a narrower
bandgap (1.47 eV for the pure FAPbI3), whereas the substitution
of I' by Br” or CI, with smaller ionic radii, increases the bandgap
to 2.3 eV and 3.1 eV for MAPbBr; and MAPDbCI;, respectively.zz_25

Although perovskite solar cells have already achieved
performance comparable to Si-based PV, still a considerable
amount of challenges and questions remain unanswered. One
barrier for the further development of perovskite solar cells is
the current hysteresis, which is observed when applying different
voltage sweeping rates and directions. The mechanism behind
the hysteresis is still unknown but several hypotheses have been
established.?*?® Recent findings support that both ion migration
and charge trapping are involved in the current hysteresis.?’
Another issue regarding perovskite solar cells is toxicity that
comes from the use of lead as B site cation. Large scale
fabrication wastes might be an issue of concern for the
environment. However, studies already showed that the possible
contamination of perovskite would be negligible compared with
other sources of lead pollutions.®*® Moreover, attempts to
develop lead-free perovskite solar cells are on their way.>

The stability of perovskite films and solar cells is a central topic in
the development of this type of materials and devices. The
crystal structure stability, thermal stability and device stability
are among the most important challenges that need to be
addressed. The Goldschmidt tolerance factor t *° has been
extensively used to predict the stability of the perovskite
structure based only on geometrical consideration of the ABXj
unit cell, taking into account the ionic radii r; of each ion (A, B, X):



_ ratryx
V2(rg+rx)

(4)

Where ry, rg and rx are the ionic radii for the organic cation A, the
metal B and the halide anion X, respectively. The ideal cubic
perovskite structure would have a t = 1, and in general stable
cubic structures are expected when 0.89 <t <1 and.” Lower
tolerance factors imply a lower symmetry, hence the perovskite
structure would shift to orthorhombic or tetragonal, influencing
the optoelectronic properties of the semiconductor.?” The most
studied perovskite is MAPbl;, which has a tolerance factor
slightly higher than 0.9.%8

The ionic radius is not the only factor determining the perovskite
crystal structure. The crystal structure is also influenced by the
temperature. For example, MAPbIl3 has three crystal structures
depending on the temperature 3 with the tetragonal crystal
structure as the most stable at room temperature.**** MAPbI;
undergoes a reversible tetragonal (B) to cubic (a) phase
transition which occurs at 56 °C, while stabilized orthorhombic
(v) phase occurs at temperature around 160 K.** Recent studies
showed that the cubic phase of thermally evaporated MAPbI;
thin films can be obtained and stabilized even at room
temperature by simply tuning the material stoichiometry.”> The
thermal stability of MAPbI; perovskite and its effect on
optoelectronic devices is highly dependent on phase transitions
and hence on temperature.37
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Figure 4. (a) Cubic, (b) tetragonal and (c) orthorhombic perovskite
phases obtained from structural optimization of MAPbI;. The images
are adapted from reference .

Figure 4 displays the common crystal structures for MAPbl; and
for most studied three dimensional hybrid perovskites. The
tetragonal-cubic phase transition at 55-60 °C partially influences
the thermal stability of perovskite solar cells, as the working
temperature of solar panels can be as high as 80 °C.

1.3. Solar cell structure

The first reported perovskite solar cell was designed after the
structure of dye-synthesized solar cells (DSSCs), where perovskite
materials investigated as a "new" dye in liquid electrolyte in
combination with dye-sensitized mesoporous TiO, electron
transport layers (ETLs)."® It was observed that the perovskite is a
better light absorber compared to the molecular dye, even
though the liquid electrolyte could damage the perovskite
resulting in device degradation.47 This triggered researchers to
combine features from thin-film PVs and DSSCs, in particular the
substitution of the liquid electrolyte with organic hole transport
layers (HTLs), resulting in improved device performance and
efficiency.*® Later it was shown that perovskite solar cells can
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5978106/figure/materials-11-00729-f003/

also be fabricated in a planar configuration where the active
layer is sandwiched in between two selective charge transport

849 Charge transport layers are semiconducting materials

layers.
with energy levels chosen so that they can selectively transport
photogenerated electrons or holes from the perovskite film to
the external electrodes. Figure 5 shows the architecture of
traditional mesoporous solar cells as well as of planar devices,
both in p-i-n and n-i-p configurations. This nomenclature refers
to the order of the layers with respect to the transparent
electrode and not to the applied potential across the device. If
hole are extracted at the front transparent contact the solar cell
is named as p-i-n, and vice versa for n-i-p devices. P-i-n
perovskite solar cells have attracted a lot of attentions due to
their low processing temperature and metal oxide-free structure.
These features allow the device fabrication on flexible

substrates.”®*! In addition, p-i-n perovskite solar cells typically
show less current-voltage hysteresis.52’53
(c)
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Figure 5. Schematic illustration of the (a) mesoporous n-i-p, (b) planar
n-i-p (c) and planar p-i-n device architectures of perovskite solar cells.
The images are adapted from reference >

Besides planar and mesoporous structures, HTL/ETL free
perovskite solar cells and tandem cell configurations have also
been reported. In a tandem solar cell, losses due to carrier



thermalization are reduced through the use of different and
complementary light-absorbing Iayers.55

In this thesis the architecture chosen as a platform to study
perovskite solar cells is the planar p-i-n configuration, using small
molecular weight organic semiconductors as hole and electron
transport layers.

1.4. Solar cell physics

The basic operation of a solar cell involves the following
processes.

Absorption of photons and carrier generation: when incident light
is absorbed in the semiconductor, free electrons and holes are
generated. In principle, all photons with energy larger than the
bandgap will lead to the generation of charge carriers. Photons
with energy larger than the absorber’s bandgap generate so-
called hot carriers. The extra energy is rapidly exchanged with
the lattice and electrons/holes redistribute towards the lowest
energy state available, in a process called thermalization (figure
6). The photogenerated free carriers will lead to a photocurrent
when they are collected at the electrodes and connected to a
load.

12
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Figure 6. Charge carriers are generated when photons with energies
higher than that of bandgap are absorbed. The image is adapted from
reference *°.

Recombination: photogenerated carriers can recombine through
a process opposite to generation. Understanding and controlling
recombination processes is of a great importance as they reduce
the charge carrier concentration and hence the power
conversion efficiency (PCE). In general, there are three types of
recombination, band to band recombination, trap assisted
recombination and Auger recombination, as shown in figure 7.

¢ EC
hv Recombination center
JVAVAVAV Ao —-_-z
o) ) X Ey
Radiative Trap-assisted Auger
recombination recombination recombination

Figure 7. Sources of recombination losses in a perovskite solar cell: (a)
radiative recombination, (b) trap-assisted recombination. (c) non-
radiative Auger recombination.
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When an electron recombines directly from a conduction band
state to valence band state, a photon will be generated as a
consequence of the relaxation of the electron energy. This
process is called radiative recombination. The recombination rate
can be expressed with the following equation:

R = cg (np — nf) (5)

Where, cp is the recombination coefficient, n, p and n; are the
electron, hole and intrinsic carrier concentration, respectively.
Band to band recombination rate is low under normal solar cell
operation.13

In trap-assisted recombination, also known as Shockley-Read-Hall
(SRH) recombination, electrons/holes are captured by a trap
state and they annihilate. It can happen either in the bulk of a
semiconductor or on the interface, and the recombination rate is
given by:

np— niz
Tp(n+ny)+Tn(0+p1)

R = (6)

Here, 1, and t, are the minority carrier lifetime of holes and
electrons, respectively, which are controlled by the defect
density. n; and n, are constant that depends on the energy
levels of the traps. In thin-film photovoltaic devices non-radiative
recombination is the most dominant loss process. Non-radiative
electron-hole recombination occurs mainly at the interface due
to the presence of defect states.”” It has been already shown that
for crystalline Si solar cells, recombination in the bulk can be
assumed negligible compared to recombination at the
interface.”®

14



Interface recombination current, or loss current, can be
expressed as follow:

AEF/
Js = qSne  'KsT (7)

Where q is the electron charge, S the surface recombination
velocity, n the electron density in thermal equilibrium, AEr the
quasi-Fermi level splitting, and KgT the thermal energy. n is
mainly related to the built-in potential which means the potential
drop at the electrodes determines n, whereas S is mainly
determined by the density of defects presents at the surface.
Based on the equation (7), to minimize the interfacial
recombination current, it is crucial to design defect free
interfaces with band alignment that retains the maximum built-in
potential. Surface passivation of the perovskite layer can be a key
solution which will be discussed in chapter 3.

A large amount of studies has been carried out to better
understand the bulk and interfacial recombination in perovskite
solar cells. Sarritzu et al. measured the electron-hole free energy
as a function of the intensity of the exciting light and compared
the values for perovskite films and perovskite/ETL and
perovskite/HTL heterojunctions. They measured a lower free
energy of electron-hole for the heterojunctions compared to the
single perovskite layer, which is due to interfacial non-radiative
recombination channels which consequently results in voltage
drop and lower device performance.59 Another study using time-
resolved photoluminescence measurements and numerical
simulations showed the relation between the accumulation of
charge carriers at the perovskite/ETL interface and its effect on
interface charge recombination. They showed that charge
transport and charge transfer processes are dominant at short

15



delay times after the pulse laser excitations. At longer delay
times, charge carrier accumulations at the interface of the
perovskite/ETL may occur. These accumulated charge carriers
subsequently either recombine at the interface or are reinjected
into the perovskite Iayer.GO Nonetheless, more studies need to be
carried out to obtain a more comprehensive model to describe
and clarify the origin of bulk and interface defect states.

Auger recombination is the third type of recombination. In this
process, the energy released by a band-to-band transition is
transferred to another excited free electron in the conduction
band. This high energy electron loses its energy due to collision
with the lattice and finally relaxes to the conduction band, as is
shown in figure 7.c.

Charge transport and collection: there are two transport
mechanisms involved in charge collection, namely diffusion and
drift. When a carrier concentration gradient exists in the
perovskite semiconductor, carriers will constantly move from
areas of high carrier concentration to areas with low
concentration in the process of diffusion. Drift-based transport is
a consequence of the electric field in the device. A high carrier
transfer rate is required to avoid carrier accumulation and loss in
the bulk absorber.

1.5. Solar cell characterization

One of the most basic characterizations of semiconductor
devices and in particular solar cells involves the measurement of
current vs. voltage (IV) characteristics. A solar cell measured in
dark conditions shows diode behaviour in the JV curves. An Ideal

16



diode allows the current flow only in forward bias and blocks all
current flowing in reverse voltage.

Under illumination, the current shifts to negative values due to
the carrier generation inside the cell, namely photocurrent
generation. The current in a solar cell is described by the classic
Shockley diode equation:

=1y — I {e%‘l} (8)

Where I, is the photocurrent, V is the applied voltage, /Iy is the
reverse saturation current density, g is the elementary charge
and n is the ideal factor, k is the Boltzman constant and T the
absolute temperature. There are four important parameters
which can be extracted from an IV curve obtained from an
illuminated solar cell. The first one is the short-circuit current, I,
which is the current when the voltage across the device is 0. The
second one is the open-circuit voltage (Voc), which is the voltage
when the current is zero, and is the maximum achievable voltage
of a solar cell. By setting the current equal to zero in equation (8),
the equation for Voc can be expressed as:

V. = ﬂln(ﬂ + 1) 9)
q Iy

The equation above shows that Voc depends on the saturation
current of the solar cell and the photo-generated current. The
key effect on Vo is the saturation current, since this may vary by
orders of magnitude. The saturation current depends on the
charge recombination in the solar cell, thus Voc is a measure of
charge recombination in the device: the stronger the charge
recombination, the lower the voltage.

17
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Figure 8. Typical IV-curve, current vs. voltage characteristics of an
illuminated solar cell showing the open circuit voltage (Voc) and short
circuit current (Isc) as well as the voltage and current at the maximum
VimpXImp _ Area A

power point (Vmp, Imp). The fill factor is defined as = Vooxlee — AreaB’

The output of a solar cell is calculated as P =1 XV, which is
voltage dependent. The third parameter is the fill factor (FF) that
graphically explains how square the IV curve is. The FF is defined
as

FF — Prmax _ max (IXV) (10)

Voc X Isc Voc X Isc

The FF is equal to the area ratio of A and B in figure 8. The FF is
strongly linked to charge transport as well as to series and shunt
resistances.

From the three parameters extracted from the IV measurements,
one can calculate the efficiency of the solar cell which is the
fraction of incident power (solar irradiation) that is converted
into electrical power:

18



PCE = Prax max(VXxI) — Voc XIgc XFF

Pirradiation Pirradiation Pirradiation

(11)

In addition to the IV curve under illumination, the dark IV curve
also contains information to further analyse the solar cell. If we
consider a diode model of the solar cell in a circuit with series
and shunt resistances (figure 9), the current flowing through the
device in dark conditions is:

V—IRg
[ = I,enT/a 4

V-IR
o (12)

Where R and R; are the series and shunt resistance respectively.
A typical dark IV curve is depicted in figure (10). It can be seen
there are three main different regimes of the curve depending on

the voltage applied.

series resistance Current
ﬁ

NN N

Rs A

shunt
IL CT) ! resistance Voltage
RsH

Figure 9. Schematic of a circuit model of a solar cell under illumination

with series and shunt resistance.

When the applied bias is low (region A in figure 10), the dark
current is dominated by the shunt current which is the second
term in the right-hand side of equation (9). Generally, the shunt
resistance results from the defects in the perovskite layer or
unwanted shunt path in the solar cell. When the applied bias is

19



higher (region B in figure 10), there will be an exponential
increase of the current (linear regime in the log scale as in figure
10), described by the exponential term in equation (9). When the
current increase deviates from linearity in the log plot, the
applied voltage corresponds to the diode built-in potential (Vy;),
which equals the difference in the work functions of the
electrodes. At higher bias (region C in figure 10), the current
growth will start to saturate and be limited by the series
resistance. Since the low bias region and high bias region are
dominated by shunt and series resistance respectively, we can
extract the information about them from those two regions.

10
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Figure 10. Dark JV curve measurement for a perovskite solar cell.

Three different regimes indicated by A, B and C are the consequence of
different carrier transport mechanisms.

1.6. The importance of the charge transport layers

In order to fabricate efficient perovskite solar cells, not only the
quality of the perovskite film but also the properties of the
charge transport layers play an important role. The
characteristics of the ETL and the HTL, such as charge carriers

20



mobility, energy levels alignment, morphology and trap states,
also influence the performance of the solar cell.

In chapter 1.2, the carrier mobility of the perovskite films and its
importance for the solar cell performance was discussed.
Similarly, high electron/hole mobility in the charge selective
layers (ETL and HTL) is also desired, as photogenerated charge
carriers need to be efficiently transported towards the
electrodes.

Selectivity of the charge transport layers mainly originates from
the energy level alignment at the perovskite/transport layer
interface. Figure 11 shows a schematic representation of the
energy levels of a perovskite film and the charge transport layers
in a solar cell with a planar structure (regardless of p-i-n or n-i-p
structure). Free electrons can be selectively extracted from the
perovskite conduction band to the lowest unoccupied molecular
level (LUMO) of the ETL, if no large energy barrier exists at the
perovskite/ETL interface. Simultaneously, holes transfer at this
interface should be inhibited by increasing the energy difference
between the perovskite valence band and the highest occupied
molecular level (HOMO) of the ETL. Similar but energetically
opposite characteristics should be fulfilled in order to ensure
selective charge extraction at the perovskite/HTL interface.

21
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Figure 11. Charge selectivity at the interface of a perovskite film and
the transport layers. Electrons are blocked at the perovskite/HTL
interface due to the energy barrier between the conduction band of
the perovskite and the LUMO of the HTL, and holes are blocked at the
perovskite/ETL interface due to the energy barrier between the
valence band of the perovskite and the HOMO of the ETL.

Organic electron transport materials (ETMs) are widely used
selective electron transport materials in p-i-n perovskite solar
cells. Organic molecules have tuneable energy structures to suit
the energetics and chemistry of the perovskite layer. Fullerene
and its derivatives, such as PC¢;BM, ICBA and PC;,BM, are good
candidates as selective electron extraction materials due to their
suitable energy level alignment, good electron mobility and easy

6164 Unsubstituted fullerenes such as Cgo and

deposition process.
C;0 have higher electron mobility and can be deposited by
vacuum sublimation. The energy level and the chemical structure
of common ETLs used in p-i-n perovskite solar cells are shown in

figure 12.
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Figure 12. Chemical structure and energy level diagram showing LUMO
levels of various ETLs in comparison with the conduction and valence
bands of the MAPbI; perovskite.

In p-i-n devices, the HTL acts not only as a selective layer, but
also as a window where light enters the device. Therefore, its
optical properties are also critical to maximize carrier generation
in the perovskite solar cell. This means that to prevent photon
loss, the HTL bandgap, its refractive index and the extinction
coefficient should be taken into consideration.®® To date a large
number of organic molecules, inorganic materials, and
conducting polymers have been tested in perovskite solar cells as
HTLs.22°%%” The most common HTMs that have been used in p-i-n
perovskite solar cells include PEDOT: PSS, spiro-OMeTAD,
graphene oxide, NiO and CuSCN.%*®7

In addition, the solar cell performance is influenced by the
interface between the charge transport layers and the
electrodes. In general, one must ensure ohmic charge extraction
by minimizing the energy difference between the electrode work
function and the frontier orbitals of the transport material.

23



Hence, an additional interlayer is usually placed in between the
electrode and the transport Iayer.72 In p-i-n structure, common
materials such as high work function molecules,” doped organic
semiconductors,”*’* or metal oxides (MoOs, V,0s and WO3)”
have been proposed as interlayers in between the HTL and the
transparent electrode. Likewise, a wide variety of interlayers,
such as inorganic metal oxides, organic and polymer materials,
metals and metal salts have been tested in between ETLs and the
metal electrode. Some of the most important interlayers are
depicted in figure 13 and are commented upon below.

Organic materials. Bathocuproine (BCP) is one of the most widely
used cathode interface layers in organic light emitting diodes
(OLEDs) and organic photovoltaics (OPvs).”*78
thermally sublimed and ensure ohmic electron transfer from

It can be easily

metals (Ag, Al) and common ETLs such as fullerenes. Some other
organic interfacial materials used to improve the contact
between fullerenes and metal electrodes are polyethylenimine
ethoxylated (PEIE), poly[3-(6-
trimethylammoniumhexyl)thiophene] (P3TMAHT) and poly [(9,9-
bis(3'-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9—
dioctylfluorene)] (PFN). These materials have been reported to
improve charge extraction and supress charge recombination at
the interface, which subsequently results in better performances
of the solar cell.”™®

Inorganic metal oxides. It has been reported that a thin layer of
an n-type metal oxide such as TiO, , ZnO or SnO, on top of
fullerene ETLs in p-i-n solar cells can enhance the electrical

contact and also increase the stability of the device.?*®
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Figure 13. Chemical structure of various organic interfacial materials.

Metals and metal salts. Alkali metal halides are widely used as
ETL or cathode buffer layers in OLEDs to enhance electron
injection.?® The widely adopted LiF used as a buffer layer in
perovskite solar cells improves the Jsc and FF of the device and
supresses leakage current under reversed bias.
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Aim of the thesis

The aim of this thesis is the development of vacuum deposition

methods for the fabrication of perovskite thin films, and their

incorporation into solar cells using different charge transport
layers. Beyond the development of vacuum deposition of the

perovskites themselves, interface engineering is regarded as a

valid strategy to advance the perovskite solar cell performance.

Hence, the influence of different charge transport layers and

interfacial materials on the performance of perovskite solar cells
is also studied in this thesis. The thesis has been structured in
the following chapters:

Preparation and characterization of mixed halide MAPbIs,Cly
perovskite thin films by three-source vacuum deposition:

This chapter reports the fabrication of mixed halide
perovskite solar cells. Optimizations have been done on
three-source co-evaporation to achieve a mixed halide
MAPbI,Cls.,.

High voltage vacuum-processed perovskite solar cells with
organic semiconducting interlayers:

With the aim of reducing the non-radiative recombination,
different electron transport layers where investigated. The
effect of different ETLs as well as metal cathodes on the solar
cell performance has been studied in this chapter.

Efficient vacuum deposited p-i-n perovskite solar cells by
front contact optimization:

Interface engineering toward ohmic contact at the
HTL/perovskite interface is described in this chapter.
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2. Experimental method
2.1. Materials and pre-cursors

Several solar cell architectures have been prepared in this thesis.
All devices were fabricated on top of pre-patterned indium tin
oxide (ITO) covered glass substrates purchased from Julius.
Molybdenum oxide (MoQ3s), PbCl,, Pbl,, MAI, BCP and lithium
quinolate (Liq) were purchased from Lumtec. N4,N4,N4",N4"-
tetra([1,1'-biphenyl]-4-yl)-[1,1":4',1"-terphenyl]-4,4"-diamine
(TaTm) was provided by Novaled. Cgo was purchased from Sigma-
Aldrich.

2.2. Fabrication of perovskite solar cells

Perovskite films and charge transport layers can be deposited by
solution processing or vacuum methods. There are several
solution processing technologies available, however, the ease of
control over the deposition parameters, such as deposition time,
deposition rate, surface uniformity and precise layer thickness,
make thermal vacuum evaporation a particularly promising
technique to fabricate optoelectronic devices. The first thermal
vacuum deposited perovskite device was reported by Mitzi et
al.¥” Liu et al. used dual-source vacuum deposition of MAI and
PbCl, and fabricated planar perovskite solar cells with efficiency
of 15.4%.% In vacuum deposition, the organic cation and the
metal halide are simultaneously thermally sublimated in a high
vacuum chamber, where they solidify and react on a substrate
placed above the thermal source (figure 14). The stoichiometry
of the layer is controlled by adjusting the evaporation rate of the
two (or more) precursors, giving real time control over the film
thickness.®
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In comparison to solution-processed techniques, vacuum
deposition technique comes with a variety of benefits.

e High film purity: the high vacuum condition, sublimation of
the precursors, and the solvent-free process ensure the
deposition of highly pure films.

e Versatile material choice: Vacuum deposition provides the
possibility to process virtually any type of inorganic and
organic materials on an equally diverse variety of substrates

Vacuum
chamber

§ Substrate
of

and surfaces.

Se,
Pbcl, Sor

Figure 14. Schematic illustration of a vacuum chamber for the
perovskite co-evaporation process. The precursors PbCl,, Pbl, and MAI
are thermally evaporated in a vacuum chamber. Their rates are
monitored using quartz microbalances.

e Fine control of layer thickness: To fabricate thin-film
optoelectronic devices, nanometer precision in the layer
thickness is needed. This can be achieved in a well calibrated
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system by means of monitoring precisely the deposition rate
using quartz crystal microbalances (QCMs). QCMs function
based on variation of their acoustic impedance as a
consequence of the mass of materials deposited on it.

e Possibility of up scaling and compatibility with different kind
of substrate: Evaporation techniques are widely used in
semiconductor industry on various types of substrates.

e Multilayer deposition possibility: In comparison with other
deposition techniques, such as solution based methods,
thermal vacuum evaporation does not require any solvent
which means that each layer can be processed on top of the
anterior layer without the risk of damaging or removing it.

In this thesis all the layers were deposited by thermal vacuum
techniques, and both two and three source co-evaporation
methods have been employed to form the perovskite absorber
layer (figure 14). As mentioned in chapter 1, a planar solar cell
device consists of a perovskite absorber layer sandwiched in
between charge transport layers. All the solar cells studied in this
thesis have a p-i-n structure with the following stack
architecture:

Glass/ITO/Mo0Os/TaTm/perovskite/Cgo/ETL/metal

Substrate preparation and film processing were carried out in a
class 10000 cleanroom. The glass/ITO substrates have been
cleaned primarily by soap, water and subsequently isopropanol
in an ultrasonic bath. Then the substrates are treated by
ultraviolet-ozone (UV-ozone). The substrates are subsequently
transferred into a nitrogen-filled glovebox for thin-film
deposition.
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The MoOs3 (6 nm) and the TaTm (10 nm) layers were deposited at
rates of 0.1 and 0.4As™, respectively. For the perovskite
deposition, MAI and Pbl, were co-evaporated with rates of 1.0
and 0.6 A s™, respectively, measured by two individual
microbalance sensors. The total perovskite thickness was
measured by a third sensor. For three source co-evaporation of
MAI, Pbl, and PbCl,, the desired deposition rate of PbCl, was
adjusted by varying the temperature from 265 °C to 285 °C.
Cso Was evaporated at a rate of 0.4As™ with the source
temperature at 380 °C, and subsequently a thin layer (8 nm) of
BCP was sublimed at a rate of 0.3 A s™* with a source temperature
of 150 °C. Lig (2 nm) at the rate of 0.1 As™ Ba (5 nm) and Ag
(100 or 200 nm) were evaporated in another vacuum chamber
using molybdenum boats as sources by applying a current of 1 A
and 3-4 A, respectively.

2.3. Film characterization techniques

Surface profilometry. Contact profilometer (Ambios XP-1) has
been used to measure the thickness of the layers. Samples were
scratched with a scalpel and cleaned with compressed nitrogen
in order to remove residual particles originating from the scratch.
Then the tip of the profilometer passed over the sample, crossing
over the scratch in the film. This allows us to accurately measure
the thickness.

UV-Vis absorption. The thickness that is determined by the
profilometer can be confirmed by measuring the UV-Vis
absorption, as the absorbance is proportional to the thickness of
the layer. UV-Vis absorption measurements can also provide us
with the information about the perovskite layer formation by
considering the absorption edge vs. wavelength. Optical
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absorption measurements have been collected with an Avantes
Avaspec-2048 spectrometer.

X-ray diffraction. The crystallinity of the vacuum deposited
perovskite layers was analysed by X-ray diffraction which at room
temperature on an Empyrean Panalytical powder diffractometer
using the Cu ka; radiation.

Scanning electron microscopy (SEM). The surface morphology
of the samples (pre-cut 0.5x0.5 cm?) were analysed by SEM with
a Hitachi S-4800 microscope operating at an accelerating voltage
of 2 kV over Platinum-metallized samples. The accelerated
electrons from the SEM interact with the sample and produce
secondary electrons. The signal from the secondary electrons is
collected by detectors to form the image.

X-ray photoemission spectroscopy (XPS). The elemental
composition analysis has been done by XPS. In XPS, the material
is irradiated with X-ray beams and XPS spectra are obtained by
measuring the kinetic energy and the number of the electrons
that escape from the surface of the sample. The XPS analyses
have been done by means of XPS, K-ALPHA, Thermo Scientific. All
spectra were collected using Al-K radiation (1486.6 eV),
monochromatized by a twin crystal monochromator, yielding a
focused X-ray spot. XPS data were analysed with Avantage
software.

Kelvin probe measurement. To measure the surface potential of
the layers we used a kelvin probe technique in air by
KPTechnology (SKP5050). The configuration of this measurement
consists of a conducting tip, air gap and a sample surface. The tip
is vibrating and approaches (with a typical distance of 0.2-2.0
nm) the sample without touching the surface. The sample and
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the vibrating tip form a capacitor. The potential difference
between the tip and the surface generates a charge on the probe
tip. As the probe tip oscillates, the distance between the tip and
the surface alters which (inversely) affects the capacitance. The
changes in capacitance vary the charge on the probe tip that
subsequently generates a measureable current which is used to
calculate the potential difference between the tip and the
sample. If the work potential of the metallic tip is constant, the
surface potential of the sample can be determined.

Current-voltage measurement. Photovoltaic performance has
been measured using an LED-powered light solar simulator
(SINUS-70, Wavelabs) producing an AM1.5 spectrum at an
intensity of 100 mWcm™. The active area of the devices is
defined using metal mask with different openings of 0.0264, 0.05
and 0.0651 cm?. In all cases average efficiencies reported are
from more than 20 devices to ensure meaningful statistics. A
Keithley source-measure unit was used to sweep the voltage
from -0.2 V to 1.2 V, typically in 0.01 V steps with a scan rate of
0.3 Vs whilst the output current is measured. Device parameters
such as FF, Jsc, Voc and PCE are then determined from the
resulting JV curve, as explained in chapter 1. In chapter 5, light
intensity dependence measurements were done by placing 0.1,
1, 10, 30, 80% neutral density filters (LOT-Quantum Design
GmbH) between the light source and the device.

Maximum power point tracker (MPPT). To measure the lifetime
of the solar cells under illumination (chapter 4), a maximum
power point tracking system (MPPT), developed by Candlelight,
was used. The cells were measured under constant white light
from a light emitting diode (LED) source with illumination
intensity equal to 1 Sun. Photovoltaic parameters were recorded
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at fixed time intervals (10 min) to deduce the evolution of the
performance of the cells. MPPT provides information about the
stability of the devices with the most similar real operation
conditions. Furthermore, it helps to detect which parameter
causes the decay of the power efficiency so that potential
degradation mechanisms can be identified and subsequently
prevented.

Time-resolved photoluminescence measurement (TRPL). In
chapter 3, the carrier dynamics were examined by
photoluminescence (PL) lifetime measurements. This type of
measurements can be applied to describe various radiative and
non-radiative loss channels for photo-generated carriers. The
samples were prepared on glass substrate with the same
condition used for the optimized devices (chapter 3). PL lifetime
measurements (time-correlated) single photon counting, (TCSPC)
were performed using an Edinburgh Instruments FLS1000
spectrometer. A three-component exponential decay was used
to fit the TCSPC decays in the Fluoracle software package.

37



38



Chapter 3.

Preparation and characterization of mixed halide MAPbI;.Cl,

perovskite thin films by three-source vacuum deposition
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3. Preparation and characterization of mixed halide
MAPDI;,Cl, Perovskite thin films by three-source
vacuum deposition

3.1. Introduction

The latest generation of photovoltaic devices employing hybrid
halide perovskites exhibits high PCE, exceeding 25%.%° MAPbI; is
the most widely studied hybrid perovskite in photovoltaics due to
its simplicity and good semiconducting properties. The
optoelectronic properties of MAPbl; can be further improved by
introducing chloride ions. Interestingly, both MAPbI; and MAPbI;.
«Cly thin films exhibit the same structural and optical properties
while, when employed in solar cells, they show significantly
different behavior. In spite of a large number of studies, both
theoretical and experimental, the effect of chloride in mixed
halide MAPbI;,Cl, perovskite solar cells remains unclear.®™
Some studies have estimated the diffusion length for MAPbl; and
MAPbI3,Cl, thin films. It was shown that the diffusion length of
MAPbI; thin films prepared by MAI and Pbl, precursors is
approximately 100 nm, while it was found to be as high as 1 um
when the perovskite was prepared from PbCl, and MAL®% The
difference in charge diffusion lengths between MAPbI; and
MAPbI;,Cl, was ascribed to a different morphology of the
perovskite upon incorporation of Cl atoms.”” However, some
studies showed that the chloride does not effectively incorporate
into the MAPDbI; structure (below 3 to 4%) and acts only as a
dopant. In fact, stable mixed iodide/chloride crystals cannot be
formed due to the large difference between the ionic radii of
iodine and chloride.”®> XPS measurements in agreement with
density functional theory (DFT) -calculations showed the
segregation of chloride at the ETL/perovskite interface. In
particular, DFT calculations reveal a bending of the MAPDI;
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conduction band at the interface with the ETL in the presence of
Cl, which subsequently results in efficient electron extraction and
superior device performance.’® Other studies measured the
charge mobility of MAPbIs,Cly, and MAPbl; showing an
enhancement of the charge carrier mobility in the presence of
chloride. They attributed these differences to a higher

crystallinity of MAPDbI5,Cl,. %%

Most MAPbIsCl, perovskite solar cells have been fabricated by

13244898 The control of the concentration of

solution processing.
MA-X and PbX, precursors is very important when preparing the
mixed halide MAPbIs_,Cl, perovskite by solution processing. It has
been shown that the final Cl/I ratio in the MAPbI;s,Cly film is
lower than in the precursor solution, which is likely due to low
solubility of chloride into iodide perovskite.92 In contrast to
solution processing techniques, thermal vacuum deposition from
multiple sources can be used to prepare mixed halide perovskite
thin films with a superior control over the material

9100 iy et al. reported the first thermally

stoichiometry.
evaporated MAPbI3,Cly solar cells using a large excess of MAI
compared to the PbCl, precursor (MAI:PbCl, = 4:1). Due to the
excess of MAI, a long thermal treatment (100 °C, 45 min) was
needed to convert the as-deposited film to perovskite, with a

substantial loss of chloride.®®

To better control the MAPbIs,Cl, growth using discrete rates of |
and Cl salts, we studied three-source vacuum co-deposition of
MAI, PbCl, and Pbl,. In order to investigate the Cl-salt influence
on the formation of the material, we varied the deposition rate
of PbCl, while keeping the deposition rates of MAI and Pbl,
constant at 1 A/s and 0.6 A/s, respectively. We found that the
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most stable perovskite was obtained for a PbCl, deposition rate
of 0.05 A/s.

The SEM images of the mixed halide sample showed very
uniform and pinhole-free films. These homogenous layers have
been used to fabricate solar cells with the following stack:
ITO/Mo0O3/TaTm/MAPDbI5.Cl,/Cso/BCP/Ag. Remarkably, devices
with high Voc (> 1.1 eV) were obtained. As mentioned in chapter
1, defects have an important influence on determining the V¢ of
the solar cell. Defects normally act as non-radiative
recombination centers, which results in short carrier lifetime. To
investigate the effect of chloride on the carrier recombination
dynamics, we carried out PL lifetime measurements, and found a
much longer lifetime for MAPbIs,Cl, films as compared to
MAPbI;.  This suggests a reduction of non-radiative
recombination in the mixed halide perovskite films deposited by
three-source vacuum deposition.

3.2. Results and discussion

The presence of chloride on the surface of the sample was
investigated by XPS. XPS with a penetration depth of a few
nanometers is very suitable for surface composition studies. We
found that the concentration of the chloride and iodide
determined by XPS correlates with the ratio of the deposition
rates of the Pbl, and PbCl, precursors (Pbl,/PbCly: 0.6/0.05 A s™).
Figure 15.a-b shows the XPS spectra of the MAPbIs,Cl, thin film,
highlighting the presence of chloride on the perovskite surface.
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Figure 15. XPS spectra of (a) | 3d and (b) Cl 2p for a mixed halide
MAPbI;_,Cl, thin film.

The X-ray diffraction pattern (figure 16.a) shows highly crystalline
MAPbIs,Cl, films with a tetragonal perovskite crystal structure,
with the main peaks at 14.0° and 28.2°. However, there is an
indication of the presence of small amounts of unreacted Pbl, in
the film, as highlighted in figure 16.a. The optical absorption
spectrum (figure 16.b) shows an absorption onset at
approximately 780 nm, analogous to that of MAPbls. Figure 16.c
shows the SEM image of a MAPbIls Cly thin film, characterized by
a pinhole-free and uniform morphology with grain size in the
order of hundreds of nanometers.
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Figure 16. Characterization of perovskite films: a) XRD pattern, b)
absorption spectrum of MAPbI;,Cl, thin films and c) top view SEM
image of a MAPbl;,Cl, thin film.
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Figure 17 shows the JV characteristics of solar cells under

illumination. The solar cell stack has a p-i-n structure with mixed
halide film sandwiched in between the MoO3/TaTm as the HTLs
and Cgo/BCP as ETLs, capped with a silver electrode.
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perovskite annealing times. b)
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By increasing the annealing time of the perovskite films after
deposition, the current density was found to increase. As-
prepared solar cells show a low current density (16.4 mA cm™)
with a relatively low FF (68%), while annealing for 2 minutes,
results in an increase of the photocurrent (Jsc = 19.0 mA cm'z)
accompanied with a minor loss in FF and Voc. Longer annealing
time (5 minutes) recovers the charge collection efficiency (FF =
73%), leading to an overall PCE of 16.1%. Further annealing
mainly reduces the photovoltage, which is however still
remarkable (1.12 V) for this type of absorber. It is worth to note
that the initial Voc is as high as 1.13 V, about 30 to 50 mV higher
compared to state-of-the-art vacuum deposited MAPbI3 solar
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Figure 18. a) Current density (symbols) and electroluminescence power
density (line) vs. the applied voltage for a MAPbI;_,Cl, perovskite diode.
Inset shows the EQE for electroluminescence as a function of the
injected current density. b) Photoluminescence lifetime for a MAPblI;.
«Clx film on glass, upon laser excitation at 375 nm. Raw data are
symbols; the line is a fit with a tri-exponential function.

To investigate the electroluminescence of the solar cells, the best
performing devices were characterized in an integrated sphere
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and maximum external electroluminescence quantum efficiency
(EQE) of 0.3% was obtained (figure 18.a). The relatively high EQE
indicates a suppression of non-radiative recombination pathways
induced by the incorporation of chloride, most likely due to a
reduction in the trap concentration.'®

Figure 18.b shows the TRPL measurement of MAPbIs,Cly films on
quartz. The measured PL decay kinetics were fitted with a tri-
exponential function, showing an average PL lifetime exceeding
300 ns, which is one order of magnitude larger than previously
reported lifetimes for MAPbI; films (< 10 ns). These results are in
agreement with the enhanced Voc and with a reduction of the
density of trap states in the presence of chloride.

3.3. Conclusion

Mixed halide MAPbI;,Cl, perovskite films were deposited by
means of simultaneous co-evaporation of three precursors, MAI,
Pbl, and PbCl,. Good crystalline and pinhole-free homogenous
films have been obtained. Thin-film solar cells have been
fabricated by employing mixed halide perovskite MAPbIs,Cly. The
open-circuit voltage was found to be higher (1.13 V) as compared
to pure MAPbI; vacuum-processed solar cells. The long
photoluminescence lifetime (300 ns) and high EQE for
electroluminescence (0.3 %) suggest a reduction of the non-
radiative recombination rate. Controlled doping with chloride
offers a novel opportunity to modify the hybrid perovskite
materials improving the device performance, and makes the
mixed halide perovskite a good candidate for vacuum deposited
solar cells or near-Infrared LEDs.
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Chloride is extensively used in the preparation of metal halide perovskites such
as methylammonium lead iodide (MAPbI;_,Cl,), but its persistence and role in
solution-processed materials has not yet been rationalized. Multiple-source vacuum
deposition of perovskites enables a fine control over thin-film stoichiometry and
allows the incorporation of chemical species irrespective of their solubility. Herein,
the first example of mixed MAPbI;_,Cl, thin films prepared by three-source vacuum
deposition is presented using methylammonium iodide (MAI), Pbl,, and PbCl, as
precursors. The optoelectronic properties of the material are evaluated through
photovoltaic and electro-/photoluminescent characterizations. Besides the very
similar structural and optical properties of MAPbI; and MAPbI;_,Cl,, an increased
electroluminescence efficiency, longer photoluminescence lifetimes, as well as
larger photovoltage, are observed in the presence of chloride, suggesting a

reduction of nonradiative charge recombination.

Organic—inorganic (hybrid) metal halide perovskites are being
studied as promising semiconductors for applications in photo-
voltaics (PVs) and light-emitting diodes (LEDs), due to their
desirable properties, such as a high absorption coefficient, long
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carrier diffusion length, and high tolerance
to chemical defects.l"*! The global research
efforts resulted in perovskite solar cells
with a power conversion efficiency (PCE)
exceeding 24%!* and LEDs with an external
quantum efficiency (EQE) of 20%,
approaching its theoretical limit””! In
addition, perovskites can be processed
into thin films through a variety of low-
temperature techniques, both from solution
and from the vapor phase.®'% While most
studies have been conducted on solution-
processed compounds, likely due to the
technical simplicity, vapor-phase deposition
of perovskites has the advantage of being a
solvent-free, intrinsically additive, and scal-
able process.”’ The archetypal perovskite
compound, methylammonium lead iodide
(MAPDI;), was initially used as a mixed
halide system with the addition of small amounts of chloride.""
The mixed halide MAPDI;_,Cl, was found to have a charge
diffusion length exceeding 1 pm, about one order of magnitude
longer compared with the pure iodide system.['? Despite many
investigations toward the role of chloride, its effect on the opto-
electronic properties of MAPbI; remains poorly understood.!"*!
Chemical analysis found chloride to be segregated at the interface
between MAPbI;_,Cl, and the electron transport layer (ETL),™*
and in any case its solubility into the triiodide perovskite is
extremely small (x < 0.1)."") Interestingly, the first report of
vacuum-deposited perovskite solar cells used PbCl, and methyl-
ammonium iodide (MAI) as the precursors, resulting in a mixed
halide light absorber.l"® The process used a large excess of MAI
(MAI:PbCl, = 4:1), and a long postannealing process (100 °C for
45 min in N,) was needed to achieve full conversion to the perov-
skite phase. Most of the chloride is indeed lost during conversion
of precursors to the perovskite. To circumvent the difficulties of
obtaining a stoichiometrically controlled MAPbI;_,Cl, through
vacuum deposition, sequential techniques such as the vapor
transfer method to convert the inorganic halide,"” or single-
source deposition of MAPDCI; followed by spin coating of
MATL™® have also been explored. While technically more demand-
ing, vacuum deposition from multiple sources offers a superior
control over the final material stoichiometry and has been used to
prepare mixed halide and mixed cation perovskite thin films.*°!
Here we explore the vacuum deposition of MAPDbI;_,Cl, by
coevaporation of the three precursors—Pbl,, PbCl,, and MAL

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Perovskite films with homogenous morphology and high crystal-
linity are obtained and used in proof-of-concept solar cells with
high photovoltage (>1.1V). The increased open-circuit voltage
(Vo) is attributed to a reduced nonradiative recombination, as
suggested by electroluminescence (EL) efficiency and photolumi-
nescence (PL) lifetime measurements.

Glass slides with patterned indium tin oxide (ITO) were first
coated by vacuum deposition with MoO; (5nm) and a
10 nm-thick layer of N4,N4,N4'’,N4''-tetra([1,1'-biphenyl]-4-yl)-
[1,17:4’,1"terphenyl]-4,4''-diamine (TaTm), used as the hole
transport layer (HTL). MAPDI;_,Cl, films were prepared in a
high vacuum chamber, using three different thermal sources,
each equipped with a ceramic crucible and a quartz crystal micro-
balance (QCM) sensor, as schematically shown in Figure 1a.

Considering the reported low solubility of chloride in
MAPDI;, ™! we aimed at the lowest controllable deposition rate
for PbCl, during the process. Hence, we fixed the PbCl, deposi-
tion rate at 0.05 As™', whereas Pbl, was deposited at a rate of
0.6 As™". The MAI source was instead maintained at a fixed tem-
perature (85°C). After deposition, films were annealed in a
nitrogen-filled glove box at 100 °C for different times. To assess
whether chloride is retained into the film or is eliminated
through the annealing process, we analyzed the sample surface
by X-ray photoemission spectroscopy (XPS). As shown in
Figure S1, Supporting Information, we did identify chloride
on the surface of the samples, in a concentration of approxi-
mately ten times lower than iodide (MAPDI;_,Cl, with
x ~0.3), which correlates with the ratios between the deposition
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rate of PbCl, and PbI,. We have to note, however, that the Cl2p
electrons (with a binding energy of 200eV) have an inelastic
mean free path of ~0.8 nm, which translates into a depth of anal-
ysis of ~2-3nm.*"! Hence we cannot exclude a different
composition within the bulk of the perovskite film. The optical
absorption spectrum (Figure 1b) shows the expected profile for
MAPbI;, with an onset at ~780 nm (1.6 eV). The X-ray diffrac-
tion pattern reveals the presence of a small amount of unreacted
Pbl, in the films (12.7°, Figure 1c), as often observed for similar
MAPbI; perovskite materials. However, the diffraction pattern
for the tetragonal perovskite structure is clearly visible (main
peaks at 14.0°, 28.2°), indicating that indeed highly crystalline
MAPDI;_Cl, films can be obtained with our technique. The
top-view scanning electron microscopy (SEM; Figure 1d) shows
highly uniform and pin-hole-free films, with grain size in the
order of hundreds of nanometers. These features are very similar
to previously reported vacuum-deposited MAPbI; layers.*?
The mixed halide films were further tested in a thin-film
optoelectronic device, by vacuum processing of the ETLs.
They consist of a bilayer of Cg fullerene (25 nm) and bathocu-
proine (BCP, 8 nm), capped with a silver electrode (100 nm).
The perovskite diodes were characterized under AM1.5G sim-
ulated illumination. We initially studied the trend of the PV
parameters as a function of the MAPbI;_,Cl, annealing time,
as shown in Figure 1. The current density versus voltage (J-V)
curves (Figure 2a) show good rectification and a marked trend
with increasing annealing time. As-prepared samples show
unusually low current density (16.4 mA cm™?), accompanied
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Figure 1. a) Schematics of the three-source vacuum deposition of MAPbI;_,Cl, thin films. Characterization of perovskite films: b) absorption spectrum,

c) XRD pattern, and d) SEM image of the sample surface.
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Figure 2. a) Scheme of the vacuum-deposited perovskite diode and b) its electrical characterization for different perovskite annealing temperatures;
J-V curves under simulated solar illumination are reported in forward (from short to open circuit, solid lines) and reverse (from open to short circuit, dots)
scans. ¢) A summary of the photovoltaic parameters as a function of the annealing time at 100°C.

Dby a relatively low fill factor (FF) (68%). It is worth to note that V.
is as high as 1.13 V, &30-50 mV higher compared with state-of-
the-art vacuum-deposited MAPDI; solar cells.”>?*! Annealing the
perovskite film for 2min results in an enhancement of the
photocurrent (Ji =19.0mA cm™?), with only minor losses in
terms of V,. and FF. Longer annealing (5min) substantially
recovers the charge collection efficiency (FF =73%), leading to
an overall PCE of 16.1%. Furthermore, annealing mainly reduces
photovoltage, which is however still remarkable (1.12 V) for this
type of absorber.

The Dbest-performing diode was further characterized in
forward bias and in an integrating sphere to quantify its electro-
luminescence efficiency (Figure 3). The current density versus
voltage profile (Figure 3a) shows a low current leakage at low
bias, with steep injection between 0.6 and 1.1V, indicating a high
diode quality. EL is detected at ~1.0V, rising fast to reach
~500 uW cm % at 2.0V applied bias. This corresponds to an
EQE for EL of 0.3%, which is on par with the highest-performing
vacuum-deposited MAPDI; diodes to date.1??

The observation of a high EQE for electroluminescence sug-
gests that the nonradiative recombination pathways are strongly

Energy Technol. 2019, 1900784
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suppressed by incorporation of chloride, in agreement with the
literature on similar solution-processed perovskite films.'?
The lower nonradiative recombination might be caused by a
reduction in the concentration of trap states, as a result of the
incorporation of chloride at grain boundaries.”*! Hence we
measured the time-resolved photoluminescence (TRPL) of
MAPDI;_,Cl, films on quartz to investigate the charge recombi-
nation dynamics. Figure 3b shows the TRPL trace measured at
the maximum of the PL signal upon excitation with a picosecond-
fast laser at 375 nm. The measured PL decay kinetics was fitted
with a triexponential function of time, obtaining an average PL
lifetime of 147ns (see Supporting Information for details).
The measured lifetime is one order of magnitude longer as com-
pared with previously reported, vacuum-deposited, pure MAPbI;
films,*>?% which are typically characterized by very short PL
lifetimes (<10ns). Interestingly, the first fast component of
the PL decay kinetics has a time constant of 63 ns, similar to pre-
viously reported dual-source vacuum-deposited MAPDI;_,Cl,
thin films.*”) The fastest decay observed in our materials might
be related to different structural/morphological features, and
also to the use of UV excitation, which preferentially probes

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Current density (symbols) and electroluminescence power density (line) versus the applied voltage for the MAPbI;_,Cl, perovskite diode.
Inset shows the EQE for electroluminescence as a function of the injected current density. b) Photoluminescence lifetime for a MAPbI;_,Cl, film on glass,
upon laser excitation at 375 nm. Raw data are symbols; the line is a fit with a multiexponential function.

surface recombination. While care should be taken in deducing
optoelectronic properties from TRPL, the longer PL lifetime sug-
gests a reduction of the trap density or the presence of shallower
trap states compared with pure MAPbI;.*®! These observations
are consistent with improvement in device performance, specifi-
cally enhanced V,, using the mixed halide perovskite layers,
resulting from a decrease in nonradiative electron-hole recom-
bination channels upon chloride incorporation.

In summary, we showed the formation of the mixed halide
MAPbI;_,Cl, perovskite by means of simultaneous coevaporation
of the three precursors. Films showed good crystallinity and homo-
geneous morphology, a benchmark of vacuum-deposited perov-
skite films. We investigated the optoelectronic properties of the
material by using in thin-film diodes. Under illumination, photo-
voltage is increased as compared with pure vacuum-processed
MAPbI;, reaching 1.13 V and PCE exceeding 16%. In forward bias,
we detected intense electroluminescence with a quantum yield of
0.3%, similar to state-of-the-art evaporated perovskite solar cells.
These observations, together with the long photoluminescence
lifetime, make mixed halide perovskite a good candidate for effi-
cient single-junction solar cells and NIR LEDs. Future studies will
focus on the optimization of materials to achieve a higher PCE in
Dboth applications.

Experimental Section

Thin Film and Device Preparation: ITO-coated glass substrates were
cleaned using soap, water, and isopropanol in an ultrasonic bath, followed
by UV—ozone treatment. The substrates were transferred into a vacuum
chamber integrated into a nitrogen-filled glove box (H,O and O,
<0.1 ppm) and evacuated to a pressure lower than 10~° mbar. Three QCM
sensors were used to monitor the deposition rate of the individual sour-
ces. For thickness calibration, we individually sublimed precursors, charge
transport materials, and their dopants, comparing the thickness inferred
from the QCM sensors with that measured using a mechanical profilom-
eter. MoOs and TaTm layers were deposited at rates of 0.1 and 0.4 As ™",
respectively. The evaporation rates of the perovskite precursors were con-
trolled by separate QCM sensors and adjusted to the desired deposition
rate, with temperatures ranging from 265 °C to 285 °C for PbCl, and from
~290°C to 310°C for Pbl,. The crucible-containing MAI was kept at a
fixed temperature of 85 °C. After deposition of the perovskite film, Ceo
was evaporated at a rate of 0.4As™' with the source temperature at
380°C, and subsequently a thin layer (8 nm) of BCP was sublimed at a
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rate of 0.3As™" with a source temperature of 150 °C. The devices were
finished by deposition of silver as the top contact (100 nm thick).

Thin Film and Device Characterization: X-ray diffraction was measured
with a Panalytical Empyrean diffractometer equipped with Cu—Ko anode
operated at 45 kV and 30 mA and a Pixcel 1D detector in the scanning
line mode. Single scans were acquired in the 26 =10°-50° range in
Bragg—Brentano geometry in air. Antiscatter slits of 1°/16° and step sizes
of 0.025° were used for high-resolution diffractograms. Data analysis was
performed with HighScore Plus software. The SEM images were performed
on a Hitachi $-4800 microscope, operating at an accelerating voltage of
20 kV over platinum-metallized samples. Absorption spectra were collected
using a fiber optics-based Avantes AvaSpec-2048 spectrometer. For the
solar cell characterization, the J-V characteristics were obtained using a
solar simulator by Abet Technologies (model 10500 with an AM1.5G xenon
lamp as the light source). Before each measurement, the exact light
intensity was determined using a calibrated Si reference diode equipped
with an infrared cutoff filter (KG-3, Schott). The J-V curves were recorded
between —0.2 and 1.2V with 0.01V steps, integrating the signal for
20 ms after a 10 ms delay. This corresponded to a speed of ~0.3Vs .
The electroluminescence characterization was conducted using a Keithley
Model 2400 source measurement unit and a sensitive Si photodiode
coupled to an integrating sphere. Lifetime measurements (time-correlated
single-photon counting, TCSPC) were performed using an Edinburgh
Instruments FLST1000 spectrometer. The instrument was equipped with
a double-emission monochromator, TCSPC electronics, a visible photo-
multiplier tube (PMT) detector, and a pulsed diode laser (EPL-375)
as the excitation source. TCSPC decays were fitted using the standard
Marquardt-Levenberg tail fit algorithm in the Fluoracle software package.
A three-component exponential decay model was used for the fit.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Figure 1s. XPS spectra of (a) [ 3d and (b) Cl 2p for a mixed halide
MAPbI;.(Cl, thin film.

TRPL

The measured PL decay kinetics were fitted with a tri-exponential
function of time (t):

Ip, () = a; exp <— ;) + a, exp (— g) + az exp (— 1_3)

We found:
71 = 63 ns with amplitude a; = 1365
72 = 172 ns with amplitude a, = 2346

73 = 1078 ns with amplitude az = 93

The average lifetime (zavg) Was calculated as:

Y a;t}

T =——=311ns
e > a;T;
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4. High voltage vacuum-processed perovskite solar cells
with organic semiconducting interlayers
4.1. Introduction

Hybrid lead halide perovskites are being widely used as absorber
layers in solar cells due to their desirable properties, such as high
absorption coefficient, long carrier diffusion length and high
tolerance to chemical defects.>'%%* MAPbls;-based solar cells
have the benefit of being easy to process with different methods

74,88,105-107
In

while exhibiting high power conversion efficiency.
general, when designing the device structure, appropriate charge
transport layers need to be selected to ensure a high Vo
and high FF of the solar cells. As detailed in chapter 1, ETLs and
HTLs are responsible for the transport and extraction of electrons
and holes within the device. The choice of a suitable ETM is of a
particular importance for the Voc and FF of the solar cell, as it
influences the charge recombination and rectification of the

device.

To date, several ETLs have been used and studied in perovskite
solar cells.®6*7>8%1% Among them, fullerene and its derivatives
have been mostly used due to their favourable characteristics.
Fullerenes efficiently transport electrons and can also passivate

trap states on the surface of perovskites.****°

In order to achieve high performance perovskite solar cells, ETM
should fulfil several criteria. The ETM needs to have LUMO and
HOMO matched with the conduction and valence bands of the
perovskite to efficiently and selectively transport electrons.
Moreover, the LUMO of the ETM requires matching with the
work function of the metal electrode to facilitate electron
collection. For this purpose, one approach is the use of low work
function electrodes such as barium or calcium in p-i-n
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structure.79’111

Another way is to use an interlayer between the
ETL and the metal electrode. BCP, an organic semiconductor with
a band gap of about 3.5 eV, is a widely used interlayer in
combination with fullerenes and Ag or Al, and can be easily
deposited in thin films by thermal evaporation.76’78’1lz’113 While
the working mechanism of electron transfer through BCP is still a
matter of debate, it has been reported that BCP and Ag/Al can
form organometallic complexes leading to a new density of
electronic states below the LUMO of pristine BCP, mediating the
charge transport. Another interlayer which was used in this
chapter is Ligq, which has HOMO and LUMO energies at -5.6 eV
and -3.2 eV, respectively.114 Lig can be thermally evaporated and
is commonly used in OLEDs as an electrode interlayer. It has been
shown that Liq can form radical anions upon reacting with metal

contact, favouring electron injection in OLEDs.'"®

In this chapter we investigated the effect of these interlayers,
specifically BCP and Lig or the combination of them, on the
performance of perovskite solar cells. The top electrode used in
this chapter is either Ba or Ag and the overall effect of each top
contact on the Voc and the stability of the perovskite solar cells
are discussed. The following device stack was used in this
chapter: ITO/Mo0O3/TaTm/MAPbI3/Cgo/EIL/metal (figure 19). All
the layers were prepared by thermal evaporation in high-vacuum
chambers.

4.2. Result and discussion

Five different combinations of interlayers and metals have been
studied. Figure 19 shows the schematics of the devices as well as
the flat band energy diagram of the materials used. The JV curves
under AM 1.5G simulated illumination at the intensity of 100 mW
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cm™ of the finished devices are depicted in figure 20.a. All solar
cells showed a similar Jsc of approximately 20.5 mA cm™ and
hysteresis-free JV curves which is an indication of well-matched
energy levels among different materials. A high Voc (1.13 V) with
good rectification (FF of 77.6%) was obtained for the internal
reference device with BCP/Ag top contact. It is worth mentioning
that the Vgc achieved for the internal reference device with
BCP/Ag top contact in this chapter is larger compared to that
reported in chapter 3 for the same perovskite solar cell structure.
This difference originates from the optimization of the MAPbI;
vacuum-deposition process.

a)2 b) : _
3 3 Ba Ag(100 nm) Ag(100nm)
e e e L eil/met oo sa50m)
o | .

% aves API (650 nm) Ag(100nm)
5]
S | ) .
§ } iTm (10 nm) I'. Ag(100nm)
= T i " agit00nm ta 2

Figure 19. (a) Flat band energy diagram of the materials used as
electron transport/injection layers and electrodes. (b) Device
schematics with thickness of all layers and highlight of the five different
device structures studied in the paper.

The photovoltaic parameters remain unchanged when replacing
BCP by Liq, resulting in devices with Voc of 1.13 V and a PCE of
18.1% on average. The lower Voc (1.11 V) and FF of 67.1% were
obtained for the devices employing BCP in combination with the
low work function Ba top electrode. The Low FF is related to
limited charge extraction, most likely due to an unfavourable
interaction between BCP and Ba. The overall efficiency of the
device incorporating BCP and Ba is 15.7%, as a result of the low
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FF and Voc. The diodes with a BCP/Lig/Ag top contact exhibited a
Voc of 1.12 V, slightly higher compared to those with BCP/Ba/Ag,
but with FF’s as high as 80%, indicating a better rectification. As
the thickness of Lig is small (2 nm) in this device configuration, it
might be possible that the chemical interaction between BCP and
Ag still takes place, resulting in better charge extraction and
higher FF.

The highest Voc (1.15 V) was detected for the devices with Ba
electrode directly deposited on the Cg ETL, with only a small
drop in FF. Table 1 summarizes the average photovoltaic
parameters of all devices with different top contacts which were
extracted from the JV curves.
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Figure 20. (a) Representative JV curves measured under simulated
solar illumination in forward (short to open circuit) and reverse (open
to short circuit) scan direction for each studied device. Due to the lack
of hysteresis the two scans are indistinguishable. (b) JV characteristics
collected in the dark with (c) highlight of the transition between the
diffusion and drift current regimes. No substantial differences in built-
in potential can be observed.

Figure 20.b shows the dark JV characteristics of the solar cells
with different top contacts. The observed trends in photovoltage
are not related with the diode dark JV curves, where all the solar
cells show rather low and comparable leakage current in low
voltage regime. There are several hypotheses to explain the
differences between the values of Vgc in the different devices.
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One reason could be a variation in diode built-in potential, which
might help to extract the majority of electrons from the
MAPbI3/Cg interface. However, in the dark JV curves (figure 20.c)
there is no appreciable difference in the built-in potential as a
function of the interlayer used.

Top contact FF (%) Voc (V£mV) [ Jsc (MAcm?) PCE (%)
BCP 77.8+2.8 1.13+3 20.5+0.1 18.1+0.2
Liq 77.6+1.9 1.13+4 20.4+0.3 18.1+0.3
BCP/Ba 67.1+1.9 1.11+2 20.7 £0.5 15.7+0.1
BCP/Liq 78.3+£0.2 1.12+6 20.6 +£0.7 18.4+0.2
Ba 71.8+1.8 1.15+7 20.7 £0.7 17.1 £0.6

Table 1. Average photovoltaic parameters with standard deviation o
extracted from JV curves for solar cells with different top contact.

In optoelectronic devices, non-radiative recombination reduces
the quasi-Fermi-level splitting (QFLS), and hence limits the
attainable Vgc. As in perovskites recombination takes place from
free charge carriers, the QFLS can be directly related to the
perovskite photoluminescence quantum yieId.116 With this in
mind, we performed PL measurements on full solar cells in an
integrated sphere, illuminating the device with a 515 nm laser.
To ensure having the same carrier concentration for all devices,
we adjusted the laser power so that the Jsc of the cells matched
the one obtained under simulated solar illumination. Figure 21.a
shows the PL spectra of all the devices with different top
contacts, exhibiting a maximum centred at 1.58 eV, regardless of
the top contact. The maximum intensity of the PL peak belongs
to the device with Ba top contact coated directly on Cgo, Which
indicates that the work function of Ba has a positive influence on
the charge carrier recombination in the solar cell.
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Figure 21. (a) Steady-state PL spectra of devices with different top
contacts, excited with a 522 nm laser at the intensity equivalent to 1
sun illumination. (b) Evolution of the PCE of devices with different top
contacts under continuous simulated solar illumination.

Devices with Lig and BCP showed the lowest PL intensity,
although they were characterized by a high Voc, while devices
employing BCP/Lig and BCP/Ba resulted in brighter PL. These
observations suggest that the final photovoltage is determined
by different competitive mechanisms. Interestingly, both the
work function of the electrode and type of interlayer can
influence the PL of the MAPbIs. One hypothesis to explain this is
the alteration of the MAPDbI; film work function directly by the
top surface. However, the direct measurement of the work
function of these materials is difficult as the interface is buried
within the device. It has been already reported that the
perovskite Fermi level can be modulated by changing the
substrate. For instance, p-type substrates induce a p-type

f.57'll7'118 Hence we can assume

character on the perovskite itsel
that the Fermi level of MAPbI; is influenced also by the top

contact.
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The stability of the perovskite solar cells was also evaluated by
measuring their power output under illumination and over time.
To measure the lifetime, the devices were encapsulated with UV-
curable resin and a glass slide, and were analysed under a
constant nitrogen flow at 25°C. The current-voltage curves were
recorded automatically every 10 min. The evolution of the PCE
over time for the device series is depicted in figure 21.b. Devices
employing Ba as the electrode (either alone or in combination
with BCP) show an initial fast rise in efficiency (to about 19%)
followed by a relative fast decay. This is expected as Ba is
extremely reactive, and hence a more rigorous encapsulation is
needed to avoid the presence of oxygen and/or moisture. Similar
decay profiles but with much longer stability was observed for
devices employing BCP and BCP/Liq in combination with the Ag
electrode. The device employing the thin Lig interlayer in
between Cgo and Ag showed an initial increase of efficiency (up to
19.5% after 1 day) again followed by a slow decay, reaching
about 16% after 6 days of operation. Several mechanisms
responsible for the degradation of perovskite solar cells have
been proposed, such as compositional degradation, halide and

metal ion migration.ll‘c"121

Among them, the main processes
driving the degradation of perovskite solar cell is the diffusion of
halides to the electrode, as well as the opposite migration of
metal atoms from the electrode the perovskite film.*?%!%
Considering this, the short lifetime for the solar cells with a thin
(2 nm) layer of Liq in between the C¢ and the Ag might be
related with a faster interdiffusion of species between the
electrode and the MAPbI; film. The additional barrier provided by
BCP can alleviate this effect, resulting in the longer lifetimes

observed here.
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4.3. Conclusion

We studied the effect of different interlayers, electrodes, and
their combinations on the performance of vacuum processed
MAPbI; solar cells. Two organic semiconductors, BCP and Lig as
electron transport materials were used in this chapter. Organic
semiconductors traditionally used in solar cells (BCP) and OLEDs
(Lig) can lead to devices with high rectification, fill factor, and
photovoltage. We also observed how the non-radiative
recombination reduces when exchanging Ag top contact with a
low work function metal, such as Ba. However, the device
stability drops in this case as a consequence of the higher
reactivity of the metal. Long-term device stability was observed
only in the presence of BCP, with or without the Lig buffer layer.
More studies should be carried out to understand the interplay
of metals and interlayers and their effect on the performance
and lifetime of perovskite solar cells.
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In perovskite solar cells, the choice of appropriate transport layers and electrodes is of great importance to
guarantee efficient charge transport and collection, minimizing recombination losses. The possibility to
sequentially process multiple layers by vacuum methods offers a tool to explore the effects of different
materials and their combinations on the performance of optoelectronic devices. In this work, the effect
of introducing interlayers and altering the electrode work function has been evaluated in fully vacuum-
deposited perovskite solar cells. We compared the performance of solar cells employing common
electron buffer layers such as bathocuproine (BCP), with other injection materials used in organic light-
emitting diodes, such as lithium quinolate (Liq), as well as their combination. Additionally, high voltage
solar cells were obtained using low work function metal electrodes, although with compromised
stability. Solar cells with enhanced photovoltage and stability under continuous operation were obtained
using BCP and BCP/Liq interlayers, resulting in an efficiency of approximately 19%, which is remarkable
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1 Introduction

Organic-inorganic lead halide perovskites are being widely
studied in thin-film optoelectronics and especially photovol-
taics," in view of their good semiconducting properties.> They
typically exhibit a high absorption coefficient, long carrier
diffusion length, high tolerance to chemical defects, and they
can be prepared as high quality thin-films through a variety of
deposition techniques.? In particular, perovskite thin-films can
be readily prepared by solution processing or vacuum methods
at low temperature, which is desirable when scaling up the
device fabrication.”” In perovskite solar cells, the photo-
generated charge carriers need to be efficiently and selectively
transported to the electrodes, minimizing non-radiative charge
recombination. For this reason, the perovskite film is typically
sandwiched in between organic or inorganic semiconductors,
acting as electron and hole transport layers (ETL and HTL,
respectively).® Several studies have been focused on the under-
standing of charge transfer and interfacial processes between
the perovskite, the ETLs, and the electrode, with the ultimate
goal of maintaining a high charge collection efficiency and to
abate non-radiative charge recombination.” Among ETLs,
notable examples are n-type metal oxides,® in particular TiO,
and SnO,, while the most widely adopted organic semi-
conductors are fullerene derivatives.” Fullerenes cannot only
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for simple methylammonium lead iodide absorbers.

selectively transport electrons between the perovskite and the
electrode, but are also capable to effectively passivate trap states
and mitigate ionic migration at the perovskite surface and at the
grain boundaries.'® Efficient electron extraction, ensuring high
open-circuit voltage (V,.) and fill factor (FF), requires matching
of the lowest unoccupied molecular orbital (LUMO) of the
fullerene with the electrode work function. In a first approxi-
mation, this can be simply attained by using low work function
electrodes such as calcium or barium,'**> although stable
metals (Ag, Au) can also lead to ohmic contacts with fullerenes
due to the formation of interfacial dipoles.”* Another
approach to reduce the energy mismatch between a semi-
conductor and an electrode is to increase the charge-carrier
density in the organic semiconductor through doping."*” In
p-i—n perovskite solar cells employing fullerene ETLs, typically
Ceo or 1-[3-(methoxycarbonyl)propyl]-1-phenyl-[6.6]Cs; (PCBM),
ohmic injection is ensured by depositing a thin interlayer
between the ETL and the electrode. This includes different
molecules such as  1,3,5-tri(m-pyrid-3-yl-phenyl)benzene
(TmPyPB)"® or (2-(1,10-phenanthrolin-3-yl)naphth-6-yl)
diphenylphosphine oxide (DPO),” inorganic salts such as
LiF,” or n-type metal oxides.** The most widely adopted
interlayer is a thin (5-10 nm) film of 2,9-dimethyl-4,7-diphenyl-
1,10-phenanthrolin (bathocuproine, BCP), which is sublimed
onto Cgo and covered with a silver or aluminium electrode. BCP
is a wide band gap material with a deep highest occupied
molecular orbital (HOMO, >6.5 eV) and shallow LUMO (3-
3.5 eV, Fig. 1a), which makes it suitable as exciton-blocking
layer in organic electronics.”**” By simply considering the flat
band energy diagram in Fig. 1a, BCP would not appear as

This journal is © The Royal Society of Chemistry 2020
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(a) Flat band energy diagram of the materials used as electron transport/injection layers and electrodes. (b) Device schematics with

thickness of all layers and highlight of the five different device structures studied in the paper.

a rational choice to match the energy levels of Cg, and Ag, as its
small electron affinity would hinder both the electron injection
and extraction at the Cgo/Ag interfaces. However, several reports
have shown a strong chemical reaction occurring upon thermal
vacuum deposition of Ag onto the BCP, and leading to the
formation of Ag-BCP organometallic complexes.>*** These
compounds would mediate charge transport due to the forma-
tion of new states well below the LUMO of pristine BCP, which
justifies the efficient electron injection/extraction properties of
BCP in optoelectronic devices.” This widely accepted view is
challenged by recent reports where BCP was found to efficiently
mediate electron transfer when placed in between an indium
tin oxide (ITO) electrode and Cgy, where the formation of
organometallic species is unlikely.*® In perovskite solar cells,
non-radiative recombination is dominant at dislocations, grain
boundaries, impurities as well as at the contact interface, and in
all cases it unavoidably diminishes the attainable open-circuit
voltage.*® Non-radiative recombination in the perovskite layer
can be regulated through controlled film crystallization/
processing, while interface recombination should be mini-
mized through the choice of suitable transport materials and
optimized device architectures.* The influence of interlayer
chemical and electronic properties on transport and recombi-
nation in vacuum-deposited perovskite solar cells has not been
fully investigated, although it is critical to modulate and maxi-
mize FF, V,. and stability. Here we studied the influence of
interlayers and cathode work function at the Cgq, interface in
vacuum-deposited p-i-n perovskite solar cells. In particular, we
compared BCP with 8-hydroxyquinolinolato-lithium (Liq,
Fig. 1a), a common electrode interlayer used in high efficiency
organic light-emitting diodes (OLEDs).**> Liq has HOMO and
LUMO energies of —5.6 €V and —3.2 eV from the vacuum level,
respectively,® and has the advantage of being easily processed
by thermal evaporation or solution.**** As for the case of BCP,
the electron injection mechanism of Liq is not completely
understood, but the most accepted hypothesis is that it is able
to release metallic lithium upon reaction with the metallic
cathode, leading to interfacial reduction of the underlying
ETL.*** In this work, we compared fully vacuum-deposited
MAPI solar cells employing organic semiconductors as the
transport and injection materials. We examined the influence of
different thin electron injection layers and of the metal work

This journal is © The Royal Society of Chemistry 2020

function on the performance of p-i-n solar cells, where the
electron transport layer is deposited on top of the perovskite
and before the metal electrode. We compared the performance
of the devices using BCP, Liq or combinations of them, using
either Ag or Ba as the top electrode. We identified that while low
work function metals can enhance the open-circuit voltage, they
do it at the expense of the fill factor and especially of the
stability. Using bare BCP or a combination of BCP and Liq led to
solar cells with improved rectification, high photovoltage, and
long-term stability.

2 Results and discussions

Details of preparation and characterization of materials and
devices are reported in the experimental section. Briefly, we
processed a 650 nm thick MAPI film and employed it in the
fabrication of p-i-n perovskite solar cells. All layers were
prepared by vacuum sublimation of the corresponding inor-
ganic or organic materials in high-vacuum chambers. A scheme
of the device structure is reported in Fig. 1a. A thin layer of
molybdenum oxide (MoO;, 5 nm) was deposited onto pre-
patterned ITO-coated glass slides, acting as hole injection
layer (HIL). As the HTL we used a 10 nm thick N*,N* N" N""-
tetra([1,1"-biphenyl]-4-yl)-[1,1:4,1"-terphenyl]-4,4"-diamine
(TaTm) film, while Cg, was used in all cases as the ETL on top of
the perovskite. We then finished the devices using 5 different
variations of interlayers and metals (Fig. 1b), namely BCP (8
nm)/Ag, Liq (2 nm)/Ag, Ba (5 nm)/Ag, and the combinations BCP
(8 nm)/Ba (5 nm)/Ag and BCP (8 nm)/Liq (2 nm)/Ag, where Ag is
100 nm thick in all cases. The latter two combinations were
chosen to assess whether BCP can be used in combination with
a low work function metal (Ba), or when not in contact with Ag
(using a Liq interlayer). To ensure sufficient statistics, for each
device configuration, at least 2 different substrates each con-
taining 4 cells were evaluated, while for top performing
configurations at least 5 different substrates with a total of 20
cells were characterized. The overlap area between the metal
and ITO electrode was 6.51 mm?” (2.1 x 3.1 mm?®) and the solar
cell characteristics were measured under illumination with a 4
mm?” mask to accurately determine the short circuit current
(Jsc), and without a mask to avoid erroneous determination of
both open-circuit voltage and fill factor.*®

RSC Adv, 2020, 10, 6640-6646 | 6641
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We initially tested the optoelectronic properties of the
devices by measuring the current density-voltage (/-V) curves
under AM 1.5G simulated sun illumination at the intensity of
100 mW cm > (Fig. 2a and Table 1). Very small and negligible
differences were observed between forward (from short to open
circuit) and reverse (from open to short circuit) scans. The lack
of hysteresis in the j-V curves suggests that no charge accu-
mulation takes places at the perovskite/transport layers’ inter-
face, indicating good energy level matching among the different
materials. All solar cells were characterized by a similar Jg. of
approximately 20.5 mA cm ™%, which is reasonable as all devices
share the exact same stack of materials at the front contact, and
the internal field is sufficient to overcome eventual energy
barriers induced by the use of different ETLs. The internal
reference device with BCP/Ag top contact delivered a high V,,. of
1.13 V with good rectification (FF of 77.6%), resulting in a PCE
of 18.1% on average. When exchanging BCP for Liq, we
observed that the photovoltaic parameters are essentially
unvaried, leading to a V,. of 1.13 V and a PCE of 18.1% on
average. Devices employing BCP in combination with the low
work function Ba electrode exhibited a low FF (67.1%) sug-
gesting hindered charge extraction, despite of the ohmic BCP/
Ba electron transport interface. Most likely, with this device
structure the electron extraction is limited by the large potential
difference between the LUMOSs of Cg, and BCP, and there is no
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beneficial interaction between BCP and Ba, as often reported for
BCP in combination with Ag and Al This is an additional
indirect evidence that indeed metals such as Ag and Al do
interact with BCP leading to the formation of new species and of
an additional density of states below the BCP LUMO, as
described above. The V,. was also found to be slightly lower
(1.11 V), and the overall efficiency was 15.7%. More interesting
is the other device variation where we included Liq as interlayer
between BCP and Ag. The diodes with BCP/Liq/Ag top contact
exhibited a V,,. = 1.12 V, slightly higher compared to those with
BCP/Ba, but with a much better rectification, as the FF
approached 80% with small pixel-to-pixel variation. The latter
observation might suggest that the chemical interaction
between BCP and Ag takes place even in the presence of the Liq
interlayer, due to its very low thickness (2 nm).

Finally, the solar cells employing the top Ba electrode
deposited directly on the Cq, ETL delivered the highest V. of
1.15 eV, even though at the price of a small decrease in FF. The
observed trends in photovoltage were not related with the diode
dark J-V characteristics (Fig. 2b), where all solar cells showed
rather low and comparable leakage current in the low voltage
regime. In this regime, the minimum of the current density for
devices with Ba and Liq appeared at low negative voltage,
indicating a small carrier accumulation within the device. Only
devices finished with Ba were found to have a slightly higher
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(a) Representative J-V curves measured under simulated solar illumination in forward (short to open circuit) and reverse (open to short

circuit) scan direction for each studied device. Due to the lack of hysteresis the two scans are indistinguishable. (b) J-V characteristics collected
in the dark. Statistics on the (c) FF and (d) Vo as a function of the top contact used.
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leakage, but that is also not reflected in the measured V,, which
was the highest across the entire device series.

While still a topic of debate, it is commonly accepted that
a good energy level alignment is favourable for the carrier
extraction (FF) and to limit recombination (increase V,) at the
transport layer/perovskite interface.” In our case, however, the
MAPI/ETL interface is unvaried, as in all device variations we
have employed Ce, in contact with the perovskite. One effect
responsible for the difference in V,. could be a variation of the
diode built-in potential, which might help remove the majority
carrier (electrons) from the MAPI/Cg, interface. However, we did
not observe appreciable differences in the built-in potential
across the series of devices (Fig. S17).

At open-circuit all photogenerated charge carriers recom-
bine, and non-radiative recombination will reduce the quasi-
Fermi-level splitting (QFLS), and hence limit the attainable
photovoltage. As in perovskites recombination takes place from
free charge carriers, the QFLS can be directly related to the
perovskite photoluminescence quantum yield.*® Hence, we
performed photoluminescence (PL) measurements on full
devices with the different top contacts. In order to compare the
PL, we characterized the solar cells in an integrated sphere,
illuminating the pixel with a 522 nm laser. We adjusted the laser
power so that the Ji. of the cells matched the one obtained
under simulated solar illumination, ensuring to have the same
carrier concentration for all devices. All the PL spectra were
taken with an integration time of 1 s.

The series of devices exhibited PL spectra with maxima
centred at 1.58 eV (Fig. 3), independently on the top contact
composition, but with different intensity. In general, V. fluc-
tuations can be ascribed to a variation of the non-radiative
recombination rates (change of the PL quantum yield) in the
device. In particular, the more intense PL (and V,,) observed for
solar cells capped with Ba indicates that the electrode work
function has indeed an important role on the charge carrier
recombination dynamics of the perovskite film, even across the
Ceo film. On the other hand, devices with BCP and Liq showed
the lowest PL intensity, while the combined BCP/Liq and BCP/
Ba top contacts were found to lead to brighter PL. The solar
cells with BCP and Liq interlayers were characterized by a high
Voe, although not accompanied by a proportionally intense PL
signal, suggesting other competitive mechanisms determining
the final photovoltage. It is important to note that the trends
observed in the PL might be affected, at least partially, to
transient phenomena which will be discussed below. The fact
that both the electrode work function and type of interlayers can

Table 1 Average photovoltaic parameters with standard deviation o
extracted from J-V curves for solar cells with different top contact

Top contact FF (%) Voe (V) £ ¢ (mV)  Joe (MA cm™?) PCE (%)

BCP 77.8 £2.8 113243 20.5 £ 0.1 18.1 + 0.2
Liq 77.6 £1.9 1.130 £ 4 20.4 £0.3 18.1 £ 0.3
BCP/Ba 67.1+19 1.115+2 20.7 £ 0.5 15.7 £ 0.1
BCP/Liq 783 £0.2 1123 +6 20.6 £ 0.7 18.4 + 0.2
Ba 71.8 £1.8 1147+ 7 20.7 £ 0.7 17.1 £ 0.6

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Steady-state PL spectra of devices with different top contacts,
excited with a 522 nm laser at the intensity equivalent to 1 sun
illumination.

influence the MAPI PL, even when the adjacent Cgy ETL is
unvaried, reflects some of the unique properties of perovskites.
It has been widely reported that the perovskite Fermi level can
be drastically modulated by choosing the appropriate
substrate.* In particular, p-type substrates (NiO,, or MoO;)
impose a p-type character on the perovskite itself, and the same
but opposite mechanism is true for n-type materials, such as
metal oxides or low work function surfaces in general.***!
Within this perspective, we can reasonably envision that the
Fermi level of the MAPI films is directly influenced also by the
top surface (the top contacts studied here). The work function of
these materials is, however, very difficult to probe as the inter-
face is buried within the device.

We further investigated the characteristics of the series of
solar cells by measuring their behaviour as a function of time,
under continuous simulated solar illumination. The devices
were encapsulated with UV-curable resin and a glass slide, and
kept at 25 °C under a nitrogen flow (max relative humidity 10%),
to minimize the effect of the environmental degradation. The
maximum power point was continuously tracked and we also
measured the device V,,. every 10 minutes. The evolution of the
PCE over time for the series of devices are depicted in Fig. 4a.
We can distinguish three types of behaviour for the device
series. The solar cells employing Ba as the electrode (either
alone or in combination with BCP) showed an initial fast rise in
efficiency (to about 19%) followed by a relative fast decay of the
device performance. After 2 days of continuous operation, the
PCE for both devices was found to be already below 16%. This is
expected as Ba is extremely reactive, and its implementation
requires very rigorous encapsulation to ensure the absence of
oxygen and/or moisture. On the contrary, the devices employing
BCP and BCP/Liq in combination with the Ag electrode were
found to be much more stable, and with rather similar decay
profile. After 2 weeks of continuous operation, the device with
BCP/Liq top contact still delivered a PCE of 15.5%, while the

RSC Adv, 2020, 10, 6640-6646 | 6643
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reference cell with only BCP showed an efficiency of 14.5%. Also
in this set of devices we noted an initial rise of PCE to about 18%
and 19% for cells with BCP and BCP/Liq top contacts,
respectively.

The solar cell employing the thin Liq interlayer in between
Ceo and Ag showed a different behaviour, with an initial notable
increase of the efficiency (up to 19.5% after 1 day) followed by
a monotonic decay of the PCE, reaching about 16% after 6 days
of operation. Apart from the perovskite intrinsic instability, the
main processes driving the degradation of perovskite solar cells
are the diffusion of halides to the electrode,” as well as the
opposite migration of metal atoms from the electrode to the
perovskite film.** With this in mind, we can reasonably ascribe
the short lifetime observed for the cells with only 2 nm thick
layers of Liq in between the Cgq, and Ag, to the faster interdif-
fusion of species between the MAPI film and the electrode.
When BCP is used, it can alleviate this effect just because of the
additional barrier it introduces, but likely also thanks to the
ability of BCP to coordinate Ag atoms, as discussed above,
which might slow down the metal diffusion. An interesting
feature of the measurements under continuous illumination is
the initial performance increase observed for the solar cells,
independently on the top-contact used (although Ba was found
to speed up the device degradation, as compared to the other
interlayers). In particular, the open-circuit voltage was found to
increase in all cases of about 40 to 50 mV, as illustrated in
Fig. 4b. Considering that the variations are similar and virtually
independent on the type of top-contact, their origin is most
likely a consequence of a reduction of the non-radiative
recombination within the MAPI film. A similar behaviour was
previously observed in efficient vacuum-deposited n-i-p
perovskite solar cells.” It has been widely reported that, under
continuous illumination, the density of shallow traps can be
reduced, leading to a decrease of the non-radiative recombi-
nation rate.*** Interestingly, here we observed maximum V,,
close to 1.16 V for solar cells with BCP, Liq or their combina-
tions, and up to 1.185 V for devices employing Ba as the elec-
trode. Although in the latter case the stability was found to be
very limited, these voltage values are among the highest re-
ported for vacuum-processed MAPI solar cells.'>**
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3 Conclusion

In summary, we have studied the influence of different inter-
layers, electrodes, and their combinations on the performance
and especially the photovoltage of vacuum-processed perovskite
solar cells. Organic semiconductors traditionally used in solar
cells (BCP) and OLEDs (Liq) can lead to devices with high
rectification, fill factor, and photovoltage. Furthermore, we have
observed that the use of low work function metals, such as Ba,
can be beneficial for the reduction of non-radiative recombi-
nation, although at the expenses of the device stability. Long-
term device stability was observed only in the presence of
BCP, with or without the Liq buffer layer. Future studies will
address this aspect, trying to introduce low work function
surfaces without undermining the device operation under
continuous illumination.

4 Experimental section
4.1 Thin film and device preparation

To prepare the devices, the layers were deposited on ITO-coated
glass substrates. The substrates were cleaned using soap, water,
and subsequently isopropanol in an ultrasonic bath, followed
by a UV-ozone treatment. The substrates were transferred into
a nitrogen-filled glovebox (H,O and O, < 0.1 ppm) equipped
with a vacuum chamber with pressure lower than 10~® mbar.
MoO; and TaTm layers were deposited at rates of 0.1 and 0.4 A
s~ ', respectively. The MAPI films were deposited by co-
evaporation of MAI and Pbl, precursors simultaneously at the
rates of 1.0 and 0.6 A s~', respectively. The rates of the co-
evaporation and the thickness of each layer were controlled by
using three quartz crystal microbalance sensors. After deposi-
tion of the perovskite film, C¢, was evaporated at a rate of 0.4 A
s~ ! with the source temperature at 380 °C, and subsequently
a thin layer (8 nm) of BCP was sublimed at a rate of 0.3 A s™*
with a source temperature of 150 °C. Liq (2 nm) was deposited at
arate of 0.1 A s™'. Ba (5 nm) and Ag (100 nm) were evaporated in
another vacuum chamber using molybdenum boats as sources
by applying a current of 1 A and 3-4 A, respectively.
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4.2 Device characterization

The J-V curves for the solar cells were recorded using a Keithley
2612A SourceMeter in a —0.2 and 1.2 V voltage range, with
0.01 V steps and integrating the signal for 20 ms after a 10 ms
delay, corresponding to a speed of about 0.3 V s~ *. The devices
were illuminated under a Wavelabs Sinus 70 LED solar simu-
lator. The light intensity was calibrated before every measure-
ment using a calibrated Si reference diode. Solar cell stability
measurements (photovoltaic parameters versus time) were
recorded using a maximum power point tracker system, with
a white LED light source under 1 sun equivalent, developed by
candlelight. During the stability measurements, the encapsu-
lated devices were exposed to a flow of N, gas; temperature was
stabilized at 300 K during the entire measurement using
a water-circulating cooling system controlled by a Peltier
element; J-V curve measurements were performed every 10 min.

4.3 Photoluminescence measurements

The photoluminescence of the full devices was measured with
an Avantes AvaSphere-50-REFL integrating sphere connected to
a 600 nm long-pass filter and an Avantes Avaspec2048 spec-
trometer. The devices were illuminated with a diode laser of
integrated optics, emitting at 522 nm. The laser power was
adjusted so that the short-circuit current via laser illumination
matched the short-circuit current obtained from the measure-
ment with the solar simulator. All the spectra were taken with
an integration time of 1 s.
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Figure S1. IV curves in the dark for solar cells with different top contacts. The region highlights the
transition between the diffusion and drift regimes. No substantial differences in built-in potential can be
found.
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Top contact FF (%) Vo (V) Jsc (MA cm??) PCE (%)

BCP 79.7 1.135 21.8 18.9
Liq 79.2 1.136 21.8 19.1
BCP/Ba 75.3 1.116 21.3 17.8
BCP/Liq 80.1 1.130 21.7 18.8
Ba 79.7 1.155 21.8 18.9

Table S1 Maximum photovoltaic parameters extracted from J-V curves for different top contacts.
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Chapter 5.
Efficient vacuum deposited p-i-n perovskite

solar cells by front contact optimization
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5. Efficient vacuum deposited p-i-n perovskite solar cells
by front contact optimization
5.1. Introduction

As described in chapter 1, there are two main solar cell
structures, termed n-i-p and p-i-n. In both structures, the
perovskite absorber layer is sandwiched in between the charge
selective layers, HTL and ETL. Each transport layer is responsible
for transporting only a specific type of carrier by blocking the
opposite one. To develop highly efficient solar cells, it is crucial to
understand and optimize the properties of these charge selective
layers. In p-i-n solar cells, the HTL plays a significant role in the
overall device functioning, as the carrier concentration at the
front HTL/perovskite contact is higher. As mentioned before, a
suitable HTL should confine electrons and efficiently extract
holes, avoiding non-recombination losses at the HTL/perovskite
interface. To ensure such selectivity, the HOMO of the HTM
should be aligned with the valence band maximum of the
perovskite (-5.4 eV for MAPbIs), while its electron affinity should
be low enough to efficiently block electrons within the
perovskite. For this reason, wide bandgap semiconductors are
often used as HTLs. Furthermore, the choice of the HTL has a

substantial effect on the device stability and lifetime.*?*

Apart
from the energy level alignment with the perovskite, an ohmic
contact between the HTL and the charge collecting electrode is
essential to ensure efficient charge collection. A transparent
electrode which is widely adopted in p-i-n solar cells is ITO, with a
work function of approximately 4.7 eV. As the requirement for a
HTL is to match the perovskite valence band maximum, the
energy difference between ITO and the perovskite leads to a
barrier for the hole injection/extraction of up to 0.7 eV. One

common approach to reduce this barrier is to use a high work
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function interlayer between the electrode and the HTL, most
commonly a metal oxide such as NiO,, V,0s or M003_1°1’1°8’125'126
MoQs is a promising and versatile material due to the ease of
processing, non-toxicity, ambient stability, and very high work

127

function.”” MoOs was initially used in OLEDs as a hole injection

layer and later in organic solar cells as an anode buffer

66,101,128,129

layer. MoOs have been also used in perovskite solar

cells as an interfacial layer between the anode and the hole

transport layer to improve the hole transportation.*%**

In p-i-n
solar cells, the use of a hole injection/extraction interlayer results
in a reduction of the series resistance, leading to high FF, Jsc and
enhanced PCE. The thin-film processing procedure has an
important effect on the electronic properties of MoOs. MoOs can
be easily processed both from solution and vacuum deposition

. 125,132,1
techniques. 132133

Thermal vacuum deposition provides a
precise control over the film thickness and is suitable for
fabrication of multilayer devices without complications related
with the use of solvents (redissolution or intermixing of
underlying films). The quality and properties of vacuum-
deposited films varies with the chamber pressure, the source
temperature and the deposition rate. Post-deposition
treatments, such as annealing temperatures can also affect the
deposited films and subsequently the solar cell

134,135
performance.

In this chapter we study the effect of post-deposition treatments
of MoQs films at the interface with HTLs in perovskite solar cells.
The HTL which was used is TaTm and the whole stack has the
following configuration: ITO/MoQs/TaTm/MAPbls/Cso/BCP/Ag.

We investigated and compared the effect of annealing MoOQ;
prior to the deposition of TaTm and annealing the MoOs/TaTm
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together. We examined a broad range of temperatures from 60
to 200 °C.

5.2. Results and discussion

Figure 22 represents the JV curves under simulated solar
illumination for the two series of solar cells with the p-contact
annealed at temperatures varied from 60 °C to 200 °C. In almost
all the temperatures tested, the solar cells in which the annealing
of the p-contact was performed after the deposition of TaTm
(blue curves) showed higher FF compared to devices with
annealing performed before the deposition of TaTm (orange
curves). This means that charge carrier extraction/injection are
enhanced when the annealing is carried out on the MoO3/TaTm
bilayer.

To get a more complete picture of the device characteristics, the
PV performance parameters extracted from the JV curves are
shown in figure 23 as a function of the annealing temperature.
All devices exhibited a similar Jsc of about 19—-20 mA cm™. Slight
fluctuations in the values recorded for the Jsc originated from
batch to batch variations in the MAPbI; deposition process.
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Figure 22. JV curves under simulated solar illumination for two series of
solar cells, with annealing of the p-contacts performed before (orange
line) or after (blue line) the deposition of TaTm.
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Figure 23.B shows an increase in the Voc when increasing the
temperature from 60 °C to 100 °C for both series of devices.
Interestingly, for the cells with annealed MoOs/TaTm bilayers,
the Voc was found to be high and stable (>1.12 V) even for
annealing temperatures above 100 °C.
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60 80 100 120 140 160 180 200 60 80 100 120 140 160 180 200
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Figure 23. Photovoltaic parameters extracted form JV curves under
simulated solar illumination, for solar cells with the MoOs/TaTm
contacts annealed at different temperatures. The blue symbols indicate
that the annealing was carried out on the MoO;/TaTm bilayer, while
orange symbols correspond to devices where the annealing was carried
out on the MoO; prior to depositing TaTm. Lines are a guide to the eye
for the reader.

On the contrary, the voltage was lower and progressively
decreasing for the cells with only annealed the MoOs layer (<1.11
V). For the cells with the annealed MoOs/TaTm bilayer, the FF
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increases from 73% (at 60 °C) to about 80% (in the 120 — 200 °C
range), while for the devices with annealed MoOs prior to the
deposition of TaTm, the FF shows a constant value of about 73%
up to 140 °C, and afterwards a continuous decrease down to 65%
(figure 23.C). The evolution of the PCE vs. annealing temperature
(figure 23.D) follows rather similar trends as the FF for both
device series.

Illuminated and dark JV curves of the devices annealed at optimal
temperature (140 °C) are shown in figure 24. A high V¢ (1.105 V)
and Jsc (20 mA cm™), but reduced FF (73%) were observed for the
device with the p-contact annealed before the deposition of
TaTm layer. The low FF is caused by the reduced slope of the JV
curve after the maximum power point (> 0.8 V), which is an
indication of the presence of high series resistance in these cells,
which results in hindered charge extraction/injection. Hindered
charge extraction may lead to charge accumulation at the
interface and subsequently increases the probability of non-
radiative recombination. On the contrary, solar cells with the p-
contact annealed after the deposition of TaTm led to devices
with high FF (80%), indicating that the charge carrier extraction is
improved. This can be clearly seen form the dark JV curves,
where the slope of the diffusion region (0.5 - 1 V) as well as the
current density recorded at 1.2 V outperform those of the other
type of devices.
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Figure 24. (A) Illuminated and (B) dark JV curves (forward and
backward) of ITO/MoO3/TaTm/MAPbl;/Cg,/BCP/Ag solar cells for which
the annealing of the MoO; layer was performed at 140 °C before
(orange line) or after (blue line) the deposition of the TaTm layer.

The performance of the solar cells with the optimum annealing
temperature (140 °C) were also investigated as a function of the
incident light intensity, as summarized in figure 25. Diode
ideality factors (IF) of 1.9 and 1.4 have been calculated for the
low (0.1 — 10 mW cm™) and high (10 — 100 mW cm™) intensity
regimes, respectively, with no significant difference for the two
sets of devices (figure 25.A-B). However, the Voc was found to be
systematically larger when annealing the TaTm layer on top of
the MoOs buffer layer, indicating that non-radiative
recombination is reduced with this p-contact.
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Figure 25. Light intensity dependent characterization of perovskite
solar cells with p-contacts annealed at 140 °C. The intensity dependent
open-circuit voltage for cells with annealing on (A) bare MoO; and on
(B) the MoOs/TaTm bilayer has been fitted to extract the ideality
factor, reported in the graphs. The dependence of the FF for cells
employing annealed (C) MoO; or (D) MoQOs/TaTm bilayers is also
reported.

The calculated IF = 1.9 at low carrier concentration suggests a
dominant trap-assisted recombination in the bulk of perovskite,
while at higher light intensities the IF = 1.4 is likely reduced due
to surface recombination at the front contact.**

Figure 25. C-D shows the trend of the FF with increasing light
intensity. For devices with MoO; annealed before coating the
TaTm layer, no clear trend can be seen (figure 25.C), which can
be an indication of the presence of an extraction barrier at the
Moos/TaTm interface, which does not lead to recombination (as
the intensity dependent Voc is similar to the other devices). The
existence of the potential barrier at the MoQOsz/TaTm interface
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hinders efficient charge collection at the p-contact, reducing the
FF (< 77%) of the solar cells. This barrier would also justify the
series resistance observed for these diodes (figure 24. B). For the
higher efficiency devices with the annealed MoOs/TaTm bilayer
(figure 3.D), the decreased FF at low light intensity (low carrier
concentration) indicates that traps dominate this regime, in
agreement with the trend observed for the photovoltage (figure
23.B).

Figure 26 shows Kelvin probe measurements performed (in air)
on the surface of MoOs; as a function of the annealing
temperature. It shows a WF of 5.05 eV for the sample annealed
at 60 °C, while for higher temperatures, the MoO3; WF was found
to decrease by approximately 0.2 eV. The WF reduction is in
agreement with the trend of FF observed in figure 23.C for cells
in which annealing was carried out on the MoO; film before
deposition of TaTm. This suggests that the WF of the electrode
might be responsible for the extraction barrier and
recombination at the front contact. Greiner et al. reported that
increasing oxygen vacancies results in lowering the work function
(WF) of Mo03. "%

5.10

WF / eV

60 80 100 120 140 160 180 200

Annealing Temperature / °C

Figure 26. Effect of annealing temperature on the WF of the surface of
MoOQ; thin films deposited on ITO-coated glass slides.

87



As mentioned in chapter 2, Kelvin probe measurement is a
surface sensitive technique; hence we could not extract
meaningful information for the MoQ; films coated with TaTm. In
this case, the loss of oxygen upon annealing might be hindered
by the presence of a physical barrier of TaTm on top of MoO;
which results in better ohmic contact within the MoOs/TaTm
interface.’®

5.3. Conclusion

We observed that the PCE of p-i-n PCSs can be substantially
improved by post-deposition annealing at the interface of
MoOs/TaTm HTL. Large improvements in FF (>80%) and PCE
(18%) were achieved when the TaTm layer was deposited and
annealed together with the MoOs layer, with optimal results
obtained for an annealing temperature of 140 °C. The improved
performance for solar cells with annealed ITO/MoOs bilayers is
likely related with an intimate interaction between the two
materials, which minimizes the energy barrier for hole transfer at
their interface.
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Hole transport layers (HTLs) are of fundamental importance in perovskite solar
cells (PSCs), as they must ensure an efficient and selective hole extraction,
and ohmic charge transfer to the corresponding electrodes. In p-i-n solar cells,
the ITO/HTL is usually not ohmic, and an additional interlayer such as MoOgs
is usually placed in between the two materials by vacuum sublimation. In
this work, we evaluated the properties of the MoOs/TaTm (TaTm is the HTL
N4,N4,N4” N4 -tetra([1,1’-biphenyl]-4-yl)-[1,1":4",1”-terphenyl]-4,4” -diamine) hole
extraction interface by selectively annealing either MoQOg (prior to the deposition of
TaTm) or the bilayer MoOg/TaTm (without pre-treatment on the MoQg), at temperature
ranging from 60 to 200°C. We then used these p-contacts for the fabrication of a large
batch of fully vacuum deposited PSCs, using methylammonium lead iodide as the active
layer. We show that annealing the MoOg/TaTm bilayers at high temperature is crucial to
obtain high rectification with low non-radiative recombination, due to an increase of the
electrode work function and the formation of an ohmic interface with TaTm.
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Perovskite solar cells (PSCs) are at the forefront of emerging photovoltaics materials, as
demonstrated by the continuously rising power conversion efficiency (PCE) (Green et al., 2019).
Achieving high conversion efficiencies requires placing the perovskite absorber in between selective
charge transport layers that direct charge carriers to the appropriate electrodes for extraction
(Pham et al.,, 2019; Shin et al.,, 2019). The choice of suitable charge selective materials depends
on the type of device architecture used, the particular perovskite absorber, and on the thin-film
processing technique. PSCs can be prepared in different architectures, depending on the polarity
of the transparent electrode, normally a transparent conductive oxide (TCO) coated on a glass
substrate. If the TCO front electrode is used as the p-contact, the structure is referred to as
p-i-n, while if electrons are collected at the front contact, the solar cell is termed n-i-p. In p-i-n
solar cells, the most common TCO is indium tin oxide (ITO), which is coated with a suitable
hole transport layer (HTL) to selectively shuttle holes from the perovskite to the electrode. The
hole transport material (HTM) should have a highest occupied molecular orbital (HOMO) or
valence band close in energy to the perovskite valence band, as any mismatch would introduce
losses in charge extraction or recombination (Schulz et al., 2015). Common molecular HTMs are
arylamine derivatives (either polymers or isolated “small” molecules) and polythiophenes, due to
their favorable hole mobility and suitable energy level alignment with most perovskite absorbers
(Pham et al., 2019). While in some circumstances the direct ITO/HTL p-contact can lead to very
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efficient charge collection (Al-Ashouri et al., 2019; Liu et al.,
2019), the interface is not ohmic, and an additional interlayer
is usually placed in between the ITO and the HTL (Schloemer
etal, 2019). Common interface materials are high work function
molecules (Avila et al., 2018), doped organic semiconductors
(Momblona et al,, 2016; Schloemer et al., 2019), or metal
oxides such as MoQOj, V,0s5, and W,03 (Shin et al., 2019).
MoO3 is widely adopted as it can be deposited in thin-films
by simple thermal vacuum sublimation, resulting in quasi-
ohmic interfaces (Schulz et al, 2016). The use of vacuum
deposition for transport layers and in particular for the
perovskite gives several advantages over solution techniques.
The thickness of each layer can be finely controlled, the
materials purity is enhanced, and, more importantly, vacuum
deposition methods are intrinsically additive, meaning that
multilayer devices can be prepared without issues such as
intermixing or partial redissolution of materials which are
common to solution processing (Avila et al., 2017). Recently,
we have demonstrated the first vacuum-deposited PSCs with
metal oxides at both the electron and the hole transporting
layers (ETL and HTL) (Pérez-del-Rey et al, 2019). Both
the p-i-n or n-i-p structures used MoOs at the p-contact,
in combination with N4,N4,N4”,N4”-tetra([1,1’-biphenyl]-4-
y1)-[1,1":4',1”-terphenyl]-4,4”-diamine (TaTm, Figure 1) as the
HTM. In this work, we study the MoO3/TaTm interface and use
post-deposition treatments in order to ensure an ohmic contact
at the interface, demonstrating that a high work function MoO3 is
required to obtain high efficiency, vacuum deposited p-i-n PSCs.

For this study we used the following device configuration
(Figure 1): ITO/MoO3 (5nm)/TaTm (10 nm)/MAPI
(600nm)/Csp (25nm)/BCP  (8nm)/Ag (in which Cgp is
fullerene; BCP is bathocuproine and MAPI is methylammonium
lead iodide). TaTm and Cgo are intrinsic organic materials for
charge selection, and MoO3 and BCP are p- and n-contacts for
efficient extraction of the photogenerated holes and electrons,
respectively (Pérez-del-Rey et al.,, 2019; Zanoni et al., 2019). All

the layers in the device, including the MAPI perovskite film, were
deposited by vacuum-assisted thermal evaporation, as described
in the experimental section in the Supporting Information.
To ensure sufficient statistics, for each device configuration, at
least two different substrates each containing four cells were
evaluated, while for top performing configurations at least five
different substrates with a total of 20 cells were characterized.
Due to the limited number of substrates (5) that can be
processed in the setup used for these experiments, samples
were fabricated through several perovskite deposition runs.
Hence, small batch-to-batch variations might also contribute
to the deviations observed in the photovoltaic parameters. We
evaluated the properties of the MoO3z/TaTm hole extraction
interface by selectively annealing either MoO3 (prior to the
deposition of TaTm) or the bilayer MoO3/TaTm (without
pre-treatment on the MoO3), at temperature ranging from 60
to 200°C in a nitrogen atmosphere for 10 min. We then used
these p-contacts for the fabrication of solar cells as described
above. The series of devices was initially characterized under
simulated solar illumination by measuring the current density vs.
voltage (J-V) curves and extracting the relevant PV performance
parameters (Figure 2).

As depicted in Figure 24, all devices exhibited similar short-
circuit current densities (Jsc) in the 19-20mA cm™2 range,
with small fluctuations originated from common batch-to-batch
variability in the MAPI perovskite film properties. A difference
in the temperature dependence can be observed for the open-
circuit voltage (V, Figure 2B), but especially for the fill factor
(FE, Figure 2C). For both device series, we noted an increase in
the photovoltage from 60 to ~100°C, after which the V. was
found to be high and stable (>1.12 V) for the cells with annealed
MoO3/TaTm bilayer, or lower and progressively decreasing
for the cells with annealed MoO3; (until <1.11V). The FF
(Figure 2C) was found to steadily increase from 73% (at 60°C)
to about 80% (in the 120-200°C range) for devices employing
the annealed MoOs3/TaTm bilayer. An opposite behavior was
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the p-contacts performed at 140°C before (orange line) or after (blue line) the deposition of TaTm.

observed when annealing the MoOs3 prior to the deposition of
TaTm. In this case the FF is rather constant at 72-73% until
140°C, when it starts to progressively decrease reaching values
of ~65% at 200°C. The evolution of the V. and especially of
the FF with the temperature determine the overall PCE. For
solar cells with annealed MoOj3/TaTm bilayers, the PCE steadily
increases from 60°C (16.5%), reaching a maximum of 18% at
140°C, and only slightly diminishing to still above 17% for higher

temperatures. On the other hand, the PCE of devices where
annealing is carried out on the bare MoO3 peaks at 140°C (at
16.5%), but it is strongly limited at higher temperatures, with
values below 14% for p-contact annealed at 200°C.

The representative J-V curves under simulated solar
illumination for the two types of device with p-contact annealed
at 140°C are reported in Figure 3 (J-V curves for all the other
investigated annealing temperatures are reported in Figure S1).
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The device with a MoOj3 layer annealed before TaTm deposition
exhibited fairly high Vo of 1.105V and Ji of 20mA cm~2, but
with a rather poor FF of 73%. This is caused by the reduced
slope of the J-V curve after the maximum power point (>0.8 V),
which reveals the presence of a high series resistance in these
cells (hindered charge extraction/injection). The lower V. is
likely related to the extraction issue, as charge accumulation
at the interface can increase the probability of non-radiative
recombination, as well as to the higher leakage current (J-V
curves in dark, Figure 3B). On the contrary, having the TaTm
top-layer deposited and annealed together with MoOj3 led to
solar cells with high rectification (FF = 80%), meaning that
charge carrier extraction and injection are enhanced. This can
be clearly seen form the dark J-V curves, where the slope of the
diffusion region (0.5-1V) as well as the current density at 1.2V
outperform those of the other type of devices.

The same set of solar cells with the optimum annealing
temperature (140°C) were also studied as function of the
incident light intensity, as summarized in Figure4. The V,
dependence for both devices (Figures 4A,B) showed a higher
slope at low light intensity, reduced when approaching 1
sun equivalent illumination (10-100 mW cm~2). Fitting the
logarithmical dependence of the V,. with the light intensity
resulted in diode ideality factors (IF) of 1.9 and 1.4 for the
low and high intensity regime, respectively. This behavior
can be rationalized on the basis of a dominant trap-assisted
recombination (IF = 2) in the bulk of the perovskite at low carrier
concentration, and the appearance of surface recombination
at the front contact (lowering the IF) which saturates the
Vo at higher light intensity (Tress et al., 2018). The trend

of intensity-dependent current density for the same devices
(Figure S2) also suggest hindered charge extraction (increased
recombination) at high light intensity, as the power factor o
becomes < 1.

While no substantial differences could be discerned for the
two set of devices, the V. was found to be systematically larger
when annealing the TaTm on top of the MoOs buffer layer,
indicating that non-radiative recombination is reduced with
this p-contact.

The recombination processes and presence of traps can also
be deduced from the trend of the FF with decreasing light-
intensity. In a pure trap-assisted recombination regime, the FF
decreases with decreasing light intensity as the trap density is
constant while the carrier concentration diminishes. For free-
carrier recombination, the FF would increase monotonically
when decreasing the light intensity, as the recombination rate
depends only on the charge densities (Sherkar et al., 2017).
As can be seen from Figure 4D for the high efficiency device
with annealed MoO3/TaTm bilayer, free carrier recombination
is present for light intensity above 10 mW cm™2, while trap-
assisted recombination dominates for low light intensities, in
agreement with the trend of photovoltage (Figure 4B). On the
other hand, the solar cells with the annealed MoO; did not
show a clear trend in the intensity dependence of the FE
remaining rather low (<77%) at all charge carrier concentration.
This might indicate the presence of an extraction barrier at
the MoO3/TaTm interface, which however does not lead to
substantial recombination (as the intensity dependent V. is
similar to the other devices). When the majority carriers (holes)
are transferred from the perovskite into the TaTm, they can
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FIGURE 5 | Effect of annealing temperature on the WF of the surface of MoOg
thin films deposited on ITO-coated glass slides.

recombine only with the minority carriers (electrons), leading to
only small photovoltage losses. However, a potential barrier at the
MoO3/TaTm interface can still hinder their efficient collection
at the front contact, reducing the FF of the solar cells. This
barrier would also justify the series resistance observed for these
diodes (Figure 3).

In order to shed light on the origin of this phenomena,
we performed Kelvin probe measurements on the surface of
MoO3 as a function of the annealing temperature. We have to
note that the experiments were performed in air, and hence the
extracted work function (WF) values are affected by spontaneous
adsorptions of atmospheric contaminants on the surface of
MoO3. We observed a WF = 5.05eV for the sample annealed
at 60°C, while for higher temperatures, the MoO3 WF was
found to decrease of ~0.2eV (Figure5). This WF reduction
qualitatively agrees with the trend of the FF observed for cells
with annealed solely on MoO3, presented in Figure 2C. Hence
the electrode WF might be held responsible for the extraction
barrier and recombination at the front contact. The variation
of the WF of MoO3 with annealing is likely a consequence of
increasing oxygen vacancies (Greiner et al., 2012), as in general
reducing the oxidation state of any cationic center (such as
by removal of oxygen) tends to decrease the metal oxide WF
(Dasgupta et al,, 2013). As Kelvin Probe is a surface sensitive
technique, we could not extract meaningful information for the
MoO;3 films coated with TaTm. In that case, the loss of oxygen
upon annealing might be attenuated by the physical barrier
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Experimental Section

Photolithographically patterned ITO coated glass substrates were
purchased from Naranjo Substrates. N4,N4,N4’,N4'-tetra([1,1’- biphenyl]-4-
yl)-[1,1":4',1"-terphenyl]-4,4’-diamine (TaTm) was provided by Novaled
GmbH and Fullerene (Cg) was purchased from Sigma Aldrich. Pbl,,
CH;3NH3I (MAI), MoOs, and bathocuproine (BCP) were purchased from
Lumtec.

Device Fabrication. ITO prepatterned substrates were cleaned
following a standard procedure in which they are sequentially cleaned with
soap, water, deionized water, and isopropanol in a sonication bath, followed
by UV treatment for 20 min. All the solar cell layers were prepared by
thermal vacuum deposition performed in vacuum chambers evacuated to a
pressure of 10°° mbar, which were integrated into a nitrogen-filled glovebox
(H20 and O, < 0.1 ppm). In general, the vacuum chambers were equipped
with temperature controlled evaporation sources (Creaphys) fitted with
ceramic crucibles. The sources were directed upward with an angle of

approximately 90° with respect to the bottom of the evaporator. The distance
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between the substrate holder and the evaporation source was approximately
20 cm. Individual quartz crystal microbalance (QCM) sensors monitored the
deposition rate of each evaporation source and another one close to the
substrate holder monitored the total deposition rate. TaTm, MAPbI;, Cgo and
BCP were sublimed in the same vacuum chamber at temperatures ranging
from 60 to >300 °C, depending on the material, and the precise evaporation
rate and deposited film thickness were controlled by the QCM sensors. In
general, the deposition rate for TaTm and Cgp was 0.5 A s~ while the thinner

BCP layer was evaporated at 0.2-0.3 A s’

. For the perovskite deposition,
MAI and Pbl, were co-evaporated at the same time by measuring the
deposition rate of each material in two different sensors (with rates of 1.0
and 0.6 A s', respectively) and obtaining the total perovskite thickness in
the third one, leading to a 600 nm-thick perovskite. MoO; and Ag were
evaporated in another vacuum chamber using aluminum boats as sources by
applying currents ranging from 2.0 to 4.5 A.

General characterizations. For the solar cell characterization, the
J=V curves were recorded using a Keithley 2612A SourceMeter in a —0.2
and 1.2 V voltage range, with 0.01 V steps and integrating the signal for 20
ms after a 10 ms delay, corresponding to a speed of about 0.3 V s™'. The
devices were illuminated under a Wavelabs Sinus 70 LED solar simulator.
The light intensity was calibrated before every measurement using a
calibrated Si reference diode equipped with an infrared cut-off filter (KG-3,
Schott). Intensity dependent measurements where carried out by collecting J-
V curves with different neutral density filters of decreasing optical density.
The layout used to test the solar cells has four equal areas (0.083 cm’,
defined as the overlap between the ITO and the top metal contact) and

measured through a shadow mask with 0.050 cm’ aperture. The work
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functions were determined by Kelvin probe measurements using an Ambient

Pressure Photoemission Spectroscopy system from KP Technology.
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Figure S1. Illuminated JV curves of ITO/MoQO;/TaTm/MAPbI;/Cyo/BCP/Ag solar cells, with
annealing of MoOs at different temperatures performed before (black line) or after (red line)
the deposition of TaTm.
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Figure S2. Intensity dependent photocurrent of the perovskite solar cells with p-contacts
annealed at 140 °C. The intensity dependent short-circuit current densities for cells with
annealing on (A) the bare MoO; and on (B) the MoOs/TaTm bilayer has been fitted with a
power law J o< I where I is the incident light intensity.
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6. General conclusions

The aim of this thesis was the development of materials and
device architectures for the preparation of efficient vacuum
deposited perovskite solar cells. The effect of different charge
transport layers, interfacial materials and electrodes on the
performance of perovskite solar cells was studied. Emphasis was
placed on the importance of reducing non-radiative
recombination within the perovskite and at the interfaces, which
is the key to maintain high photovoltage in a solar cell.

In chapter 3, a novel approach to prepare mixed iodide-chloride
perovskites, using three-source vacuum deposition technique,
was presented. MAPDbI3,Cly perovskite films showed a
homogenous morphology and good crystallinity, and were hence
used to fabricate thin-film diodes to examine the optoelectronic
properties. Under illumination, the photovoltage was found to be
larger as compared to pure iodide perovskite, reaching 1.13 V
and a power conversion efficiency exceeding 16%. In forward
bias, we detected intense electroluminescence with a quantum
yield of 0.3%, similar to that of state-of-the-art evaporated
MAPbI3  solar cells. The high quantum vyield for
electroluminescence together with the long photoluminescence
lifetime suggests a reduction of the non-radiative recombination
rate.

The importance of the choice of suitable interfacial charge
transport layers, electrodes, and their combinations, was
highlighted in chapter 4. The MAPbIl; perovskite layer was
deposited by dual source vacuum deposition. BCP, Lig and their
combination were used as interlayers between the electron
transport layer and the top electrode. We observed that BCP and
Lig can lead to devices with high rectification, fill factor, and
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photovoltage. We also observed that the use of low work
function metals, such as Ba, can be beneficial for the reduction of
non-radiative recombination, although at the price of the device
stability.

In chapter 5, the optimization of the front contact in perovskite
solar cells was investigated. As in chapter 4, the MAPbI;
perovskite film was deposited by dual source vacuum deposition.
The hole transport layer which was used to fabricate the
perovskite solar cells is TaTm. To ensure an ohmic contact
between the TaTm layer and the ITO, an additional MoO3 layer
was placed in between the two materials. The hole extraction
properties of the MoOs/TaTm was evaluated by selectively
annealing either MoOs (prior to the deposition of TaTm) or the
bilayer MoO3/TaTm (without pre-treatment on the MoOs), at
temperature ranging from 60 °C to 200 °C. We observed that
having TaTm deposited and annealed together with the MoO;
layer led to large improvement in fill factor (80%) and power
conversion efficiency (> 18%) at any annealing temperature, with
the best results obtained at 140 °C.
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Resumen en Castellano
1.1. Introduccidn

Las fuentes de energia renovables se estdn convirtiendo en un
componente importante de la produccién mundial de energia
como consecuencia de los problemas ambientales relacionados
con el uso de combustibles fésiles, en particular la liberacién de
gases de efecto invernadero, que contribuyen al calentamiento
global. A pesar del reciente y significativo aumento en el uso y la
eficiencia de las energias renovables, la mayor parte de la
demanda mundial de energia aun se satisface con combustibles
fosiles (= 80%). Todos los procesos asociados con la extraccion,
transporte, refinamiento, y consumo de combustibles fésiles
tienen un impacto nocivo en el medio ambiente. Una solucidn
para satisfacer la demanda mundial de energia reduciendo el
impacto ambiental es la implementacién de fuentes de energia
renovables. Las caracteristicas mds importantes de los recursos
de energia renovable son el bajo impacto ambiental y su
abundancia.

La irradiacién solar es la fuente de energia mas abundante en la
tierra, y entre las tecnologias disponibles para cosecharla, la
fotovoltaica (FV) es una de las mas prometedoras. Un sistema
fotovoltaico consta de varios componentes, entre los que
destacan las células solares que pueden absorber y convertir la
energia solar en electricidad. A pesar de las ventajas de la
tecnologia FV, aun se considera un sustituto costoso de los
combustibles fdosiles convencionales. Para hacer que la energia
fotovoltaica sea mas competitiva en el mercado energético, se
requiere una reduccion sustancial de los costes de los médulos
fotovoltaicos y nuevas formas de almacenamiento de energia.
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Las células solares se dividen generalmente en tres principales
categorias o generaciones. Las células solares de primera
generaciéon utilizan silicio cristalino (c-Si) y representan la
tecnologia fotovoltaica mas antigua disponible comercialmente.
Las células solares de Si tienen un rendimiento relativamente
alto, pero como se requiere Si de alta pureza, y debido al
consumo de energia del proceso de purificacion, el precio sigue
siendo relativamente alto en comparacién con el coste asociado
a las fuentes tradicionales. Otra tecnologia fotovoltaica
ampliamente estudiada comprende las células solares de
segunda generacién o células solares de capa fina porque estan
hechas de capas delgadas de materiales semiconductores como
telururo de cadmio (CdTe), arseniuro de galio (GaAs) o seleniuro
de cobre, indio y galio (CIGS). Las células solares de CdTe y CIGS
son potencialmente mas baratas de fabricar en comparacién con
los dispositivos de primera generacion, pero tienen menor
eficiencia. Lo contrario vale para las células solares de GaAs, que
son mas eficientes pero mas costosas.? La tercera generacién de
células solares estd hecha de materiales orgdnicos, puntos
cudnticos y semiconductores hibridos que ofrecen, en principio,
menores costes de produccidn y una fabricacién mas simple. Los
mas recientes avances en este campo se centran en las células
solares basadas en una clase de materiales llamados perovskitas,
gue podrian emplearse en paneles solares mas baratos vy
eficientes.’

1.2. Perovskitas hibridas: estructura, propiedades y desafios

El término "perovskita" se utilizd para designar la estructura
cristalina del titanato de calcio, que fue descubierto en 1839 por
el mineralogista aleman Gustav Rose, y nombrado en honor del
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mineralogista ruso Lev Perovski.® Las perovskitas de haluro
metalico se pueden clasificar en dos grupos, las inorgdanicas, que
contienen cationes alcalinos, y las perovskitas hibridas basadas
en cationes organicos,, siendo ambas materiales
semiconductores.” Las perovskitas hibridas tridimensionales
comparten la féormula general ABX3;, donde A es un catidn
orgdanico, B es un metal divalente y X es un anién haluro.

El conocimiento de las propiedades dpticas y eléctricas de las
perovskitas, como la energia de banda prohibida, la movilidad de
electrones y huecos, la longitud de difusion y el tiempo de vida
de los portadores de carga, es esencial para la fabricacién de
dispositivos optoelectrénicos. Aqui resumimos algunas de las
propiedades optoelectrénicas de las perovskitas:

e Alto coeficiente de absorcion.

e Facil control del ancho de banda prohibida.
e Alta movilidad de electrones y huecos.

e Baja energia de enlace de los excitones.

Aunque las células solares de perovskita ya han logrado un
rendimiento comparable a los dispositivos basados en Si, todavia
guedan obstaculos para su aplicacion a gran escala . Algunos de
ellos son:

e Histéresis en la caracteristica corriente-tensién: Su origen
podria ser la migracion de iones, la acumulacién de carga,
o0 ambos.

e Toxicidad: Proviene del uso de plomo como cation
divalente en la estructura cristalina de la perovskita.

e Estabilidad, tanto de la estructura cristalina, como
estabilidad térmica y del dispositivo.
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1.3. Arquitectura de las células solares

La primera célula solar de perovskita se disefié tomando como
base la estructura de las células solares sensibilizadas con
colorantes, donde las perovskitas se investigaron como un
"nuevo" colorante en combinacidon con un electrolito liquido y
con capas de transporte de electrones de TiO, mesoporoso.46 Se
observd que, en comparacidon con colorantes moleculares, la
perovskita es un mejor absorbente de luz, a pesar de que el
electrolito liquido dafiaba la perovskita provocando Ia
degradacion del dispositivo.”” Esto impulsé a que los
investigadores combinaran caracteristicas de célula solar de
pelicula fina y célula solar sensibilizada por colorante, en
particular la sustitucion del electrolito liquido con capas
organicas de transporte de huecos, resultando en una mejora del
rendimiento y de la estabilidad del dispositivo.*

Se ha demostrado que las células solares de perovskita también
se pueden fabricar en una configuracion plana donde la capa

activa se intercala entre dos capas de transporte de carga.“g’49 L

as
capas de transporte de carga son materiales semiconductores
con niveles de energia elegidos para que puedan transportar
selectivamente los electrones y huecos fotogenerados desde la
perovskita a los electrodos externos. La arquitectura del
dispositivo juega un papel importante a la hora de determinar la
eficiencia de la extraccién de carga. Las células solares de
perovskita pueden dividirse en dos clases: planares vy
mesoporosas, y dentro de estas estructuras existen a su vez dos
tipos de configuracién, p-i-n y n-i-p. Si se extraen huecos en el
contacto transparente frontal (mediante un semiconductor de
tipo p), la célula solar se denomina p-i-n, y viceversa para los

dispositivos n-i-p.
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En esta tesis, se ha utilizado la configuracion p-i-n para la

fabricacion de las células solares de perovskita.

1.4.

Fisica de células solares

El funcionamiento basico de una célula solar y su eficiencia

correspondiente implica, de forma resumida, los procesos

siguientes.

Absorcion de fotones y generacion de carga: cuando la luz
incidente es absorbida por la perovskita, se generan
electrones y huecos libres. Los electrones y huecos se
generardn siempre que el fotdn incidente tenga una
energia mayor que la de la banda prohibida del
semiconductor.

Recombinacion: Los electrones y huecos fotogenerados
pueden recombinarse a través de un proceso opuesto a la
generacién. Comprender y controlar los procesos de
recombinacion es de gran importancia ya que al reducir la
concentracion de portadores de carga se reduce la
eficiencia de conversién de energia. Los electrones
excitados pueden volver a la banda de valencia y su
energia se liberard en forma de fotones (recombinacion
radiativa) o calor (recombinacién no radiativa).

Transporte de carga y recoleccion: hay dos mecanismos
de transporte involucrados en la recoleccién de cargas, la
corriente de difusion y de deriva. Cuando existe un
gradiente de concentracién de carga en el semiconductor,
las cargas se moveran, en el proceso de difusién, de areas
de alta concentracidn a dreas con baja concentracion. La
corriente de deriva es consecuencia de la presencia del
campo eléctrico en el material, y es importante a voltajes
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cercanos o por encima del punto de maxima potencia de
la célula solar.

1.5. Caracterizacion de células solares

Una de las medidas mds bdsicas de los dispositivos de
semiconductores y, en particular, de las células solares, es la
medicion de la corriente al variar el voltaje, llamada
caracteristica IV. Simplemente se mide la corriente generada en
funcién de la tensién aplicada bajo iluminacién utilizando un
simulador solar calibrado. De las caracteristicas IV pueden
extraerse varios parametros fundamentales:

e Corriente de cortocircuito (lsc, mA cm?, es la corriente a
voltaje iguala 0 V)

e Voltaje en circuito abierto (Voc, V, es el voltaje cuando la
corriente es cero y es el maximo voltaje generado por una
célula solar.)

e Factor de forma o “fill factor” (FF, %, se define como la
relacion entre el punto de maxima potencia y el producto
VocJsc)

e Eficiencia de conversién de potencia (PCE, %, la fraccién
de potencia incidente, irradiacidon solar, que se convierte
en potencia eléctrica)

1.6. Importancia de las capas de transporte de cargas

Para fabricar células solares de perovskita eficientes, no solo la
calidad de la pelicula de perovskita, sino también las propiedades
de las capas de transporte de carga, juegan un papel importante.
Las caracteristicas de transportadores de electrones y huecos,
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como la movilidad de carga, la alineacién de los niveles de
energia, la morfologia y la densidad de defectos, también
determinan en ultima instancia el rendimiento de la célula solar.

En el capitulo 1.2, se discutid la movilidad de electrones y huecos
en las peliculas de perovskita y su importancia en el rendimiento
de las células solares. De manera similar, también se desea una
alta movilidad de electrones/huecos en las capas selectivas de
transporte, ya que los portadores de carga deben moverse
eficientemente hacia los electrodos.

La selectividad de las capas de transporte de carga viene dada
principalmente por la alineacién del nivel de energia en la
interfaz de la capa de transporte/perovskita. Si no existe una
gran barrera de energia en la interfaz de la capa de perovskita y
la capa de transporte de electrones (ETL), los electrones libres se
pueden extraer eficientemente de la banda de conduccién de la
perovskita al nivel molecular desocupado mas bajo (LUMO) de la
capa de transporte de electrones. Simultdneamente, la
transferencia de huecos en esta interfaz debe inhibirse
maximizando la diferencia de energia entre la banda de valencia
de la perovskita y el nivel molecular ocupado mas elevado
(HOMO) de la capa de transporte de electrones. Deben cumplirse
caracteristicas similares pero energéticamente opuestas para
garantizar una extraccion de carga selectiva en la interfaz entre la
perovskita y la capa de transporte de huecos (HTL).

Los materiales organicos de transporte de electrones tienen
estructuras y niveles energéticos ajustables para adaptarse a la
capa de perovskita. El fullereno y sus derivados, como PCgBM,
ICBA y PC;:BM, son buenos candidatos para ser usados como
materiales selectivos de extraccidon de electrones debido a su
alineacién adecuada del LUMO, buena movilidad de electrones y

113



6164 | os fullerenos

a la facilidad de deposicion en capa delgada.
como Cgg y Cy9 tienen mayor movilidad de electrones y pueden
ademas depositarse por sublimacién en vacio. En los dispositivos
p-i-n, la capa de transporte de huecos actla no solo como una
capa selectiva, sino también como una ventana donde la luz
accede al dispositivo. Por lo tanto, sus propiedades Opticas
también son criticas para maximizar la generacién de corriente
en las células solares de perovskita. Para evitar la pérdida de
fotones, se debe tener en cuenta el ancho de banda de la capa de
transporte del hueco, su indice de refraccidon y coeficiente de
extincion.®® Hasta la fecha, se han probado un gran numero de
moléculas organicas, materiales inorganicos y polimeros
conductores en células solares de perovskita como capas de
transporte de huecos. Los materiales de transporte de huecos
mas comunes en las células de tipo p-i-n incluyen PEDOT: PSS,
PTAA, 6xido de grafeno, NiO y CuSCN.53%8~71

El rendimiento de una célula solar estd influenciado ademas por
la interfaz entre las capas de transporte de carga y los electrodos.
En general, para garantizar una extraccién de carga 6hmica, se
debe minimizar la diferencia de energia entre la funcion de
trabajo del electrodo y los orbitales fronterizos del material de
transporte. Por lo tanto, generalmente se coloca una capa
intermedia adicional entre el electrodo y la capa de transporte.72
En las células solares tipo p-i-n, materiales interfaciales comunes
son moléculas con baja energia de ionizacion,” semiconductores
72,74 y oxidos metdlicos (MoOs, V,05 y W03)75.
Asimismo, se ha probado una amplia variedad de materiales

organicos dopados
interfaciales, tales como 6xidos metalicos, materiales organicos y

polimeros, metales y sales metdlicas, para su uso entre las capas
de transporte de electrones y el electrodo metalico.
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Objetivo de la tesis

El objetivo de esta tesis es el desarrollo de métodos de
deposicion en vacio para la fabricacién de peliculas finas de
perovskita, y su incorporacién en células solares utilizando
diferentes capas de transporte de carga. Mas alld del desarrollo
de la deposicidn en vacio de las propias perovskitas, la ingenieria
de las interfaces es muy importante para aumentar el
rendimiento de las células solares de perovskita. Por lo tanto, en
esta tesis se estudia la influencia de diferentes capas de
transporte de carga y materiales interfaciales en el rendimiento
de las células solares de perovskita. El trabajo se ha estructurado
en los siguientes capitulos:

® Preparacion y caracterizacion de peliculas finas de perovskitas
de haluro mixto MAPbIs,Cl, mediante deposicién en vacio de
tres fuentes:

Este capitulo versa sobre la fabricaciéon de células solares de
perovskita de haluro mixta. Se han realizado optimizaciones en
la co-evaporacién de las tres fuentes para lograr capas delgadas
de semiconductor del tipo MAPbI,Cl,.

e Células solares de perovskita de alto voltaje procesadas
mediante vacio con capas interfaciales organicas:

En este capitulo se ha estudiado el efecto de diferentes capas
de transporte de electrones y cdatodos metdlicos sobre el
rendimiento de las células solares.

e Células solares de perovskita p-i-n eficientes depositadas en
vacio mediante optimizacién del contacto frontal:

En este capitulo se ha llevado a cabo la optimizacién de la
interfaz entre la capa de transporte de huecos y la perovskita
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Metodologia
2.1. Materiales y precursores

En esta tesis se han preparado varias arquitecturas de células
solares. Todos los dispositivos se fabricaron sobre sustratos de
vidrio recubiertos con 6xido de indio y estafio (ITO) comprados a
Julius. El 6xido de molibdeno (MoQ3), PbCl,, Pbl,, MAI, BCP y Liq
se compraron a Lumtec. El TaTm fue proporcionado por Novaled.
Ceo fue comprado en Sigma-Aldrich.

2.2. Fabricacion de células solares de perovskita

Las peliculas de perovskita y las capas de transporte de carga se
pueden depositar mediante procesado desde disolucién o
mediante métodos de alto vacio. Sin embargo, la facilidad de
control sobre los pardmetros de deposicién, como el tiempo de
deposicion, la uniformidad de la superficie y el espesor preciso de
la capa, hacen que la evaporacién por alto vacio sea una técnica
particularmente prometedora para fabricar dispositivos de
perovskita. En la técnica de deposicién en vacio, el catidn
organico y el haluro metalico se subliman térmicamente de
forma simultdnea en una camara de alto vacio, donde condensan
y reaccionan sobre un sustrato colocado por encima de las
fuentes térmicas. En comparacién con las técnicas de procesado
desde disolucidén, la técnica de deposicion desde vacio tiene una
serie de beneficios.

e Alta pureza de los materiales.

e Posibilidad de usar diferentes tipos de material.
e Control fino sobre el espesor de la capa.

e Compatibilidad con diferentes tipos de sustrato.
e Posibilidad de deposicién multicapa.
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Todas las células solares estudiadas en la tesis tienen una
estructura p-i-n con la siguiente arquitectura:
Vidrio/ITO/MoOs/TaTm/perovskita /C60/ETL/metal.

2.3. Técnicas de caracterizacion de peliculas

Para caracterizar peliculas delgadas y células solares se han
utilizado diferentes técnicas de caracterizacion. Estas se resumen
a continuacioén

e Perfilometria de superficie

e Absorcién UV-Vis

e Difraccién de rayos X

e Microscopia electrénica de barrido

e Espectroscopia de fotoemisidn de rayos X

e Medicidn con sonda Kelvin

e Medicién de corriente-voltaje

e Rastreador de punto de maxima potencia

e Medicién de fotoluminiscencia resuelta en el tiempo
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3. Preparacidon y caracterizacion de peliculas finas de
perovskita de haluro mixto MAPbI; ,Cl, mediante
deposicidon en vacio de tres fuentes

3.1. Introduccion

La ultima generacién de dispositivos fotovoltaicos que emplean
perovskitas de haluros hibridas exhibe una alta eficiencia de
conversién de potencia (PCE), superior al 25%.' El ioduro de
plomo y metilamonio MAPbI; es la perovskita hibrida mas
estudiada en fotovoltaica debido a su simplicidad y buenas
propiedades semiconductoras. Las propiedades optoelectrénicas
del MAPbI; pueden mejorarse mediante la introduccién de iones
de cloro. Cabe destacar como las peliculas finas de MAPbI; y
MAPbI3,Cl, exhiben las mismas propiedades estructurales vy
Opticas mientras que, cuando se emplean en células solares,
muestran un comportamiento significativamente diferente. A
pesar de una gran cantidad de estudios tanto tedricos como
experimentales, los mecanismos responsables del efecto del
cloro en las células solares de perovskita de haluro mixto MAPbIs.

. . 1-94
«Cly siguen sin estar claros.”*™®

Algunos estudios han estimado la
longitud de difusiéon de cargas para peliculas finas de MAPbI; y
MAPbI;,Cl,. Se demostréd que la longitud de difusién de las
peliculas finas de MAPbI; preparadas a partir de los precursores
MAI y Pbl, es de aproximadamente 100 nm, mientras que se
observé que puede alcanzar 1 um cuando la perovskita se

1695 |2 diferencia en las

prepara a partir de PbCl, y MAI
longitudes de difusién de carga entre MAPbl; y MAPbI3,Cly se
atribuyeron a una morfologia diferente de la perovskita tras la
incorporacién de dtomos de Cl.*° Sin embargo, algunos estudios
muestran que el cloro no se incorpora efectivamente a la
estructura de MAPDI; (por debajo del 3 al 4%) y actia mas bien

como un dopante. De hecho, no se pueden formar cristales
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mixtos estables de yoduro/cloruro debido a la gran diferencia
entre los radios idnicos de yodo y cloro.*?

La mayoria de las células solares de perovskita MAPbI3,Cly se han

13,24,48,98
El control

fabricado mediante un proceso de disolucidn.
de la concentracion de precursores MAX y PbX; (X = | o Cl) es muy
importante al preparar la perovskita de haluro mixto MAPbIs_,Cl,.
Se ha demostrado que la relacién final Cl/I en la pelicula de
MAPbI3,Cl, es menor en comparacion con la de la disolucién
precursora, lo que probablemente se deba a la baja afinidad del
cloro en la perovskita de yoduro.’” En contraste con las técnicas
de procesado en disolucidn, en la deposicion térmica en vacio se
pueden usar multiples fuentes para preparar peliculas finas
mixtas de perovskita de haluro con un control superior sobre la

estequiometria del material.>>*%

En este capitulo se presenta la co-deposicién en vacio de tres
fuentes, usando MAI, PbCl, y Pbl, para formar peliculas de
perovskita mixta MAPbIs,Cl,. Las imagenes de microscopia
electrénica de barrido (SEM) de la muestra de haluro mixto
mostraron peliculas altamente uniformes y sin defectos. Estas
capas homogéneas se han utilizado para fabricar células solares
con la siguiente estructura: ITO/MoOs/TaTm/MAPbIs.
«Cly/Ceo/BCP/Ag. Mediante la adiciéon de cloro, se obtuvieron
dispositivos con alto Voc (> 1.1 eV). Para investigar el efecto del
cloruro en la dindmica de recombinacién de carga, llevamos a
cabo mediciones de fotoluminiscencia (PL) resuelta en el tiempo,
y encontramos un tiempo de vida mucho mas largo para las
peliculas de MAPbIs_.,Cl, en comparacion con las de MAPbIs. Esto
sugiere una reduccién de la recombinacién no radiativa en las
peliculas de perovskita de haluro mixto depositadas por
deposicidon en vacio.
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3.2. Resultados y discusion

En este capitulo presentamos el primer ejemplo de deposicién en
vacio de tres fuentes de capas delgadas de MAPbIs,Cly utilizando
MAI, Pbl, y PbCl, como precursores. Teniendo en cuenta la baja
solubilidad del cloruro en MAPbIs,* se decidié usar la velocidad
de deposicidn controlable mds baja para PbCl, durante el
proceso. Por lo tanto, fijamos la velocidad de deposicién de PbCl,
en 0.05 A/s, mientras que el Pbl, se depositd a una velocidad de
0.6 A/s. La fuente de MAI se mantuvo a una temperatura fija (85
°C). Después de la deposicion, las peliculas se calentaron a 100 °C
por diferentes tiempos en una caja seca en nitrogeno. Mediante
el andlisis XPS, identificamos cloruro en la superficie de las
muestras en una concentracién aproximadamente 10 veces
menor que el yoduro (MAPbIs,Cly con x = 0.3), un valor que se
correlaciona bien con las relaciones entre las velocidades de
deposicion utilizadas para PbCl, y Pbl,. El espectro de absorciéon
6ptica muestra el perfil esperado para MAPbIs, con la absorcion
correspondiente a la banda prohibida aproximadamente a 780
nm (1.6 eV). El patrén de difraccion de rayos X revela la presencia
de una pequeiia cantidad de Pbl, sin reaccionar (12.7°), como se
observa a menudo para materiales de perovskita similares. Sin
embargo, el patrén de difraccidn para la estructura de perovskita
tetragonal es claramente visible (picos principales a 14.0°, 28.2°),
lo que indica que es posible obtener peliculas MAPbI3,Cly
altamente cristalinas con nuestra técnica. Las imdagenes de
microscopia electrénica de barrido (SEM, figura 1d) muestran
peliculas altamente uniformes vy sin defectos, con un tamafio de
grano del orden de cientos de nandmetros. Estas caracteristicas
son muy similares a las capas MAPbIl; depositadas en vacio
previamente estudiadas.’*
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Las peliculas de haluros mixtos se probaron entonces en una
célula solar en capa fina y se caracterizaron con iluminacién
equivalente a AM1.5G. Las muestras sin tratamiento térmico
posterior muestran una densidad de corriente inusualmente baja
(16.4 mA cm™), acompafiada de un FF relativamente bajo (68%).
Conviene sefalar que el Voc alcanza los 1.13 V, lo que es
aproximadamente de 30 a 50 mV mas alto en comparacién con
las células solares de MAPbI; depositadas en vacio.”*'™" El
tratamiento térmico de 2 minutos posterior a la deposicion de la
pelicula de perovskita resulta en una mejora de la fotocorriente
(Jsc = 19.0 mA cm'z), con solo pérdidas menores en Voc y FF. Un
tratamiento térmico mads prolongado (5 minutos) recupera
parcialmente la eficiencia de recoleccién de carga (FF = 73%), lo
que lleva a una PCE general de 16.1%. Los tratamientos mas
largos reducen principalmente el fotovoltaje, que sin embargo
sigue siendo notable (1.12 V) para este tipo de materiales.

El diodo de mejor rendimiento se caracterizd ademds en una
esfera integradora para cuantificar su eficiencia de
electroluminiscencia (EL). El perfil de densidad de corriente en
funcion del voltaje muestra una corriente de fuga muy baja, con
una inyeccion pronunciada entre 0.6 y 1.1 V, lo que indica una
alta calidad de diodo. La EL se detecta aproximadamente a 1.0 V,
aumentando rapidamente para alcanzar alrededor de 500 pWwW
cm? con un voltaje aplicado de 2.0 V. Esto corresponde a una
eficiencia cuantica externa (EQE) para EL de 0.3%, que estd a la
par con las células solares de MAPbI; depositadas en vacio de
mayor rendimiento hasta la fecha.”* La observacién de un EQE
alto para la electroluminiscencia sugiere que los mecanismos de
recombinacion no radiativa disminuyen mediante la
incorporacion de cloruro, de acuerdo con la literatura sobre
materiales similares procesados desde disolucion.’® La
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disminucion de la recombinacidn no radiativa podria ser causada
por una reduccion en la concentracion de las trampas
electrénicas, como resultado de la incorporacién de cloruro en
los bordes de grano.’®

La medida del tiempo de vida de PL se ajustd con una funcidn
triexponencial, obteniendo un tiempo de vida medio de PL de
300 ns. Este valor es un orden de magnitud mayor en
comparacion con las peliculas de MAPbl; puro depositadas al

139,140 gue se caracterizan tipicamente por tiempos de vida

vacio,
de PL muy cortos (<10 ns). Si bien se debe tener cuidado al
deducir las propiedades optoelectronicas mediante técnicas
Opticas, el aumento del tiempo de vida de PL sugiere también
una reduccién de la densidad de trampas o de su profundidad en
comparacion con el MAPbI; puro.141 Estas observaciones son
consistentes con la mejora del rendimiento del dispositivo,
especificamente con el aumento del Vo, obtenida utilizando las

capas de perovskita mixta de haluro.

3.3. Conclusiéon

Mostramos la formacién de la perovskita de haluro mixto
MAPbIs,Cl; por medio de la evaporacién simultanea de los tres
compuestos precursores. Bajo iluminacién, el fotovoltaje
aumenta en comparacion con el del MAPbIl; procesado en vacio,
alcanzando 1.13 V y una eficiencia de conversion de potencia
superior al 16%. Ademads, detectamos wuna intensa
electroluminiscencia con un rendimiento cuantico del 0.3%,
similar al de las mejores células solares de perovskita evaporadas
de MAPDbI;. Estas observaciones, junto con el alto tiempo de vida
de fotoluminiscencia, hacen que la perovskita de haluro mixto
sea un buen candidato para células solares eficientes y LED NIR.
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Los estudios futuros se centrardn en la optimizacién de los
materiales para lograr una mayor eficiencia de conversion de
energia en ambas aplicaciones.
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4. Células solares de perovskita de alto voltaje procesadas en
vacio con capas interfaciales semiconductoras organicas.
4.1. Introduccién

En las células solares de perovskita las capas transportadoras de
electrones (ETLs) y de huecos (HTLs) juegan un papel importante
para el funcionamiento del dispositivo. Para lograr células solares
de perovskita de alto rendimiento, el material de transporte de
electrones (ETM) debe cumplir varios criterios. Para que el
transporte de electrones sea eficiente y selectivo, se necesita que
el LUMO del ETM coincida con la banda de conduccién de la
perovskita mientras que el HOMO tenga una energia mas alta
comparada con la banda de valencia. Ademas, el LUMO del ETL
tiene que estar cerca en energia de la funcién de trabajo del
electrodo metalico para facilitar la recoleccién de electrones.
Para conseguir este propdsito, una estrategia comun es el uso de
electrodos de baja funcién de trabajo como el bario o el

. 79,111
calcio.”

Otra opcidn es usar una capa intermedia entre el ETL
y el electrodo de metal. La batocuproina (BCP), un semiconductor
organico con un intervalo ancho de banda de aproximadamente
3.5 eV, es una molécula ampliamente utilizada como capa
intermedia en combinacién con fullerenos y Ag o Al, y puede
depositarse facilmente en peliculas capa finas por evaporacion

4 prmimn 76,78,112,113
termica.” " "

El mecanismo de trabajo de transferencia de
electrones a través de BCP todavia es un tema de debate, pero se
ha observado que BCP y Ag/Al pueden formar complejos
organometdlicos que conducen electricidad formando una nueva
densidad de estados electrénicos por debajo del LUMO de BCP
puro, que mediaria el transporte de carga. Otra capa intermedia
gue se uso en este capitulo es el quinolato de litio (Lig), que tiene
energias HOMO y LUMO de -5.6 eV y -3.2 eV, respectivamente.'**

El Lig se puede evaporar térmicamente y se usa comunmente en
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OLEDs como capa intermedia. Se ha demostrado que el Liq
puede formar aniones radicales al reaccionar en contacto con el

metal, favoreciendo la inyeccién de electrones en los OLED.'*”

En este capitulo, el estudio principal se dirige al efecto de estas
capas interfaciales, especificamente BCP, y Lig, o la combinacién
de ellas, sobre el rendimiento de las células solares de
perovskita. El electrodo superior utilizado en este capitulo es Ba
o Ag y se investiga el efecto general de cada contacto | sobre el
Voc Y la estabilidad de las células solares de perovskita. En este
capitulo se ha estudiado la siguiente arquitectura de dispositivos:
ITO/Mo03/TaTm/MAPbI3/Ceo/EIL/metal (figura 19). Todas las
capas se prepararon por evaporacion térmica en camaras de alto
vacio.

4.2. Resultado y discusion

La Tabla 1 resume los pardmetros fotovoltaicos que se extrajeron
de las curvas JV promedio de todos los dispositivos con
diferentes contactos superiores. Existen diferentes hipdtesis
posibles para explicar la diferencia entre los valores de Voc en
diferentes dispositivos.

Top contact FF(%) | Voc (V+mV) | Jsc (MAcm?) PCE (%)
BCP 77.8+2.8 1.13+3 20.5+0.1 18.1+0.2
Lig 77.6+1.9 1.13+4 20.4+0.3 18.1+0.3
BCP/Ba 67.1£1.9 1.11+2 20.7+0.5 15.7+0.1
BCP/Liq 78.3+0.2 1.12+6 20.6 +0.7 18.4+0.2
Ba 71.8+1.8 1.15+7 20.7+0.7 17.140.6

Tabla 1. Parametros fotovoltaicos promedios con desviacién estandar o
extraidos de curvas JV en células solares con diferentes contactos
superiores.
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En dispositivos optoelectrénicos, la recombinacion no radiativa
reduce la separacién de los cuasi- niveles de Fermi- (QFLS) vy, por
lo tanto, limita el maximo Voc alcanzable. Como en las
perovskitas la recombinacion se produce a partir de portadores
de carga libre, el QFLS puede estar directamente relacionado con
el rendimiento cuantico de fotoluminiscencia de la perovskita.116
Teniendo esto en cuenta, realizamos mediciones de PL de células
solares completas en una esfera integradora iluminando el
dispositivo con un ldser de 515 nm. Para asegurar que todos los
dispositivos tienen la misma concentracién de portadores de
carga, ajustamos la potencia del laser para que el la Jsc de las
células coincida con la obtenida bajo iluminacion equivalente a

AM 1.5G

Los espectros de PL de todos los dispositivos con diferente
contacto superior exhiben un maximo centrado en 1.58 eV. La
maxima intensidad de PL se observod para el dispositivo con un
electrodo de Ba depositado directamente sobre Cgq, lo que indica
que la funcién de trabajo del Ba tiene una influencia positiva en
la recombinacion de carga en la célula solar. Los dispositivos con
Lig y BCP mostraron la menor intensidad de PL, aunque se
caracterizaron por un alto Voc, mientras que los dispositivos que
emplearon BCP/Liq y BCP/Ba dieron como resultado una PL mas
intensa. Estas observaciones sugieren que el fotovoltaje final esta
determinado por diferentes mecanismos competitivos.
Curiosamente, tanto la funcidn de trabajo del electrodo como el
tipo de capa intermedia pueden influir en el PL del MAPbIs. Una
hipdtesis para explicar este efecto es la alteracidn directa de la
funcién de trabajo de la pelicula MAPbIl; por la superficie
superior. Sin embargo, la medicién directa de la funcién de
trabajo de estos materiales es dificil ya que la interfaz estd
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enterrada dentro del dispositivo. Ya se ha mostrado que el nivel
de Fermi de la perovskita se puede modular cambiando el
sustrato. Por ejemplo, los sustratos de tipo p inducen un caracter

de tipo p en la perovskita misma.>”***8

Por lo tanto, podemos
suponer que el nivel de Fermi del MAPbI; también estd

influenciado por el contacto superior.

Se ha estudiado la evolucién de la PCE a lo largo del tiempo para
la serie de dispositivos. Aquellos que emplean Ba como electrodo
(ya sea solo o en combinacion con BCP) muestran un rapido
aumento inicial de la eficiencia (hasta aproximadamente el 19%)
seguido de una disminucién relativamente rdpida. Esto no es
sorprendente ya que el Ba es extremadamente reactivo y, por lo
tanto, se necesita una encapsulacién mas rigurosa para evitar su
reaccion en presencia de oxigeno y/o humedad del aire. Se
observaron perfiles de degradacién similares, pero con una
estabilidad mucho mas larga para dispositivos que emplean BCP
y BCP/Liq en combinacidn con el electrodo Ag. El dispositivo que
empleaba la capa delgada intermedia de Liq entre Cg y Ag,
mostré un aumento inicial de la eficiencia (hasta el 19.5%
después de 1 dia) nuevamente seguido de una disminucién lenta,
alcanzando aproximadamente el 16% después de 6 dias de
funcionamiento. Se han propuesto varios mecanismos
responsables de la degradacién de las células solares de
perovskita, siendo el mas relevante la migracién de haluros e

iones metalicos.!* 1%

En particular, los principales procesos que
conducen a la degradacién de las células solares de perovskita es
son la difusién de haluros al electrodo, asi como la migracion
opuesta de atomos de metal desde el electrodo a la pelicula de

122123 considerando esto, la corta vida util de las

perovskita.
células solares con una capa delgada (2 nm) de Liq entre el Cgo y

el Ag podria estar relacionada con una interdifusiéon mas rapida
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de especies entre el electrodo y la pelicula de MAPbI3. La barrera
adicional proporcionada por la BCP puede aliviar este efecto,
resultando en los tiempos de vida mas largos observados en
estos casos.

4.3. Conclusion

Se ha estudiado el efecto de dos semiconductores organicos, BCP
y Lig, como materiales de transporte de electrones, en el
rendimiento de las células solares de MAPbI; procesadas al en
vacio. Los semiconductores orgdnicos utilizados tradicionalmente
en células solares (BCP) y OLED (Lig) pueden conducir a
dispositivos con alta rectificacidn, factor de forma y fotovoltaje.
También observamos coémo se reduce la recombinacion no
radiativa cuando se intercambia el contacto superior de Ag con
un metal de baja funcién de trabajo, como Ba. Sin embargo, en
este caso, la estabilidad del dispositivo disminuye como
consecuencia de la mayor reactividad del metal. La estabilidad
del dispositivo a largo plazo se observd solo en presencia de BCP,
con o sin la capa de Lig. Se deben realizar mas estudios para
comprender la interaccidén de los metales y las capas intermedias
y su efecto sobre el rendimiento y la vida util de las células
solares de perovskita.
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5. Células solares de perovskita p-i-n eficientes depositadas en
vacio mediante optimizacion de contacto frontal
5.1. Introduccién

En las células solares de tipo p-i-n, el HTL juega un papel
significativo en el funcionamiento general del dispositivo, debido
a que la concentracion de carga en el contacto frontal
HTL/perovskita es mayor. Como se menciond anteriormente, un
HTL adecuado deberia confinar electrones y extraer huecos de
manera eficiente, evitando pérdidas de recombinacién no
radiativa en la interfaz HTL/perovskita. Para garantizar una
extraccion selectiva de los huecos, el HOMO del material de
transporte de huecos (HTM) debe estar alineado con la banda de
valencia de la perovskita (-5.4 eV para MAPbls). Por otro lado, su
afinidad electrénica deberia ser lo suficientemente baja como
para bloquear los electrones dentro de la perovskita. Por esta
razén, los semiconductores con ancho de banda grande se
utilizan a menudo como HTL. Un electrodo transparente
ampliamente adoptado en las células solares p-i-n es el éxido de
indio y estafo (ITO), con una funcién de trabajo de
aproximadamente 4.7 eV. Como el requisito para un HTL es tener
un HOMO cercano en energia al maximo de la banda de valencia
de la perovskita, el uso de ITO conlleva una barrera para la
inyeccion/extraccion de huecos de hasta 0.7 eV. Un método
comun para reducir esta barrera es utilizar una capa intermedia
entre el electrodo y el HTL, formada por un material con alta
funcion de trabajo: cominmente se utilizan 6xidos metalicos
como NiO,, V,05 o M003,101’108’125’126 EL MoO;s; es un material
prometedor y versatil debido a la facilidad de procesado, baja
toxicidad, estabilidad ambiental y sobre todo por su funcién de
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trabajo muy alta.”™" En este capitulo estudiamos el efecto de los

tratamientos posteriores a la deposicion de peliculas de MoOs en
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la interfaz con el HTL en células solares de perovskita. EIl HTL que
se usé es TaTm vy la configuracion del dispositivo consiste en
ITO/Mo03/TaTm/MAPbI3/C60/BCP/Ag. Investigamos y
comparamos el efecto del tratamiento térmico del MoO3 antes
de la deposicion de TaTm y el efecto del mismo sobre doble
capas de MoO3/TaTm. Examinamos un amplio rango de
temperaturas de 60 a 200 °C.

5.2. Resultado y discusién

Los parametros de rendimiento fotovoltaicos extraidos de las
curvas JV para una serie de células solares en funcién de la
temperatura del tratamiento térmico, se muestran en la figura
23. Todos los dispositivos mostraron un Jsc similar de
aproximadamente 19-20 mA cm?. La figura 23.B muestra un
aumento en el V¢ al aumentar la temperatura de 60 °C a 100 °C
para ambas series de dispositivos. Es importante destacar que
para las células con tratamiento térmico efectuado sobre las
bicapas de MoOs/TaTm, se encontré que el Voc era alto y estable
(> 1.12 V) incluso para temperaturas superiores a 100 °C. Al
contrario, el voltaje resulté ser mas bajo (<1.11 V) y con una
disminucidon progresiva para las células donde el tratamiento
térmico se llevd a cabo solo con el MoQO; . Para las células
preparadas con tratamiento sobre bicapas de MoOs/TaTm, el FF
aumenta de manera prominente del 73% (a 60 °C) a
aproximadamente el 80% (en el rango de 120 a 200 °C), mientras
gue si el tratamiento se lleva a cabo antes de la deposicién de
TaTm, el FF muestra un valor constante de aproximadamente el
73% hasta 140 °C, y luego una disminucion continua hasta el 65%
(figura 23.C). La evolucién de la PCE (figura 23.D) sigue
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tendencias bastante similares a las de FF para ambas series de
dispositivos.

También se investigd el funcionamiento de las mejores células
solares de las dos series de dispositivos (con tratamiento térmico
del contacto frontal a la temperatura de 140 °C) en funcién de la
intensidad de la luz incidente, como se resume en la figura 25. Se
han calculado factores de idealidad de diodo (IF) de 1.9 y 1.4 para
regimenes de baja (0.1 - 10 mW cm™) y de alta intensidad (10 -
100 mW cm'z) respectivamente, sin diferencias significativas para
los dos conjuntos de dispositivos (figura 25 A-B). Sin embargo, se
vio que el Voc era sistemdticamente mas alto al llevar a cabo el
tratamiento térmico de las dos capas TaTm/MoQOs juntas, lo que
indica una reduccién de la recombinaciéon no radiativa. El IF
cercano a 2, calculado a baja concentracién de portadores,
sugiere que la recombinacion dominante es asistida por trampa,
mientras que a intensidades de luz mas altas el IF se reduce (1.4)

debido al aumento de la recombinacidn superficial.**

La figura 25. C-D muestra la tendencia del FF al aumentar la
intensidad de la luz. Para los dispositivos con tratamiento
térmico sobre MoOs antes de la deposicion con TaTm, no se
puede observar una tendencia clara (figura 25.C), probablemente
debido a la presencia de una barrera de extraccién en la interfaz
MoOs/TaTm, que no conlleva un aumento de la recombinacién
(la dependencia del Voc con la intensidad de luz es similar para
ambos dispositivos). La existencia de una barrera de potencial en
la interfaz MoOs/TaTm dificulta la recoleccion eficiente de carga
en el contacto p, reduciendo el FF (<77%) de las células solares.
Esta barrera también justificaria la resistencia en serie observada
para estos diodos (figura 24.B). Para dispositivos de alta
eficiencia con tratamiento térmico sobre Ila bicapa de
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MoOs/TaTm (figura 3.D), la disminucién de FF a baja intensidad
de luz (baja concentracién de portadores) indica que las trampas
dominan este régimen, de acuerdo con la tendencia del
fotovoltaje (figura 23.B).

Las mediciones de sonda Kelvin se realizaron (en aire) en la
superficie de MoOQs en funcién de la temperatura de tratamiento
térmico. Esta muestra una funcién de trabajo (WF) de 5.05 eV a
60 °C mientras que para temperaturas mas altas se encontré que
la WF del MoOs; disminuia aproximadamente en 0.2 eV. lLa
reduccion de la WF es consistente con la tendencia del FF
observada en la figura 23.C para células solares con tratamiento
térmico Unicamente en el Mo0Qs. Esto confirma que la WF del
electrodo es responsable de la barrera de extraccién y la
recombinacién en el contacto frontal. Estas variaciones se deben
a un aumento de las vacantes de oxigeno que resulta en una
disminuciéon de la WF de Mo005.2***® La medicién mediante
sonda Kelvin es una técnica sensible a la superficie, por lo tanto
no pudimos extraer informacién significativa para las peliculas de
MoOs; recubiertas con TaTm. En este caso, la pérdida de oxigeno
en el tratamiento térmico podria verse obstaculizada por Ila
presencia de la barrera fisica de TaTm en la parte superior de
MoO3 que da como resultado un mejor contacto 6hmico dentro
de la interfaz MoOs/TaTm.***

5.3. Conclusion

Observamos que la eficiencia de células solares de perovskita de
tipo p-i-n puede mejorarse sustancialmente mediante un
tratamiento térmico del contacto frontal MoOs3/TaTm. Se
lograron grandes mejoras en el FF (> 80%) y en la PCE (18%) al
depositar TaTm vy llevar a cabo el tratamiento térmico junto con
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MoQs, con resultados éptimos para una temperatura de 140 °C.
El mejor rendimiento de las células solares con tratamiento
térmico de las bicapas ITO/MoOs; probablemente esté
relacionado con una interaccidn entre los dos materiales, lo que
minimiza la barrera de energia para la transferencia de huecos en

su interfaz.
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MPPT Maximum power point tracking
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