Doctoral Thesis in
Nanoscience and Nanotechnology

VNIVERSITAT ® VALENCIA

Vacuum Processed Narrow and
Wide Bandgap Perovskites for
Photovoltaic Applications

Ana Maria Igual Munoz

Supervisors:
Prof. Dr. Hendrik Jan Bolink
Dr. Pablo Pérez Boix







VNIVERSITAT © VALENCIA

Doctorado en

Nanociencia y Nanotecnologia

Instituto de Ciencia Molecular, Universitat de Valéncia

Ph. D. thesis:

Vacuum Processed Narrow and Wide Bandgap

Perovskites for Photovoltaic Applications

Ph. D. candidate:

Ana Marfa Igual Mufioz

Supervisors: Dr. Pablo Pérez Boix
Prof. Dr. Hendrik Jan Bolink

Tutor: Dr. Hendrik Jan Bolink July 2021






Prof. Dr. Hendrik Jan Bolink, profesor titular de Ia Universidad de Valencia en el Instituto
de Ciencia Molecular (ICMol} y el Dr. Pablo P. Boix, investigador de la Universidad de Valencia
en el Instituto de Ciencia de Materiales (ICMUV) certifican que la memoria presentada por la
doctoranda Ana M* Igual Muiioz con el titulo “Vacuum Processed Narrow and Wide Bandgap
Perovskites for Photovoltaic Applications™ cotresponde a su Tesis Doctoral y ha sido realizada

bajo su direccién, autorizando mediante este escrito la presentacion de la misma.

BEn Valencia, a 06 de Julio de 2021

BOLINK Digitally signed

by BOLINK Digitally signed
HENDRIK - HenDRIK JAN- PABLO' by PABLO]
JAN - X5015834V pEREZl PEREZIEOI

Date: 2021.07.07 -
X5015834V 10:24:34 +02'00" BOlX 17:11:14 40200°

Prof. Dr Hendrik Jan Bolink Dr. Pable P Boix






“We have the tools; technology is on our side. The climate emergency
is a race we are losing, but it is a race we can win.”

Antinio Guterres

Dedicado a mi familia
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Chapter 1

Introduction and Aim of the Thesis






1. Introduction and Aim of the Thesis

1.1.  The Energy Challenge

The global energy demand has increased from 10.000 TWh in 1990 to more
than 20.000 TWh in 2019 (Figure 1).! The need to produce energy has depleted
conventional energy sources based on fossil fuels, resulting in an increase in the
annual mean temperature of Earth due to the production of greenhouse gases. For
this reason, the need to produce clean and renewable energy instead of traditional

fossil fuels is imminent.
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Figure 1. Global energy consumption from 1990 to 2019.

Among the different candidates, solar energy is a promising alternative. This
is due to the large amount of energy that reaches the Earth in the form of solar
irradiation, which could provide the whole world with the energy needed to
continue with its industrial and domestic development. Photovoltaic technologies
(PV) directly transform solar light into energy. In 2050, PV is expected to increase
its energy supply to 16% of the total energy demand, which corresponds to 4.5
TW. However, more ambitious roadmaps expect between 9 and 23 TW of energy
supplied by solar cells.2?

Photovoltaic devices were developed in 1883, when Charles Fritts employed

selenium and a thin layer of gold obtaining an efficiency of less than a 1%, in



order to harvest all the energy the sun irradiates to the Earth.* Generally, crystalline
semiconductors have been employed to generate current from solar energy, such
as Gallium arsenide (GaAs), silicon (Si), Cadmium telluride (CdTe) or Copper
indium gallium selenide/sulfide (CIGS). However, recently, a new generation of

solar cells has emerged.

1.2. Metal Halide Perovskites

Solar cells based on metal halide perovskites were first reported in 2006 by
Kojima A. e al, when their efficiency was a modest 2.2%.5 During the last years,
these devices increased their efficiency up to a certified 25.5% and uncertified
25.6%.%7 The evolution of the best research photovoltaic technologies can be
observed in Figure 2, where the unprecedented increase in efficiency of perovskite
solar cells can be observed. Perovskite-based photovoltaic devices present several
advantages over other technologies: their earth-abundant compounds, low-cost
and easy tunability of the bandgap among others, make them one of the most
promising technologies to increase photovoltaic efficiency and reach the goal of

generating renewable competitive energy.
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Figure 2. Best research photovoltaic cell efficiencies.

These devices are specifically based on metal halide perovskites, a type of

perovskite which has a three-dimensional structure known as ABXj3. Where A
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represents a monovalent cation, which can be organic or inorganic (such as
cesium, methylammonium (MA) or formamidinium (FA)), B represents a divalent
metal as Pb*2, Sn*? or Ge*? and X represents a halide anion such as I, Br- or Cl..
An example of the structure can be observed in Figure 3, where the simplest
ABX; can be seen in the inset and in the center of the graph a more complex

perovskite is displayed, in which different A and B cations are employed.

ABX;

@® rp2sn
@
@O CH5NH,*Cs*
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\[

\

\
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Figure 3. Structure of a perovskite composed of methylammoninm cesinm lead tin iodide and the typical
ABX; (inset).

A parameter commonly employed to estimate how stable this structure is,
is the Goldschmidt tolerance factor.® This tolerance factor is phenomenologically

estimated to be more than 0.8 and less than 1 for a stable compound.?

The formula that determines the tolerance factor of a compound is shown

in Equation 1.

ratry
V2(rp+ry)

M

Where t attains for tolerance factor and r for the radius of the respective
components. The effect of tuning the tolerance factor through the introduction of
different cations in the perovskite structure has already been shown to be an
excellent technique to enhance the properties of perovskites.!® As an example,
Figure 4 shows how the introduction of cesium in a formamidinium lead iodide
(FAPDIs) structure promotes a more stable perovskite through the introduction of

a smaller cation in the A site of the perovskite.
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Figure 4. Dependence of the tolerance factor on the A-Site cation. 1°

On the other hand, apart from their structure, composition and stability,
perovskites present some exciting properties that make them suitable for
photovoltaic applications. One of the main ones is their high charge carrier
mobility. This property is related to how much the charge carriers, electrons and
holes, can move inside a semiconductor.!!-13 Carrier diffusion lengths between 0.1
pm and 10 pm have been reported, which allow the charge carriers to move inside
the material from highly populated areas to low populated areas.!.!4!> They also
present high carrier lifetimes of more than 1us. This property describes the time
that carriers take to recombine. Higher carrier lifetimes are needed to ensure higher
open circuit voltages (Voc), as it enables a higher concentration of charge
carriers.!® Furthermore, from an optical description, they also show significant
absorption coefficients, in the range of 10> cm1.1>17 This allows for more efficient
conversion of the sunlight into electricity and contributes to achieve larger open
circuit voltages, as it allows to prepare thinner films reducing the total
recombination rate.!8 They also show a sharp absorption onset demonstrating

small amounts of defects and imperfections.”

Finally, one of the most critical properties would be the bandgap tunability, as
it opens a wide range of applications for this kind of compounds, including solar
cells with higher efficiencies through the development of multijunction devices.?-
22 Multijunction devices consist of a stack of several layers. The combination of
absorbers with different bandgaps (Egs) reduces the thermalization losses and
ensures to exploit a larger part of the solar spectrum, with potential efficiencies

higher than the conventional single junction limit.?>-2> Such an approach can



Introduction and Aim of the Thesi

combine perovskites with other PV technologies such as silicon or thin film solar
cells to fabricate multijunction tandems. Developing the capability of multi-
junction devices by the combination of perovskite materials as top cell with
silicon-based materials as bottom cell is actually one of the main research and
innovation goals suggested by the Energy Materials Industrial Research Initiative
(EMIRI) technology roadmap, (SP3- Annex I).26 Similarly, the combination of
two perovskite absorbers with complementary bandgaps can have the same effect.
Therefore, adjusting the perovskite E, becomes a key step. The importance of
bandgap engineering is displayed in Figure 5. This figure shows the combination
of bandgaps and efficiencies that can be obtained through their use in

multijunction devices with two absorbers.
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Figure 5. Calenlations of the efficiency for multijunction devices depending on the bandgap of their

absorbers.?

1.3. Bandgap Tunability

Perovskites present the capability of tuning their bandgap by the total or
partial substitution of their components. As an example, the most studied hybrid
perovskite methylammonium lead iodide (MAPbI3), presents a E; of 1.5-1.6 eV.28
However, when larger FA* is introduced in its structure, the E, is narrowed down
to 1.48 for pure FAPbI5.2? On the other hand, if smaller Cs™ is introduced, the E,
can be widened up to 1.73 eV for pure cesium lead iodide (CsPbls).3" E, can also

be tuned by the substitution of the divalent cation, for example, in the perovskite




with structure formamidinium cesium lead iodide (FAo.75Cso25Pbls) G.Eperon
et.al. introduced Sn*? to narrow the E, down to 1.2-1.3 ¢V.20 This tunability of the

bandgap can be seen in Figure 6.
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Figure 6. Tunability of the bandgap through a) Introduction of a monovalent cation in position A. ° b)

Introduction of a divalent cation in position B.20

In this sense, this thesis focuses on the development of narrow bandgap
(narrow-Eg) and wide bandgap (wide-Ey) perovskites with the aim to fabricate

efficient, lower cost tandems in the future.

1.3.1. Narrow-Bandgap Perovskites

One of the main concerns surrounding perovskites has been to enhance their
efficiency to develop low-cost devices. MAPbI;3 perovskite shows a E, of 1.5-1.6
eV, far from the theoretically determined to be the “optimum E,”, of ~1.3 eV, for
single-junction devices, as estimated by the Shockley Queisser Limit.3! On the
other hand, for the pure tin perovskite, methylammonium tin iodide (MASnl3), we
find a bandgap of 1.2-1.3 eV. 32 In contrast, tin-lead perovskites present an
unconventional behavior called bandgap-bowing. This effect describes a non-
monotonic behavior in the E, where the constant b in Equation 2 causes a

deviation on the linear interpolation in the bandgap.

Eg(A1-xBy) = (1 = x)E4(A) + xE4(B) — bx(1 — x) )
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In Equation 2, A and B stand for the divalent metals and x for the
stoichiometry of the compound. Due to this effect, tin-lead perovskites show
narrower bandgaps in the alloyed compounds than their pure counterparts. For
example, in the case of methylammonium tin lead iodide (MASni Pb.ls) with
different amounts of tin and lead, the pure lead perovskite presents a E; of 1.5-1.6
eV, the pure tin compound has a Eg of 1.2-1.3 eV, and the alloys can vary between
1.3eV and 1.1 eV, as can be observed in Figure 7.

1.7

PBEO+SOC —@—
Expt. "

Bandgap (eV)

| s y'm
0 02 04 06 08 1
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Figure 7. Bandgap evolution by composition variation for MASn . Pb.Is. 3

Some researchers have been trying to achieve the optimum E,; of 1.34 ¢V by
means of this effect.31336 In 2017, Yang Z. and co-workers achieved this value
using a combination of tin and lead as the divalent cation and a combination of
bromide and iodide as the halide in the perovskite obtaining efficiencies as high as
17.63%.37

On the other hand, this bowing of the E, also allows to prepare even narrower
perovskites with Egs of around 1.2 eV, suitable for the preparation of
multijunction devices with wider-bandgap perovskites to achieve efficiencies over
30%.383 These narrower bandgaps were already obtained by Ogomi Y. and co-

workers through the use of MASnosPbosls perovskite.

The combination of tin and lead inside the perovskite structure opens a wide
range of opportunities for the development of narrow-E; perovskites. These
perovskites can be used as the single-junction optimum E, perovskite or as low-
E, absorbers in multijunction devices. However, they present several difficulties

in their preparation, such as the oxidation of Sn*2 to Sn*4.
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1.3.2. Wide-Bandgap Perovskites

Perovskites showing a E, between 1.7 eV and 1.9 eV are commonly
considered “Wide-E;”. This feature enables their use as a wide bandgap absorber
in multijunction devices in combination with Si or narrow-E; perovskites.
Normally, this widening of the bandgap is achieved by combining different
halides.#! For example, through the introduction of bromide inside the MAPbI;
structure, bandgaps up to 2.23 eV for pure methylammonium lead bromide
(MAPDBr3) can be obtained.# On the other hand, the use of inorganic cations
instead of the commonly used MA and FA increases the E,; and the thermal
stability of these perovskites.#>4> Furthermore, the introduction of smaller
amounts of bromide enhances the stability of its black-phase, the one employed
for solar cell applications.** However, perovskites combining different halides
present a major detrimental effect which is called halide segregation.®® This occurs
when, after illumination, regions of lower E; perovskite and others of higher E,
perovskite are formed within the same film. This phenomenon is attributed to the
presence of mobile halogen vacancies in the structure. When these regions are
formed, the photogenerated carriers travel to the low-E; regions that act as

recombination centers leading to Voc losses.>1:52
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Figure 8. Comparison of the stability of CsPbl:Br and MAPDI; perovskite layers.*8
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The perovskite employing cesium lead iodide bromide (CsPbl.Bt) has been
widely studied, which has resulted in current efficiencies of up to 16.79%.5 In
2016, R. Sutton ¢ al. showed how the introduction of bromide in this perovskite
enhanced its ambient stability and proved better thermal stability than with
conventional MAPbI;. A comparison between them is shown in Figure 8. These
perovskites were synthesized through a two-step method depositing lead bromide
(PbBr2) and dipping this layer into a solution with the amounts required of cesium
iodide (CslI) and cesium bromide (CsBr) to form the desired perovskite. The layers
of CsPbl:Br were employed in devices, achieving efficiencies up to 9.8%.4 In
2017, C. Chen et al. synthesized both CsPbl; and CsPbl:Br films, achieving
efficiencies as high as 9.4% and 11.8% for sublimed and solution-processed
CsPbluBr, respectively.> In 2018, studies on the optimization of the contacts were
performed. L. Yan ¢ a/. demonstrated how they could achieve efficiencies as high
as 14.6% with improved stability, employing a novel electron transporting material
(ETM) based on the combination of tin oxide (SnO3) and zinc oxide (ZnO).»
2019 was an exceptional year for the development of this kind of perovskite.
During this year, different approaches were employed to manufacture impressively
well-performing solar cells. The work done by Y. Zhang e# al. was key, as they
achieved the highest power conversion efficiency (PCE) up to date for this
perovskite: 16.37%. In these studies, they synthesized the perovskite through spin
coating and annealed it at 280°C. Afterwards, they evaporated a thin layer of CsBr
on top to fill the grain boundaries in the perovskite surface, also passivating the
hole transporting material (HTM). Furthermore, to stabilize the black phase of the
perovskite they introduced lead acetate (Pb(Ac)z) in the precursor solution,
improving the crystallization of the film.> In 2020, Y. Han and co-workers
synthesized the CsPbloBr perovskite solar cells (PSC) with the highest efficiency
(16.79%) up to date. This work was based on the addition of the additive calcium
chloride (CaCly) in very small quantities being 0.5% the optimal one, which
improved the crystallinity and hence the morphology. Furthermore, it passivated
the trap states in the perovskite leading to higher efficiency devices.> However,
the synthesis of these perovskites through sublimation methods yielded lower
efficiencies than solution-processed counterparts, being the highest the one
obtained by H. Lin ¢f 4/ 57 In their studies, they developed a method where they
separated two sides of the evaporator and constantly evaporated CsBr and lead
iodide (Pbly). As the sample holder was constantly rotating, they were able to

achieve perovskites formed by 1560 layers of each precursor. Their best
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performing solar cells achieved PCE as high as 13% for 660 pairs of precursors.
This is a modest efficiency compared to the ones obtained through solution
processing methods, indicating that further studies on the formation of these
perovskites through sublimation must be done to develop a low-cost method to

synthesize them.

1.4. Processing Techniques

Different techniques have been developed to synthesize metal halide
perovskites. However, several properties may change in the resulting films
depending on the used technique. Two main branches are found among the
different techniques in the literature: solution-based methods and vacuum-based

deposition techniques (Figure 9).58

Perovskite Deposition by Solution Processing Perovskite Deposition by Thermal Evaporation

One-Step Deposition Sequential Deposition
— -
- Sz & 7 =
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- =g Sz A& , ‘ ,
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Spin-coating of perovskite precursors Annealing Evaporation of perovskite Co-evaporation of all precursors (Annealing)
Antisolvent application Poveler oF precursors.

Figure 9. Processing methods to develgp perovskite films divided into solution-based and thermal

sublimation.>8

The former can be divided into three main methods:

e One-step deposition:

This method is based on the preparation of a single solution where all the
precursors of the perovskite are mixed. After this preparation, the solution is
deposited through spin-coating or similar methods onto the substrate and requires

a post-annealing treatment to eliminate the remaining solvent in the film. This is a
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commonly used method to develop perovskites, and several advances have been
introduced to obtain better quality films, such as the introduction of different
additives or the use of different solvents. McMeekin D.P. and coworkers
employed this method to synthesize formamidinium cesium lead bromide iodide
FAo83Cs0.17Pb(Broslos)s?* In previous studies, they demonstrated how the
employment of hydrohalic acids promotes the formation of nucleation sites
allowing to obtain morphologies with grains exceeding the micron size.>
Furthermore, they employed a K+ additive, which has been already used to
improve the photovoltaic performance through modification of the crystal lattice
and reduction of the grain boundaries.®” Other additives have been employed on
perovskites synthesized by one-step solution methods, such as barium or acetate.
61,62 Furthermore, research on different solvents has been done, obtaining a wide

variety of options even with green solvents as Polar Clean.o3

e Two-step deposition:

This technique is based on the initial deposition of part of the perovskite
precursors and a second deposition of the rest. It has several advantages as it
allows for better morphology control, determined by the first precursor deposited,
which are typically the lead-based compounds. The second deposition may be
done through spin-coating, dipping or vapor-assisted.®*-6¢ Different techniques to
enhance the properties of the films have been introduced. The incorporation of

additives such as rubidium, cesium and different alkali metals has been studied.67.¢8

e Solvent engineering:

This method is based on the addition of a solvent where perovskites are pootly
miscible during the spin-coating of the precursors. This fact changes the
deposition kinetics of the perovskite triggering a fast film formation. For this
reason, better morphologies may be achieved.®®70 This technique leads to better
results. However, the vast number of parameters needed in this method makes

solvent-engineering a pootly reproducible and non-scalable method.
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As for the vapor deposition techniques, there are three main methods to

deposit perovskites:

e Flash evaporation:

This technique is based on the initial formation of the perovskite through
different methods, as for example ball-milling and then a sublimation of the
already mixed precursors.” It has shown to be an excellent technique to synthesize
films, including those combining tin and lead as the divalent cations.” Decent
efficiencies were achieved employing this technique for lead-based perovskites.”
However, this technique shows inferior control on the composition of the films,

due to the need of subliming all the components at the same time.

e Sequential deposition:

This method is similar to the sequential solution-based one previously
described, named as two-step deposition. The procedure consists of individually
subliming the precursors by consecutive steps. However, the technique requires a
thermal post-treatment to form the desired perovskite. This technique resulted in
very good efficiencies on photovoltaic devices employing the wide-bandgap
CsPblI.Br perovskite. As mentioned before, Lin H. and co-workers, employed this

method to prepare highly efficient sublimed cesium-based perovskites.>

e Multiple source co-evaporation:

This technique uses the simultaneous sublimation of all the different
precursors of the perovskite to form the perovskite in situ onto the substrates. It
requires control of the stoichiometry which is normally done by monitoring the
mass deposited on Quartz Crystal Microbalances (QCM). This will be the main
technique employed in this thesis because of the advantages it presents, especially

its high control on the composition of the films.
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Figure 10. 3D design of an evaporator employing 4 sources and 5 QCMs.

In Figure 10 a scheme of one of the evaporators employed in this thesis is
displayed. This illustration shows an evaporator chamber where four sources are
being employed to evaporate four different precursors. On the other hand, five
sensors employing QCMs can be observed. These sensors were calibrated to
detect the specific amounts of each precursor through the mass deposited on
them, and a fifth one to determine the quantity of perovskite formed on the
substrates. In the upper part of the evaporator a rotating holder holds the
substrates. The rotative holder is key to achieve a homogeneous formation of the
perovskite. Furthermore, five shutters may be observed on the design. These
shutters are employed to control, with high precision, the composition of the
perovskite, acting as barriers to not deposit the different precursors both in the
substrates and in the QCMs.

The first devices fabricated employing this method in 2013 showed
efficiencies up to 15%.747> However, these devices where employing MAPbI; as
the absorber, which is simpler to synthesize as it only requires controlling two
precursors at the same time. Afterwards, the technique has evolved, obtaining
efficiencies beyond 20%.7677 The technique has also proven to be successful both
for wide-E, and narrow-E,; perovskites, allowing them to obtain working
devices.7 All of these studies, combined with the advantages that it offers,
encourage the scientific community to employ it as the method to synthesize low-

cost scalable perovskites.



Some of the advantages that this technique presents are:

¢ High purity of sublimed materials: sublimation is a purification method
so the materials that end up in the substrate present higher purity than the
ones used employing solution-based methods.

¢ Large area compatibility: the area depends basically on the size of the
substrates, as can be seen in Figure 10.

¢ Precise control of the thickness, stoichiometry, and morphology of the
films.

¢ Low substrate temperature, no need of thermal post-treatments.

¢ Intrinsically additive technique: this technique allows to prepare different
layers without the use of solvents that affect the layers previously
deposited.

¢ No need to use toxic solvents.

¢ Consolidated technique that has already been used in industry.

1.5.  Solar Cells Operation

PSCs can be arranged in several configurations. The sandwiched
configurations, where the perovskite absorber is between both electron and hole
conductive layers, can be summarized as p-i-n and in n-i-p structures (depending

on which contact is the light incidence side).

m,

o

Figure 11. 3D design of a p-i-n architecture.
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In the p-i-n structure, sunlight is incident from the hole (positive (p) charge
carrier) extraction electrode. The n-i-p structure is the reversed architecture, where
the sunlight is incident from the electron (negative (n) charge carrier) extraction
contact, ETM is firstly reached then the absorber and finally the HTM. As an

example of the p-i-n architecture Figure 11 can be observed.

When illuminated, perovskites generate electron-hole pairs that become free
electrons and holes due to their generally low exciton binding energies. These
charge carriers are extracted by the HTM and ETM and collected at the electrodes.
As discussed in chapter 1.2, perovskites present some intrinsic properties, such as
high mobility of the charge carriers, that lead to low non-radiative recombination.
These properties minimize the energetic losses and are key to make efficient solar

cells.

Two main methods can be employed to determine how efficient solar cells

are:

e External Quantum Efficiency (EQE) or Incident Photon-to-electron
Conversion Efficiency (IPCE): this technique consists of measuring the
number of photons that are successfully converted to electrical current

depending on the wavelength of the incident photons.

e Current density under illumination versus voltage scan (J-V curves): the
measurement of this feature allows to obtain different values required to
determine the PCE. PCE is an important parameter of the devices, as it
represents their capability to convert sunlight into electricity and it is

calculated as represented in Equation 3.

PCE = Isc'Voc FF 3)

m
Where Voc is the Open Circuit Voltage, or the voltage in the terminals when
the cell is operated at short-circuit conditions. Jsc stands for Short Circuit current
density, or the current in the terminals when the voltage applied is equal to 0 V.
FF is the Fill Factor, or the ratio of maximum power point against the product of
Voc and Jsc; and Pi, is 100 mWem? when operating at AM 1.5G illumination.

These measurements are usually performed under AM 1.5G, a standard solar
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spectrum that allows to characterize solar cells all over the world and compare

them.80

Solar cells can present hysteresis in their |-V curves. This effect is observed
when there are distortions in the curve depending on the measurement direction:
forward, negative to positive applied voltage, or reverse, positive to negative

applied voltage.5!

As an example, in Figure 12 both the EQE and J-V curve measuring can be

observed for a wide-bandgap solar cell.
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Figure 12. IPCE, where the integrated current obtained from IPCE is represented in red, and J-17 curve

measurement for a cesium lead enropium iodide bromide CsPbo.osEngosI:Br solar cell. 82
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1.6. Aim of the Thesis

The aim of this thesis is the development of narrow-bandgap and wide-
bandgap perovskites through vacuum-based methods and their incorporation into

devices employing organic charge transport layers.

As mentioned in section 1.3.1, one of the main issues of tin-lead alloyed
perovskites preparation is the oxidation of Sn*? to Sn** and the proper formation
of the perovskite. In chapter 3, the preparation of the first narrow-bandgap
sublimed perovskite working in efficient devices will be studied. The issue of
formation and oxidation of the Sn*2 will be tackled through the introduction of a
SnF» additive.

On the other hand, one of the main advantages of sublimation methods is the
capability of controlling the composition in an efficient way. However, the use of
small quantities of additives can be challenging. In chapter 4, the preparation of
reproducible narrow-bandgap perovskites through vacuum deposition methods
will be carried out by using more controllable cations and lower tin amounts. This
chapter will be key for the progress of this kind of perovskites, as it aims to prepare

perovskites showing the optimum bandgap of 1.34 eV.

Finally, as mentioned in section 1.3.2, one of the main issues of wide-bandgap
perovskites is halide segregation. In chapter 5, a study on different vacuum-based
methods to deposit CsPbL:Br is presented. As this kind of perovskites requires
high temperature thermal post-treatments, with this study we will determine the

proper routes to fabricate this perovskite without the need for further annealing.
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2. Experimental Methods

2.1. Solar Cell Fabrication

All the processes required to fabricate and characterize perovskite solar cells were

carried out in a class 10000 clean room (Figure 13).

Figure 13. Class 10000 clean room situated in Instituto de Ciencia Molecular (ICMol) of the Universitat
de Valéncia.

Preparation of the devices consisted of the following processes:
1. Substrate’s preparation:

Indium tin oxide (ITO) coated glass substrates were cleaned in different steps
starting by rubbing them with a Mucasol detergent solution, then washed with
water, milliQQ water and isopropanol. After each step, the substrates were sonicated
for five minutes. Afterwards, the substrates were dried employing a nitrogen gun

and finally they were exposed to UV-Ozone for 20 minutes.
2. Otganic layers and metal cathode deposition:

Molybdenum oxide (MoQs3), 4,4°47-tris [(3-methylphenyl) phenylamino]
triphenylamine (m-MTDATA), N4,N4,N4”N4”-tetra (|1,1’-biphenyl]-4-yl)-
[1,17:4°,17-terphenyl]-4,4”-diamine (TaTm), Ce, bathocuproine (BCP) and Ag
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were deposited in three different evaporation chambers by heating the materials
to their sublimation temperature. The chambers were evacuated until the pressure
went down to =106 mbar. MoOj3 was deposited at a rate of 0.1 A/s to a thickness
of 5 nm, m-MTDATA was deposited at a rate of 0.5 A/s to a thickness of 10 nm,
TaTm was deposited at a rate of 0.5 A/s to a thickness of 10 nm, Cg was deposited
at a rate of 0.5 A/s to a thickness of 25 nm, BCP was deposited at a rate of 0.1
A/s to a thickness of 8 nm and Ag was deposited at a rate of 0.15 A/s to a
thickness of 100 nm employing a shadow mask with an aperture of 2.1 x 3.1 mm?2.
Poly (triaryl amine) (PTAA) was deposited in solution. This deposition was done
employing a spin-coater for 30 s at 1500 rpm. The bilayers of MoO3;-TATM,
MoOs3;-m-MTDATA and MoOs3-PTAA were annealed after preparation at 140,
100, and 100 °C respectively, for 10 minutes. HTM structures are shown in Figure
14.
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Figure 14. PTAA, m-MTDATA, and TaTm molecular structures.

3. Perovskite layers deposition:

¢ Formamidinium lead tin iodide (FAPbosSnosls): four vapor deposition
sources employing formamidinium iodide (FAI), Pbly, tin iodide (Snl»)
and tin fluoride (SnF>) as precursors.

e Methylammonium cesium lead tin iodide (MA09Cso.1Pbo.75Sn0.2513): four
sources vapor deposition employing methylammonium iodide (MAI),
Csl, Pbl> and Snl» as precursors.

e  CsPbIBr: this perovskite was deposited using different methods to study
how the deposition conditions affected its properties. As a summary, for
the sublimation methods, the methods can be found in the scheme of
Figure 15. For the solid-state synthesis stoichiometric amounts of CsBr
and Pbl, were mixed in a nitrogen-filled glovebox and ball-milled for 99

min at 30 Hz.
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Figure 15. Scheme of the different vapor deposition techniques employed to synthesize CsPblBr.

The photovoltaic devices employed in this thesis were based on three

different main configurations (Figure 16).

b)

Figure 16. Solar cell configurations employed in a) Chapter 3, b) Chapter 4 and ¢) Chapter 5.

All three different configurations are p-i-n and employ different HTMs

adjusted to the various valence bands of the employed perovskites.

In order to control the perovskites’ stoichiometry, the sublimation rate is
monitored in situ using QCMs. As commented in chapter 1, the sensors contain a
QCM. The QCM consists of a quartz crystal between two metal electrodes. These
microbalances are operated by applying an electrical field that causes a vibrational
movement. When mass changes are produced because the material is deposited
onto the QCM, the oscillation frequency is changed. Due to this change in the
oscillation frequency, the mass deposited onto the QCM can be monitored. An
initial calibration of each of them is performed to determine the amount of each
material deposited in the QCM. The calibration was performed through
evaporation of a known amount of material that can be determined by surface
profilometry. Then, the calibration factor or tooling factor (TF) (Equation 4) is

applied to the sensor.
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Furthermore, some characteristics of each material, such as density and
acoustic impedance, are introduced to improve the accuracy. The previously
explained calibration was done for all the materials that were sublimed in this

thesis.

2.2. Thin Film Characterization

As previously discussed, different perovskites were deposited during these
studies. Several characterization techniques were employed to determine the
quality of the films produced, which can be divided into structural and optical

ones:

e  Structural analysis: the thickness of the films was measured employing a

contact profilometer (Ambios XP-1). The measurements were used to
optimize the deposition conditions and for the specific thickness studies.
A Hitachi S-4800 scanning electron microscope (SEM) operating at 20
kV and Veeco Instruments Inc. Atomic Force microscope (AFM) with a
Si tip were employed to determine the surface morphology of the films.
The scanning electron microscope was equipped with an X-Ray detector
(Bruker) and the program QUANTAX 400 for the compositional Energy
Dispersive X-Ray Analysis (EDAX). The crystalline structure of the films
was determined by X-Ray Diffraction (XRD) employing an Empyrean
PANalytical powder diffractometer in Bragg-Brentano geometry.

e  Optical analysis: the absorbance of the films was measured employing a
fiber optic Avantes Avaspec2048 spectrometer. Tauc plots were
calculated using the formula (xhv)? and plotting it vs the wavelength.
Photoluminesce (PL) characterization was done employing a
Hyperspectral Imager IMA VIS from Photon etc. coupled to a continuous

wave laser of 532 nm.
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2.3. Solar Cell Characterization

As for the solar cells, several characterization techniques were employed to

determine their efficiency and performance parameters.

e FHlectrical characterization: EQE was calculated through the
measurement of cell response under different wavelengths. The
different wavelengths were obtained with a white halogen lamp and
band-pass filters. J-V curves were obtained employing a solar
simulator from Abet Technologies, model 10500, with a xenon lamp
(AM 1.5G) as the light source and a Keithley 2400 source measure
unit. The solar spectrum was adjusted employing a calibrated silicon
reference cell (Minisun Simulator from ECN, Netherlands). All the
samples were measured using a shadow mask of 2.2 x 1.2 mm? to be

able to estimate the current density with precision.

e Sensitive EQE analysis SEQE): cells were illuminated employing a

Newport Apex 2-QTH Quartz-Tungsten-Halogen lamp through a
Newport CS130-USB-3-MC monochromator, a chopper at 279 Hz
and a focusing lens. The device current was measured as a function
of energy using a lock-in amplifier (Stanford Research Systems
SR830). The solar spectrum was corrected through calibration with a

silicon reference cell.

e  Electrochemical impedance spectroscopy (EIS): the measurements
were obtained employing a Gamry Interface 1000 potentiostat to
apply 20 mV perturbation with a frequency from 100 MHz to 100
mHz AC voltage, at different DC potentials under 1 sun illumination.
The measurements were fitted with Z-View software to an equivalent

circuit represented in Figure 17.

Figure 17. Equivalent circuit for the solar cells measured in Chapter 4.
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3. FAPbosSnosI;, A Narrow Bandgap
Perovskite Synthesized through
Evaporation Methods for Solar Cell
Applications.

3.1. Introduction

PSCs have increased their efficiency in the last years from a 3.8% in 2009
to 255 % in 2020.>7838+ This evolution is quickly approaching the Shockley
Queisser limit. Thus, absorbers with the optimum bandgap of 1.34 ¢V could help
enhancing the power conversion efficiency reducing the losses.’!:85 Narrower E,
perovskites are also a key to develop perovskite-perovskite multijunction solar
cells, which require a narrow-Eg absorber of 1.1-1.3 eV. As mentioned in section
1.3.1, the combination of tin and lead as perovskites” divalent cation results in a
E,; narrowing, which can be accentuated by the bandgap bowing effect.40-8-89
Furthermore, the introduction of FA, improves the thermal stability of the
material. 2%  Through successive optimization of the composition and
configuration, solution-processed tin-lead perovskites have achieved PCEs up to
21.1%.% However, these solution-processed tin-lead perovskites require
complicated synthetic routes, making them difficult to upscale. Therefore, new
fabrication routes are required. In this chapter, we present the work carried out to
achieve a tin-lead perovskite solar cell by sublimation methods, and discuss the

main challenges involved.

3.2, Formamidinium tin-lead iodide perovskite as

narrow-bandgap absorber in a solar cell

We present an innovative method to synthesize tin-lead perovskites working
as absorbers in solar cells. This method consists in the multisource co-sublimation
of different precursors to prepare FAPbosSnosls. This study presents the optical,
morphological, and structural characterization of the films and integrates them in
diodes. The as-synthesized perovskite has a bandgap of 1.28 eV, close to the ideal

one for single absorber solar cells and suitable for the preparation of tandem solar



cells with wider bandgap sub-cells.?*?! Furthermore, the solar cells prepared with
this absorber led to efficiencies of 13.98%, demonstrating vacuum-deposited tin-

lead alloyed perovskite based solar cells for the first time.

3.3. The route to tin-lead perovskites synthesized

through sublimation

The development of vacuum-deposited narrow-E, tin-lead perovskites
presented several challenges. This approach required a dedicated evaporator
expressively for the preparation of this kind of material. The need to use a different
evaporator for this material was based on the use of tin in the composition. Tin
presents two oxidation states (Sn?* and Sn**) being the Sn*" more stable. Sn** can
contaminate perovskites and be detrimental for their performance. Thus, a new
evaporator was installed inside the glovebox to completely avoid the precursor
exposure to oxygen or moisture. All the sensors present in the evaporator were
carefully calibrated with several materials. Firstly, Pbl, was employed to determine
how the position of the sensor affected the reading. Then, each material employed

was evaporated and successively recalibrated to be sure the reading was correct.

Puzzled by the low reproducibility of the resulting devices, several conditions
were studied to determine their impact in the final device. Different HTMs were
employed as substrates, such as TATM, m-MTDATA or PTAA. Also, a series of
ETMs such as Ceo, phenyl-Cgo-butyric acid methyl ester (PCBM), and indene-Ceo-
acid hexyl ester (IPH) were investigated. Furthermore, a careful study on annealing
temperatures was carried out. However, no clear correlation was found, which
pointed towards other factor as the limiting ones. Other possible low
reproducibility origins were investigated, such as the brand and purity of Snl (with
slightly more reproducible results obtained with Snl supplied by Tokio Chemical
Industries). It was clear that this work would not be easy at all due to the easy
oxidation of Sn?* to Sn**. However, although the results were often unconclusive
due to the lack of reproducibility, some trends discussed in next pages allowed us

to extract important information.



FAPb0.5Sn0.513, A Narrow Bandgap Perovskite Synthesized through ‘"
Evaporation Methods for Solar Cell Applications.

As a summary in Figure 18, the evolution of our perovskites is presented in
two J-V curves, the first one for one of our first experiments and the next one for

the best result achieved.

10 10
5 - 5 ;f
0 — L 0
5 e E
E SR p— E 10
7 s 7o
204 20
25 4 o 25 .
" Unoptimized " Optimized
o2 0.0 02 04 06 08 ) 00 02 04 0s 08
V(V) V(v)

Figure 18. J-17 Curves for tin-lead perovskites before and after gptimization throngh several studies.

3.4. Experimental methods

Figure 19. Scheme of the evaporator employed to synthesize FAPbosSno sl including the position of each

precursor crucible inside the evaporator.

ITO-coated glasses were carefully cleaned employing the method described in
chapter 2.1. Afterwards, 5 nm of MoOj3 was thermally evaporated at a pressure of
2x10-¢ mbar. A layer of PTAA was spin-coated at 1500 rpm for 30 s and then

thermally annealed at 100°C for 10 min in nitrogen atmosphere. Then, the
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perovskite was synthesized by simultaneous thermal vacuum deposition
employing the precursors FAIL, Snls, Pblz and SnFs, as an additive. As explained
in chapter 2.1, a careful calibration of the QCMs was done to determine the exact
evaporated quantities of each material. A scheme of the evaporator can be
observed in Figure 19. After subliming the perovskite, Cso and BCP were
evaporated with thicknesses of 25 and 8 nm, respectively. The pressure during this
evaporation was 3x10-¢ mbar. Finally, the metal electrode consisting of Ag was
thermally evaporated at a pressure of 2x10-¢ mbar (thickness of 100 nm). Device
characterization was performed employing the techniques and equipment
described in chapter 2.2 and 2.3.

3.5. Results and discussion

Once certain degree of control was achieved, a careful study on the formation
of the perovskite introducing SnF» as an additive was carried out. As previous
reports based on solution processes showed, this additive improved film
formation and reduced Sn** generation.?>-4 In this line, the co-sublimation of this
additive leads to a better formation of the perovskite in our system, as observed
in the absorbance spectrum (Figure 20a). XRD spectra in Figure 20b showed
structural effects when different amounts of SnF; were introduced. Without the
additive, the dominant peak is the one centered at 12.7°, normally attributed to
Pbl.. However, when introducing small amounts of the additive, the peaks
associated to the perovskite become prominent and the peak associated to Pbl, is
reduced, this implies a better formation of the perovskite.?> On the other hand,
when very high quantities of the additive are introduced, the peak at 12.7° is
intensified and a new peak at 38.7° appears. This last peak is normally associated
to Snl,. Therefore, it seems that the introduction of an excess of SnF; leads to an
excess of Snl, and Pbl; in the final films.236 These results led to the conclusion

that 10% of the additive is the optimum amount of SnF».
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Figure 20. a) UV-Vis absorbance spectrum of the perovskite with and without the addition of a 6% of
SuF, during sublimation. B) XRD pattern obtained for the perovskite with different amounts of SnF.

Furthermore, studies on the morphology of the films with different
quantities of SnIF> were also performed (Figure 21). As shown in the images, the
different amounts of the additive on the film did not significantly affect their
morphology.

Figure 21. SEM images of the surface of FAPby sSnosl; containing a a) 0%, b) 10% and ¢)20% of
S ﬂFg.

The stability of these films under ambient conditions was also evaluated
over time, by monitoring the UV-Visible absorbance and the conductivity under
different air exposures. In Figure 22a, the UV-Visible spectrum of samples stored
in ambient conditions can be observed. After one day of air exposure, the
perovskite starts to degrade. Furthermore, the results in Figure 22b show how the
conductivity of the perovskite remains similar for 12 days in nitrogen conditions
but, after air exposure the conductivity increases one order of magnitude within 3
hours. This pronounced increase in the conductivity is associated to Sn**

formation and can be interpretated as a clear sign of degradation.
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Figure 22. a) UV-Visible absorbance measurement up to 12 days in air. b) Conductivity of the samples
up to 12 days in N> atmosphere and of the same sample for 3 hours in air (inset).

The bandgap and morphology of the films with 10% of SnF> were

determined using detailed analysis of the absorption spectrum and SEM analysis
(Figure 23).
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Figure 23. a. UV"-Visible absorbance, Tanc plot caleulations (inset) and b. SEM image of the surface
on the FAPbosSnosl; containing a 10% of SnFo.

From the absorbance studies (Figure 23a) it is clear that the film absorbs
up to 970 nm. Analysis of the calculated Tauc plot leads to a deduction, the
bandgap to be 1.28 eV through a direct transition (Figure 23a inset).”” Studies on
the morphology of the films through SEM of the surface (Figure 23b). The image
shows a very homogeneous surface with no signs of pinholes, ideal for solar cells.
Although the grains have small sizes (60-100 nm) that are consistent with vacuum
deposition, this small size has already shown in other studies to not be a limiting

factor of the achievable PCE. %



L

FAPb0.5Sn0.513, A Narrow Bandgap Perovskite Synthesized through m
Evaporation Methods for Solar Cell Applications.

Afterwards, to test the performance of these films for photovoltaic
applications, they were integrated as the absorber in solar cells employing the
configuration shown in Figure 24a, as discussed in chapter 2.1. First, we measure
the J-V in the dark to determine the quality of the diode. From Figure 24b we see
a small leakage current and good diode rectification can be seen. These
characteristics suggest a suppression of Sn** formation during the sublimation in
inert conditions. In Figure 24c, the IPCE spectrum can be observed. The spectrum
reaches maximum values of 0.7. These relatively small values indicate that further
optimization on the thickness and composition of the films should be done to

achieve the maximum capability to generate hole and electron pairs from photons.
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Figure 24. a) Device structure, b) |- Curve in dark conditions, ¢) EQE and d) J-1 Curve (dotted for
reverse and solid for forward measurement) under illumination for the best performing device of
FAPbys8no 51 containing a 10% of Snk>.

Finally, in Figure 24d the J-V cutrves under illumination are displayed. It
can be seen how the solar cell presents no significant hysteresis, high FF values
and a Jsc close to the expected one expected from the IPCE spectrum. However,
loses on the Voc compared to material E, indicate recombination issues. The

values obtained for these curves are presented in Table 1.
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Table 1. Photovoltaic parameters under AM1.5G illumination measured for the

solar cell presented in Figure 24.

Scan Jsc (mA/cmz) Voc (mV) FF (%) PCE (%)

Forward 24.3 730 73.3 13.42
Reverse 245 720 79.3 13.98

This vacuum-deposited Sn-Pb  perovskite can display encouraging
performances in solar cells, demonstrating the potential of vacuum deposition

methods to fabricate tin-lead alloyed perovskites avoiding Sn** formation.
3.6. Conclusion

A novel method to synthesize FAPbosSnosls through vacuum deposition was
developed. The co-evaporation of precursors including SnF, additive
demonstrated to be an effective technique to suppress the formation of Sn** in
the films. The process we developed resulted in pinhole-free films with
homogeneous surface and a bandgap of 1.28 ¢V, demonstrating the high control
of this technique to achieve the targeted narrow-E, perovskite. Furthermore, the
films were integrated into p-i-n solar cells performing with efficiencies close to
14%. These studies show the capability of vacuum deposition to synthesize tin-
lead based perovskites with considerable efficiencies opening a new processing
route to develop optimum-bandgap perovskites and narrow-E, perovskites to be
integrated in multijunction devices through a simple and well-known in industry
technique. However, the results obtained in these studies were very difficult to
reproduce, as the use of very small quantities of additive required high control
during the sublimation. Therefore, alternative approaches to produce reproducible

vacuum-deposited tin-lead perovskites should be catried out.
3.7. Contribution of the author

Igual-Mufioz, A. M.; Avﬂa,].; Boix, P. P.; Bolink, H. J. “FAPbosSnosls: A Narrow
Bandgap Perovskite Synthesized through Evaporation Methods for Solar Cell
Applications” Sol. RRL, 1900283, 1-5 (2019).
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4. Vacuum-Deposited Multication Tin-
Lead Perovskite Solar Cells

4.1. Introduction

High power conversion efficiency is a key factor determining the success of
any photovoltaic technology. Considering the high soft costs, such as those related
to the solar cells’ installation, efficiency enhancements represent the most direct
route to reduce the final energy price. As mentioned in section 1.3.1, two main
routes can be considered to increase PSCs efficiency: developing more efficient
absorbers through narrowing the E, towards the “Optimum bandgap” of 1.34 eV,
and manufacturing multijunction solar cells where a narrow-E, absorber is
required to exploit the potential of the full solar spectrum. 2019 The synthesis of
tin-lead alloyed perovskites results in narrower bandgap absorbers than their single
metal counterparts. However, the use of tin needs to deal with the detrimental
oxidation of Sn?* to Sn**. This oxidation leads to p-type doping and compromises
the stability and performance of devices,”? yet alloyed perovskites are more stable
than their purely tin-based counterparts.#0 Normally, the fabrication of tin-lead-
based perovskites is done through solution-based processing methods that present
several disadvantages against vacuum-based methods, such as the lack of control
in the thickness of the absorber. Vacuum co-deposition of the precursors is a
widely known technique in industry!'® that can be employed to prepare large-area
devices. Also, it is intrinsically additive, a key point for the development of
multijunction devices.!”! In Chapter 3, an efficient tin-lead-based perovskite
developed through vacuum deposition methods was reported. However, the
technique required the use of SnF» additive to suppress the formation of Sn*t and
the use of FA as the monovalent cation.” An accurate introduction of small
quantities of SnF is difficult to achieve through vacuum-based methods, and the
use of FA cation hinders the phase control since it can result in detrimental yellow
polymorphs. Therefore, these studies showed a lack of reproducibility, and the
work served only as a proof of concept. One of the strategies that can be fruitful
to overcome these problems is the incorporation of two monovalent cations.
Combining MA and Cs has shown the capability to form Sn-based perovskites

working as absorbers without the need for additional additives.192 As an added
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advantage, the introduction of Cs has been shown to enhance perovskites’ thermal
stability, photostability and efficiency.!03104 In addition, MA has shown to be more
stable and controllable than FA through sublimation methods, resulting in more
reproducible perovskites. However, their combination on tin-lead alloyed
perovskites synthesized via sublimation remained unexplored, thus this perovskite
became an excellent candidate to prepare lower bandgap perovskites by vacuum

deposition.

4.2. Studies on the thickness and solar cell
performance of vacuum-deposited

methylammonium cesium tin-lead iodide.

In this chapter, we explored the partial replacement of Pb by Sn in
MA9Cs0.1Pbl; to develop narrow-E, perovskites through vacuum-based methods
without the use of a SnF» additive. The study pursued the composition based on
75% of Pb and 25% of Sn employed in previous studies that displayed enhanced
stability and higher efficiencies.!®® The obtained perovskite presented a narrower
E, than its Pb-based counterpart, close to the optimum single-junction bandgap
of 1.34 eV. The development of the improved absorbers included a study on the
film characteristics, which were adjusted by modifying deposition parameters such
as the monovalent to divalent cation rate. Finally, a conscientious study on the
thickness of the perovskite in sandwiched devices was done to obtain higher and

reproducible efficiencies.

4.3. Achieving a reproducible tin-lead perovskite by

sublimation

The efforts to prepare tin-lead perovskites by sublimation, detailed in Chapter
3, lead to the following conclusion: the capability to prepate tin-lead perovskites
by sublimation methods is a real option. However, the low reproducibility of the
perovskites represented a major issue. Part of these problems were attributed to

the need to control the deposition of small amounts of SnF» in a steady and
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accurate way along the whole perovskite formation. For this reason, we decided
to start a new study searching for a new Pb-Sn perovskite that avoids the use of
Snl. In this aspect, the main objective was to include the Cs and MA cation to
circumvent the SnlI, deposition. To do so, four evaporation sources had to be
concurrently operated as MAI, Csl, Snl, and Pbl, were the precursors. A scheme

of the evaporator can be observed in Figure 25.

Figure 25. Scheme of the evaporator employed to prepare NAo.9Cs.1Pbo.75Sno 2515.

In our first studies, the temperature required to evaporate the same
quantity of MAI in source four, the one that is presented for Csl in Figure 25, was
higher. A perovskite with a whitish aspect was being obtained regardless of the
hole transporter employed as a substrate. These observations indicated an excess
of MAI in the films. Solar cells prepared with this perovskite were showing low
IPCEs, Vocs and Jscs. For this reason, absorbance and XRD studies were
performed, and they indicated a clear excess of MAI in the films. These results can
be observed in Figure 26. From these results and further studies on the HTL
employed with our optimized perovskite, we concluded the best HTL to employ
for this perovskite was m-MTDATA, as the rest of HTLs tried were showing the
same S-Shape in their J-V curves as PTAA in Figure 26. Furthermore, as MAI
was the precursor that is most difficult to control in the evaporation process. We
evaluated different MAT’s originating from different suppliers. Our results clearly

indicated the best MAI to employ was the one obtained from Lumtec.
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Figure 26. J-V" curves, UV-Vis absorption spectrum and XRD diffractogram obtained for the first trial
on synthesizing MA 9Cso.1Pbo 758 n 251.

Although these first results may not seem encouraging, this perovskite
presented higher reproducibility than the one in the previous chapter (based on
FA and SnF; additive). For this reason, we were able to observe some trends and
adjust different controllable variables during the synthesis to obtain the results

presented in the next pages.

4.4. Experimental methods

ITO-coated glasses were cleaned employing the method described in chapter
2.1. Afterwards, 5 nm of MoO; were thermally evaporated at a pressure of 2x10-
mbar. That layer was annealed at a temperature of 100°C for 10 minutes in
nitrogen atmosphere. 10 nm of m-MTDATA were sublimed at a pressure of 3x10-
¢ mbar to complete the hole selective layer. The perovskite was synthesized by
simultaneous thermal vacuum deposition employing the precursors MAIL, Snl,,
Pbl, and Csl. Again, a careful calibration of the QCMs was done to determine the

exact quantity of each material being evaporated. Ceo and BCP were sequentially
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evaporated onto the perovskite with thicknesses of 25 and 8 nm respectively, at a
pressure of 3x10-¢ mbar. Finally, 100 nm of Ag were thermally evaporated at a
pressure of 2x10¢ mbar. Films and device characterization were performed

employing the techniques and equipment described in chapter 2.2 and 2.3.

4.5. Results and discussion

The targeted composition in this study was MA¢9Cso.1Pbo7sSn02s13. A study
on the precursor’s ratio was done. To maintain the monovalent ratio and the
divalent ratio, MA:Cs and Sn:Pb ratios were kept constant while the MACs:SnPb
ratio was changed. Perovskite films with the ratios 1.2:1 to 2.3:1 were synthesized

and analyzed through XRD and absorbance.
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Figure 27. Studies on the (a) XRD and (b) absorbance for different precursor ratios of
MAo.oCs0.1Pbo.75S n0.251.

In the XRD diffractogram of the composition containing less divalent
cation (1.2:1 in Figure 27a), a peak centered at 11.4° is observed. This peak is
related to the formation of low-dimensional perovskites. Low-dimensional
perovskites appear when there is an excess of monovalent cation, as MA, in the
films. Thus, we concluded these films were containing a huge excess of MA. 105
107 Therefore, formulations introducing more divalent cations were introduced,
labeled in Figure 27 as 2:1 and 2.3:1. Both showed a well-formed perovskite.
However, the one with a formulation of 2.3:1 (SnPb:MaCs) showed a peak which
is commonly attributed to Pbl,, indicating a small excess of divalent cation. In

previous studies, it has been reported that a small excess of divalent cations
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enhances the performance of these perovskites and avoids the need to employ
additives to suppress Sn** formation.?> On the other hand, absorbance studies
(Figure 27b) show an absorption onset of 850 nm for the 1:1 perovskite (green
line), implying the perovskite was not well-formed, as the expected onset for this
perovskite was approximately 950 nm. However, for the 2:1 and 2.3:1 ratios, the
perovskite shows the expected onset and higher absorption for the 2.3:1 ratio. To
further investigate these ratios, solar cells with these unoptimized compositions
were developed. The EQE measurements and J-V characteristics are shown in
Figure 28 a and b, respectively. Furthermore, the representative values can be

found in Table 2.
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Figure 28. (a) EQEs and (b) J-V curves for the solar cells prepared with different ratios of MACs and
SnPb.

Table 2. Values obtained for the efficiency parameters from the J-17 curves for solar cells prepared with
different ratios of MACs and SnPb.

Ratio (SnPb:MACs) FF (%) Jsc (mA/cm2) Vo (MV) PCE (%)

1.2:1 57 3.7 477 1.0
2.0:1 66 13.7 681 6.1
231 59 21.1 673 8.4

From the EQE plots (Figure 28a) we concluded the 1:1 ratio did not form the
expected perovskite because the IPCE was very low and only present in some of
the expected wavelengths, this observation correlates well with the conclusions
obtained before for XRD and absorbance measurements. On the other hand, for
the ratios of 2:1 and 2.3:1, the IPCE was showing charge carrier generation in all

the expected wavelengths for this perovskite. However, as in absorbance
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measurements, the IPCE was more intense for the composition with a 2.3:1
(SnPb:MAC:s) ratio. For this reason, as observed in Figure 28b, the measured Jsc
for this composition was higher. Therefore, the ratio of 2.3:1 was chosen to be
the one employed in further optimizations, including a comprehensive study on
the effect of thermal post-treatment (Figure 29 a and b) and stability of the films
(Figure 29 ¢ and d). Studies on thermal post-treatment confirmed that no
beneficial result was obtained from thermal annealing on sublimed perovskites,
which implies a stochiometric perovskite formation during the deposition (Figure
29a,b). The formation of Sn** is the main origin of losses in Sn-containing
perovskites, and it is also a determining source of degradation. Thus, the stability
of our films deposited without SnF> is a key aspect. We prepared solar cells and
measured them before and after three days of storage in Nz atmosphere,
conditions comparable with optimal sealing. The results show a stable perovskite
where the efficiency does not decrease although FF and Jsc are slightly
affected(Figure 29¢,d).
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Figure 29. Thermal post-treatment studies (a) EQE and (b) -1V~ Curves. Stability studies (c) EQE and
(d) J-V curves on devices prepared with the perovskite M.Ao9Cso.1Pbo.758 10251,

To identity the optimum thickness of the perovskite film for the solar cell

efficiency, a study on the thickness of the perovskite was performed. The thickness
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of this layer affects the final performance as it can absorb more light. However,

there is more distance for the charge carriers to travel.

Figure 30. Surface morphology and crystallinity studies performed by (a-d) Scanning electron microscopy
and (e) XRD of MAgoCso.1Pby.758 102515 with dz)j‘ereﬂt thicknesses.

Top-view SEM images of the surface of the perovskite with different
thicknesses are shown in Figure 30a-d. All the images suggest a high degree of
crystallinity in the film. In addition, a homogeneous surface without pinholes was
obtained. A slight increase in the grain size can be observed for thicker samples.
This effect was attributed to a decrease in the MAI rate during longer sublimation
times. The XRD patterns are shown in Figure 30e. Patterns displayed correspond
to the expected ones for this perovskite, with the additional 12.7° peak attributed
to an excess of divalent cations.?’ It can be observed how, when the thickness of
the film is increased, the intensity of the (220) plane is also increased. However,
this can be an artifact of the measurement, as in thicker perovskites in this angle,

a bigger quantity of material is reached.

The E, dependence on the film thickness can be explored by the absorbance
measurements in Figure 31a. To further understand the changes in Eg, the
composition of these films was studied by EDAX. A plot representing the
composition and Eg variations with films’ thickness is shown in Figure 31b. The
obtained compositions with this methodology are very close to the targeted ones,
with slight variations during different sublimations. The resulting E, is also
maintained in the range of 1.2 eV to 1.4 eV, confirming the significant degree of
compositional control of the technique. It is also worth remarking that these values

are very close to other studies previously reported for this perovskite.!03
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As the morphological, structural, optical and compositional studies indicated
the fabricated perovskites were of high quality, they were integrated into p-i-n
devices. In this study, m-MTDATA was employed as the hole transporter because
its highest occupied molecular orbital (HOMO) aligned well with this perovskite’s
energy levels, also the use of this hole transporter didn’t show to provoke the
formation of whitish films. 103108 Representative |-V curves obtained for these
devices are shown in Figure 32a along with the EQEs (Figure 32b) obtained for

the same devices.
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Figure 32. (a) J-V curves and (b) EQEs of representative devices with different thicknesses employing the
perovskite MAgoCso.1Pbo.7585 9,251,

For a better comprehension of the values obtained from the J-V curves
Table 3 and Figure 33 are shown. Whereas Table 3 shows the values obtained for
these curves and an average value, Figure 33 shows the statistics obtained for all

the samples prepared with these configurations.
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Table 3- Photovoltaic parameters under AM1.5G illumination measured for the representative solar cells
of each thickness (Averaged values in Brackets).

Thickness (nm) FF (%) Jsc (MA/cm?) Voc (MV) PCE (%)

200 62 (63) 14.0 (14.9) 686 (671) 6.0 (6.2)
300 60 (57) 15.3 (14.6) 677 (673) 6.2 (5.6)
400 59 (59) 20.4 (19.4) 680 (674) 8.2 (7.7)
600 53 (51) 25.0 (23.6) 677 (660) 8.9 (7.9)
650 49 (48) 12.5(11.8) 704 (699) 4.3 (3.9)
700 47 (46) 13.7 (13.4) 592 (595) 3.8 (3.6)
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Figure 33. Photovoltaic parameters obtained from the J-1 curves of devices with different perovskite
thicknesses under AM1.5G illumination. (a) FF (b) [sc (¢) Voc (d) PCE.

Devices with the best photovoltaic efficiency were the ones employing a 600
nm thick absorber, reaching PCEs as high as 8.9% with reproducible
characteristics. Furthermore, Jsc is enhanced with increasing thickness, in good
agreement with the absorbance results (Figure 31a) and EQEs (Figure 32b). When

films are thinner, an EQE deficit is observed at longer wavelengths. This is
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attributed to the lower absorption coefficient of this composition, requiring
thicker films to absorb less energetic photons. When thicker films are employed,
this deficit is not observed. 371 On the other hand, for films with thickness >600
nm, the EQE response is diminished in the whole spectrum, which indicates
hindered charge extraction, due to higher distance to travel for the charge carriers.
Further optimization on these films could lead to higher responses, as the
theoretical current calculated for this bandgap should reach 35.8 mA/cm? and our
best film presented 25 mA/cm? Figure 33a displays a FF decrease with increasing
thickness. FI deficits are usually attributed to impaired charge transport or high
carrier recombination. However, as a similar trend is not observed in Voc (Figure

33c¢), it was attributed to charge transport deficits in our case.

In order to gain further insight on this FF reduction, we analyzed EIS

response and the J-V curves in dark conditions.
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Figure 34. (a) Combination of recombination and transport resistances obtained through EIS
measurements, (b) representative Nyquist plot of the sample with a thickness of 600 nm and (c) J-V" curves
in dark conditions obtained for the devices with different thicknesses.

The Nyquist plots (Figure 34b) display two regions at high and low frequency.
These two regions have also been observed in previous reports for Pb-based
perovskites,!'0 and contain information about charge recombination and transport
in the devices.!"! These spectrum were fitted employing the equivalent circuit

shown in chapter 2.3.112 In Figure 34a, the resistance accounting for recombination
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and transport is plotted against de applied voltage. The trend of the resistances,
which is alighed with the V. rather than with the FF, suggests that the parameter
is determined by the recombination. Therefore, this increase in recombination rate
(decrease in recombination resistance) with the thickness suggests a bulk
recombination process.””!%2 Furthermore, in the J-V curves measured in dark
conditions (Figure 34c), there is a resistance trend with thickness at higher
injection potentials, which indicates larger series resistance in thicker films.!13
Finally, an investigation on the ideality factor was performed by analyzing the Voc
values at different light intensities,!'* obtaining an ideality factor of 2.25, as shown
in Figure 35. This ideality factor, ~2 is associated with trap-mediated
recombination, in line with bulk-dominant recombination processes. Normally,
smaller grain sizes observed for vacuum-deposited perovskites are not detrimental
to devices’ efficiency. However, in this case, as the perovskite also contains Sn2*
that can be oxidized to Sn**, probably the enhancement of this recombination

should be attributed to the smaller grain sizes obtained.
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Figure 35. Voc vs logarithm of the light intensity to determine the ideality factor of a sample with 600

nm’s thickness.



Vacuum-Deposited Multication Tin—-Lead Perovskite Solar Cells

4.6. Conclusion

A vacuum deposition technique was employed to synthesize tin-lead
perovskites with close-to-ideal bandgaps with reproducible results. Reproducibility
was achieved by combining MA and Cs cations, and by avoiding the need for
additives to suppress Sn?* oxidation. A careful study on perovskites’ thickness was
done and both films and devices were characterized. Perovskites were integrated
into sandwiched devices achieving reproducible efficiencies up to 8.9%. Limiting
factors of efficiency were analyzed through EIS and dark current-voltage
measurements, indicating the main recombination processes were dominated by

trap-mediated recombination in the bulk.

4.7. Contribution of the author

Igual-Mufioz, A. M.; Castillo, A.; Dreessen, C.; Boix, P. P.; Bolink, H. J. “Vacuum-
Deposited Multication Tin-Lead Perovskite Solar Cells.” ACS Appl. Energy
Matet., 3, 2755-2761 (2020).
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5. Room-Temperature Vacuum
Deposition of CsPbI:Br Perovskite
Films from Multiple Sources and Mixed

Halide Precursors

5.1. Introduction

In the previous chapters, we demonstrated the fabrication of narrow-E, tin-
lead alloyed perovskites by sublimation and its use in solar cells. The next objective
of our research was to develop a wide-E; perovskite employing this method.
Usually, perovskite solar cells that employ only organic MA and FA cations do not
have high thermal stability 1516 in contrast to those containing Cs 1'7-11% or even
those using only Cs, that do reach high temperature stability.#>45 CsPbl.Br
presents a E; of 1.9 eV, very suitable for tandem applications, and has reached
single-junction efficiencies over 16% when synthesized through solution-process
techniques.>>5¢.120121 However, the preparation of inorganic perovskites has
several difficulties, as their stable phase at RT can only be achieved after annealing
at high temperatures. For example, 300°C is required for CsPbls formation, as this
composition is unstable due to its small Goldschmidt tolerance factor.!0:122-124
Introducing bromide in the composition can help to solve this issue, as it allows
to stabilize the black phase.#6:484%.12> The inorganic perovskite CsPbloBr has also
been synthesized by solution-process methods, and the process requires high-
temperature annealing of 150-300°C. Sublimation has been a successful approach
to prepare other perovskites, such as those based on MA without thermal post-
treatment.”* Vacuum deposition has also been used for the preparation of
CsPbLLBr perovskites, achieving record efficiencies of 13%,57 these films still
required high-temperature thermal post-treatment. This limited their applicability
on temperature-sensitive substrates and on other perovskites in multijunction
devices.!?¢ For this reason, further studies on the formation of this perovskite

through sublimation are required.
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5.2. Studies on the formation of CsPbI.Br through
different vacuum-deposition methods and mixed-
halide precursors and its integration in

photovoltaic devices

In this chapter, we evaluate solvent-free synthesis methods for wide-E,
CsPbLbBr perovskite, including vacuum-based methods and the solid-state
technique of mechanochemistry. We focus on strategies that avoid thermal post-

treatments or employ low temperatures of less than 150°C.
5.3. Experimental methods

Solid-state mechanochemical synthesis of the compounds was carried out
employing a ball-mill (MM-40 shaking ball mill from Retsch). CsPbl:Br was
synthesized by mixing CsBr and Pbl in a Ny filled glovebox and introducing the
materials in zirconia ball-mill jars with two zirconia beads. Jars were closed in N
atmosphere to avoid oxidation, and ball-milling was performed at 30 Hz for 99
min. The same procedure was employed for the mixed-halide precursors, although
the precursors were CsBr/Csl for cesium mixed-halide precursors and
PbBr2/Pbl, for lead mixed-halide precursors, in a ratio of 1:2 for both. Synthesis
by melting was also investigated. The same precursors as in mechanochemical
methods were weighted in a microbalance and introduced in a ceramic crucible.
The crucible was heated in inert atmosphere and ambient pressure until 650°C for
CsPbI;Br and cesium mixed-halide precursors and 420°C for lead mixed-halide
precursors. Finally, for sublimation techniques, four different ways of synthesizing
the perovskite were studied. A summary of these methods can be found in chapter
2.1 (Figure 15). In this case, the evaporator employed was a custom-made one
represented in Figure 10 from chapter 1.4. The evaporator was evacuated up to
106 mbar. For the preparation of the perovskite with two sources and mixed-

halide precursors, melted precursors were employed.

Sandwiched p-i-n solar cells were prepared with the sublimed perovskites. The
solar cells were prepared as follows: ITO-coated glasses were cleaned employing
the method described in chapter 2.1. Afterwards, 5 nm of MoOs3 were thermally
evaporated at a pressure of 2x10-¢ mbar. The layer of TATM, that functions as the

hole extraction layer, was sublimed at a pressure of 3x10-6¢ mbar. Then, both layers
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were annealed at a temperature of 140°C for 10 minutes in a nitrogen atmosphere.
Afterwards, the perovskite was synthesized as previously described. Calibration of
all the materials was done by adjusting the real sublimed thickness in the QCMs.
On top of the perovskite, C¢o and BCP, that function as the electron extraction
layer, were evaporated with thicknesses of 25 and 8 nm, respectively, at a pressure
of 3x10-¢ mbar. Finally, 100 nm of Ag were thermally evaporated at a pressure of
2x10-¢ mbar.

Characterization of both films and solar cells was carried out employing the

methods described in chapters 2.2 and 2.3.

5.4. Results and discussion

These studies started with the mechanochemical synthesis of CsPbIBr, and
its deposition through flash evaporation, which has the potential to generate high-
quality perovskite films without the need to use toxic solvents, as is the case for
sublimation.’?”128  However, the CsPbl:Br synthesis was not successful,
reproducing the same problems the technique presents for CsPbl; fabrication. In
Figure 36a, the XRD diffractograms of the powders prepared by mixing CsBr and
Pbl by ball-mill and melting are shown. A mixture of different phases was found
in the XRD pattern of the ball-milled sample. Whereas the 3D structure of
CsPbI:Br can be observed, a peak centered at 10° cannot be ascribed to the
perovskite phase. This phase consists of PbX partially disconnected octahedra, as
shown in Figure 36b, which has been previously attributed to the as-called yellow
phase of this perovskite. Indeed, at room temperature (RT) it is the most
commonly found phase of CsPbI,Br.'? Nevertheless, the synthesized powder
was not a mixture of CsPbBr3 and CsPbls, as the lattice constants were larger than
for the bromide counterpart and smaller than the iodide counterpart, indicating
the introduction of both halides into the structure. A similar effect is observed for
the non-perovskite phase. Also, a melting process was employed to investigate the
formation at high temperatures, but a pure perovskite phase was not obtained.
However, a new phase corresponding to Cs4PbXs was obtained, labelled as 4-1-6.
There have been previous reports studying this phase and its conversion to the

perovskite phase.130-132
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Figure 36. a) XRD characterization of ball-milled (bottom) and melted (top) CsBr:Pbl> 1:1 powders. b)
Crystal structures of the distorted perovskite and non-perovskite phases. Where the colors represent red,
blne and gray for Cs*, halide and Pb** respectively.

On the other hand, to confirm the existence of the perovskite phase in the
powders, UV-Vis Absorbance studies were carried out, as the color of the powders
was the expected one (Figure 37). For the ball-milled and melted powders, the
presence of CsPbI:Br in its perovskite phase is confirmed by the absorption onset
at 1.85-1.90 eV.

Solid state reaction: CsBr + Pbl,

Ball-milled
Melted

Normalized absorbance

550 600 650 700 750 800
Wavelength (nm)

Figure 37. UV"-Vis absorbance studies of melted and ball-milled perovskite and picture of the powders
prepared by mechanochemical methods.

The next step of these studies was to evaluate the formation of CsPbI,Br
through different methodologies of sublimation. Therefore, we started from the
simplest to the most complicated. Initially, a 7-source method was tested. This
method consisted of flash evaporation of the melted powders shown before. After

the evaporation chamber was evacuated, the crucible was heated to 750°C at the
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highest rate, corresponding to 5°C/s. The rate was set at the highest possible to
minimize changes in the composition as the different compounds present in the
sample have different sublimation temperatures.!3? Films were analyzed by XRD,

as shown in Figure 38a.
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Figure 38. Characterization results of the flash evaporated sample (1 source) through (a) XRD and (b)
SEM. Scale bar is 500 nm.

XRD pattern of the flash evaporated sample showed the coexistence of
different phases, the most dominant was Pbly, as observed in the peak centered at
12°. Other phases were characterized as perovskite, CssPbXs, and CsPb2Xs. In
summary, flash evaporation led to impure films. Flash evaporated films were also
studied through SEM and UV-Vis absorbance. SEM of the sample (Figure 38b)
showed homogeneous films with small grains of 50 nm. On the other hand, UV-
Vis absorbance and Tauc Plot calculations showed a bandgap energy of 1.94 eV
(Figure 39). This bandgap is slightly wider than the expected one due to the Pbl,

segregation caused by the high temperatures achieved during sublimation.
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Figure 39. (a) UV-1is absorbance spectra and (b) Tauc plot calenlations for the as-prepared films.

Then, we proceeded with 2-sources evaporation. Firstly, the co-evaporation of CsBr
and Pbl, was studied. XRD of these films can be observed in Figure 40a. The
pattern showed a film composed mainly of the perovskite phase without any
preferential orientation, commonly observed for this kind of films.1? Lack of
orientation is also characteristic of vacuum-deposited films and can be related to

the porosity observed in SEM studies (Figure 40b).134135
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Figure 40. Characterization results of the sample prepared by co-evaporation of CsBr and Pbl; (2 sources)
throngh (a) XRD and (b) SEM, and of the sample prepared by co-evaporation of the mixed-halide
precursors (2 sources MHP) throngh (¢) XRD and (d) SEM. Scale bar is 500 nm in all images.

However, from these studies, we concluded that phase pure CsPbBr»l could
be obtained by 2-soutces co-evaporation, although the films had high porosity and
some pin-holes. Vacuum-deposition requites the atomization of the precursors,
which condense on a cold surface forming the final structure. This results in well-

mixed compounds. Although XRD studies showed a well-mixed halide
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composition, we proceeded to study another 2 sources method employing mixed
balide precursors, as the pre-alloying could lead to a more homogeneous insertion of
the halides in the structure. XRD patterns of pre-alloyed mixed-halide precursors

can be seen in Figure 41.

d. — CsBr b~ — CsBr
— Csl ~— Csl
2Cs|+CsBr 1 2Csl+CsBr
2 (ball-milled) 0 (melted)
5 5
8 8
g z
s [
8 8
= =
SURSARSRY WSS E— SRS P S
10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
26 () 20(°)
T T T J T H T T T T T T T
C. — PbIBr d — PbiBr
— Pbl, — Pbl,
— PbBr; — PbBr,
- 2Pbly+PbBr, - | 2Pbl,+PbBr,
£ (ball-milled) = (melted)
g g
z -y
i ; |
= E \
| " ‘1) \
L |"|u | L *'P'{J L --j-1|’~m‘ Hplll-
10 15 20 25 30 10 15 20 25 30 35 40 45 50

26 (%) 26 (%)

Figure 41. XRD patterns of mixed-halide precursors. Prepared by (a) ball mill of CsI:CsBr (2:1), (b)
meelting of CsI:CsBr (2:1), (¢) ball mill of PbL:PbBr; (2:1) and (d) melting of PbI>:PbBr, (2:1).

During the solid-state reaction of cesium, the incorporation of bromide into
Csl was confirmed by the peak shifts. In Figure 41a,b the peaks for Csl were
presented in orange, and for CsBr in blue. On the other hand, the measurement
of our sample is represented in green where we can see how the peaks are always
shifted between the pure CsI and CsBr, meaning a new compound is formed. On
the other hand, an alloy of lead mixed-halide precursors is also obtained, although
in its XRD diffractograms (Figure 41c,d) it is more difficult to observe the mixing
because this pattern presents a higher amount of peaks. As the patterns obtained
through melting presented more shifted peaks, indicating a better mixing between
halides, this technique was the chosen one for the co-evaporation of mixed-halide

precursors.



XRD pattern of the co-evaporated mixed-halide precursors’ perovskite can be
observed in Figure 40c. Here, a phase-pure perovskite with preferential orientation
on the (110) and (002) planes was obtained. From the surface studies, the detailed
morphology is obtained (Figure 40d), with well-defined grains of 50 nm.
Furthermore, a E; of 1.9 eV, as expected for well-mixed halides, is obtained
(Figure 39b). Therefore, previous halide alloying is a good technique to enhance
the quality of this perovskite.
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Figure 42. Characterization results of the sample prepared by co-evaporation of CsBr, CsI and Pbl; at a
Jast rate (3 sources fast) through (a) XRD and (b) SEM, and of the sample prepared by co-evaporation
of CsBr, CsI and Pbl; at a slow rate (3 sources slow) through (¢) XRD and (d) SEM. Scale bar is 500

nm in all images.

To obtain a more thorough comprehension on the introduction of more
precursors during the synthesis, the deposition with 3 sources was done by co-
evaporation of Csl, CsBr and Pbl;. During vacuum deposition, the rate of precursors
plays an important role, as a very fast deposition rate can originate an amorphous
material. Therefore, different total rates of sublimation were studied. The first one,
called “fas#” for 2 A /s, and the second one, called “sion”” for 0.5 A/s. XRD patterns
of the two compounds are shown in Figure 42 a,c. Both, slow and fast, show a
phase-pure perovskite with high crystallinity and preferential orientation on the
(110) and (002) planes. However, the slowly deposited one shows narrower peaks
indicating larger crystallites. This can be correlated to its improved morphology
(Figure 42 b,d). Both show a similar bandgap of 1.88 and 1.89 eV for slow and
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fast films, respectively. However, for the same thickness of 250nm, the slower one

presents a more intense absorption (Figure 39a).

To understand better this 3 sources technique, we also tried halide mixing by
co-evaporation of Csl, Pbl, and PbBr: (employing two lead halides instead of
cesium halides). This sublimation led to unstable films in air, with fast degradation
of the sample (Figure 43). This fact can be observed in UV-Vis absorbance after
air exposure (Figure 43a) and in the XRD pattern that was collected in air
atmosphere (Figure 43c).
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Figure 43. Measured (a) UV-Vis absorbance before and after air exposure, (b) Tauc plot calculations,
(¢) XRD pattern and (d) surface morphology throngh SEM of a sample prepared with Csl, Pbl,, and
PbBl"z.

To conclude, the last experiment employing 4 sources was performed to check
if improved quality films were obtained when subliming all the possible starting
precursors at the same time, which where CsI, CsBr, Pbl; and PbBr;. XRD patterns
(Figure 44a) showed a phase-pure perovskite again. However, in this case, no
preferential orientation was found. Sutrface morphology (Figure 44b) showed a
homogeneous film with small grains of 50 nm and cuboids of 100 nm, similar to

the structures observed for the 3 sources at a slow rate. This indicates that the
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formation of these structures is favored when better halide alloying is achieved.
Finally, its absorption onset (Figure 39b) showed the expected bandgap of 1.92
eV.

° Experi'mantal
— Fit
I‘l | Perovskite

Figure 44. Characterization results of the sample prepared by co-evaporation of CsBr, Csl, Pbl, and
PbBrs (4 sources) through (@) XRD and (b) SEM. Scale bar is 500 nm.

As a summary, RT vacuum-deposited films showing phase-pure perovskites,
homogeneous morphology and the expected E, were successtully obtained for all
the techniques (2 sources, 3 sources “fast” and “slow” and 4 sources) but for the
flash evaporation (1 source). In view of the good quality of these films, they were
integrated into sandwiched p-i-n devices to see how their performance in solar

cells was. Their structure can be seen in Figure 45a.
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of the PSCs prepared with different vacuum-deposition methods. (d) Comparison between the as-deposited
and annealed |-V curve of the perovskite prepared with 3 sources and a fast rate.

Furthermore, these devices were also annealed. The EQE and J-V curves

of these devices can be seen in Figure 46.
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Figure 46. (a) |-V curves and (b) EQEs for the samples prepared by different vacuum-methods after a 5

min annealing at 150°C.

For a better understanding of the performance parameters of these

devices, Figure 47 is introduced.
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From the parameter studies, it can be noticed how the sample prepared with
only 2 sources (2S) underperforms against the rest of them. 2 sources vacuum-
deposition is the only one reported in the literature, and it only led to efficient
devices after annealing at high temperatures of >260°C. Improving halide alloying
through mixed-halide precursors (2S MHPs) leads to better FFs of >65% and
Vocs of 970 mV (Figure 46b). Furthermore, its photocurrent is also enhanced
because of its constant high spectral response (Figure 46¢). For the solar cells
prepared with 3 sources, the performance parameters were similar. However, a
higher FF was obtained for the sample prepared with slow rates (3S slow),
suggesting slower crystallization favors the charge transport due to the formation
of larger crystallites. Their final efficiencies were 7.7 and 7.3% for slow and fast
rates, respectively. However, it can be seen that when annealing the sample of 3
sources “fast” (3S fast) (Figure 46d), it improves its photovoltaic behavior, leading
to the highest efficiencies of 10%. The efficiencies obtained for the 4 sources (4S)
deposition were similar, although a higher Voc was obtained. This increment

suggests a reduction of the non-radiative recombination.



from Multiple Sources and Mixed Halide Precursors

As a conclusion of the PSCs studies, improved alloying of the metal halides,
cither by the use of more sources or by pre-alloying, improves the formation of

this perovskite at RT.

After this, the stability of the perovskite showing the best PCE, being 3
sources “fast”, was evaluated under illumination (Figure 48a) and thermal stress in

dark conditions (Figure 48b).
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Figure 48. (a) Mascimum power point under illumination and (b) PCE variations during thermal stress
Jor the sample prepared with 3 sources and a fast rate.

The maximum power point (MPP) of this solar cell was found to be stable
over an hour of measurement, and the efficiency under thermal stress retained

90% of its initial value over the 10 days.

Finally, although the performance of these PSCs was promising, it was clearly
far from the maximum one expected theoretically (25% for an E; of 1.9 V). 31 To
gain insight on the limitations of these PSCs, sensitive EQE (sEQE)
measurements and photoluminesce (PL) response of the 3-sources and a fast rate
were studied (Figure 49). From the sEQE the E, was estimated to be 1.870 eV,
and the maximum values of the parameters of the PSCs prepared with this E, can
be extracted.’:85 Furthermore, radiative Voc and Urbach energy can be

extracted.!36:137 Table 4 is presented for a comparison of the values obtained.
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Figure 49. sEQE and PL. measurements for the sample prepared with 3 sources and a fast rate after

annealing.

Table 4. Solar cell parameters in the radiative limit and comparison with obtained for the sample prepared

with 3 sources and a fast deposition rate. FF without resistive losses in brackets.

Ed/q (V) 1.870 Eu (meV) 17.96

Voc rad (V) 1.563 Voc/ Voc rad (%) 61.3

Jsc max (mA/cm?) 17.7 Jsc/ Jsc max (%) 80.8
FFmax (%)  91.7(86.9) FF/FFmax (%) 79.7 (84.1)

PCE max (%) 254  PCE/PCE max (%)  39.4

From the comparison of the obtained and the maximum values, one can
extract that the main limitations are the Voc and FF. The FF is rather high for the
3 sources fast deposition but for the rest of the samples it is lower. Jsc also suffers
these resistive effects, nevertheless, in these studies, the thickness was not
optimized, and we attribute its losses to this fact. High losses in Voc are a
widespread problem among wide-bandgap perovskites and they are normally
attributed to photoinduced phase segregation or energy levels misalighment.!38 In
Figure 49, an extra component can be observed at 1.7-1.78 eV. This component
might be the responsible for the voltage loss. In the PL, this feature can be a sign
of phase segregation. However, this feature is only present in some regions, as can

be seen in Figure 50.
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Figure 50. PL maps of the sample prepared with 3 sources in a fast deposition rate illuminated at (a) 660

nm, for the main emission, and (b) 700 nm, for the extra feature.

Finally, as the feature remains at a lower absorption than the one for pure
CsPbls, and the sEQE was obtained at low illumination intensities, we can
conclude the feature is originated from a misalignment of the energy levels

between perovskite and transport layers.
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Figure 51. sEQE of the same perovskite employing SnO; as the ETL.

Another possible explanation for the feature was that it was generated by Ceo.
As this material can generate photocurrent at these energy levels.’?” To confirm
this, devices employing SnO; as ETL were studied through sEQE, and the feature
was not observed (Figure 51). Hence, a further investigation on the transport

layers for this perovskite should be done in future studies.
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5.5. Conclusion

Several methods to synthesize CsPbl2Br were employed to elucidate if it could
be successfully formed at RT. Perovskite formation was obtained through several
methods. Single source deposition led to a mixture of phases, while the rest of
vacuum-based methods led to phase-pure perovskites. The higher quality of the
films obtained through mixed-halide precursors evaporation indicated the
importance of halide mixing during the synthesis. This effect could also be
achieved by increasing the number of sources and diminishing the speed of
evaporation. In the end, PCEs as high as 8.3% were obtained for the samples as-
prepared, and they could be enhanced up to 10% with a low-temperature annealing
process of 150°C, which is compatible with the use of flexible substrates. The main
limitation for the performance of these PSCs was found to be the electron

transport layers, indicating further studies on them should be done.
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6. Conclusions

The aim of this thesis was the development of narrow and wide-bandgap
perovskites through vacuum-based methods. The synthesis of three different
materials with the targeted bandgaps of 1.28, 1.34 and 1.9 eV has been carefully
studied.

In chapter 3, a novel method to deposit tin-lead perovskites was presented.
The formation and stability of FAPbosSnosls were enhanced by suppressing the
formation of Sn** with the co-evaporation of a SnF additive. These films were
integrated into solar cells achieving impressive efficiencies close to 14%.
Furthermore, this study demonstrated the capability of vacuum-based methods to
synthesize working tin-lead alloyed perovskites in PSCs. However, the efficiencies
were not easy to reproduce due to difficulties in achieving the required control of
the small quantities of additives needed. On the other hand, the uncontrollable

partial oxidation of Sn?* to Sn** affected the final efficiencies.

The issue of reproducibility of this method to synthesize narrow-bandgap tin-
lead-based perovskites was addressed in chapter 4. In this work, cations more
controllable during sublimation were employed. Furthermore, the introduction of
higher quantities of lead in the structure led to more stable perovskites.
MA09Cs0.1Pbo7sSno2sls was synthesized without the need for additional SnF
additives. A careful study on the thickness of this perovskite was done to optimize
the morphology, structure, and optical properties. In addition, the obtained films
were integrated into p-i-n devices leading to reproducible efficiencies as high as
8.9%. The limiting factors of these devices were studied through EIS and J-V
curves in dark conditions to elucidate which further studies should be done to
enhance this perovskite’s efficiency. In the end, the study led to the conclusion of
a dominant bulk recombination process due to smaller grain size and Sn*2

oxidation.

Finally, once reproducible narrow-bandgap perovskites were achieved, the
formation of wide-bandgap perovskites through sublimation methods was carried
out in chapter 5. An inorganic perovskite (CsPbl2Br) was chosen for this study

due to its exceptional thermal stability and suitable bandgap for tandem
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applications, 1.9 eV. CsPbLBr was synthesized through several solid-state and
vacuum-based methods to elucidate if its formation at room temperature or
employing low-temperature annealing processes could be successful. This study
highlights the importance of halide-mixing. Perovskites employing mixed-halide
precursors prepared by melting, a higher number of co-evaporation sources, ot a
slow evaporation rate showed enhanced properties. Furthermore, all the layers,
except for the flash-evaporated one, were integrated into solar cell devices. The
study demonstrated the preparation of post-treatment-free working solar cells
which achieved PCEs up to 8.3%. In addition, a low-temperature annealing
process of 150°C for 5 minutes was investigated, showing enhanced PCEs up to
10%. Limitations for the development of this perovskite as an absorber in a solar
cell were investigated, with the transport layers being the main one, indicating

further studies on the transport layers should also be done for this perovskite.

To conclude, during this thesis, we successfully synthesized two narrow-E,
and a wide-E, perovskite integrating them into PSCs with organic transport layers.
The results obtained were promising, as decent efficiencies were achieved for all
the perovskites, remarking sublimation methods are a promising technique, not
only for MAPbI; but for different kinds of perovskites. In addition, a fully-
inorganic perovskite was deposited without the need of further annealing to work,

opening a wide new range of applications, such as its integration in flexible devices.
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7. Resumen en Castellano

Capitulo 1: Introduccién y objetivo de la tesis.
1.1. El desafio de la energia

La demanda de energfa global ha incrementado desde los 10.000 TWh en
1990 a mas de 20.000 TWh en 2019. Este aumento en la produccién de energia
ha resultado en un incremento en la generaciéon de gases de efecto invernadero
provocando un aumento de la temperatura media de la tierra. De este modo, la

necesidad de producir energia limpia es inminente.

Entre los distintos candidatos para producir energfa limpia encontramos
la energfa solar. Gracias a la gran cantidad de energfa en forma de irradiacién solar
que llega a la Tierra podriamos continuar con el desarrollo de nuestras actividades
industriales y domésticas. Por este motivo, en 1883 ya comenzaron a desarrollarse
dispositivos fotovoltaicos. Generalmente, se han empleado dispositivos con
materiales del tipo GaAs, silicio, CdTe o CIGS. Sin embargo, una nueva

generacién de dispositivos ha comenzado a estudiarse en los dltimos diez afios.
1.2. Perovskitas de metal y haluro

Desde 2002, las células solares basadas en perovskitas han aumentado su
eficiencia de conversién energética, pasando de un 2.2% hasta un 25.5%
certificado. Estos dispositivos fotovoltaicos presentan muchas ventajas respecto a
las tecnologias fotovoltaicas tradicionales, como la abundancia de sus
componentes en la corteza terrestre, su bajo coste o la posibilidad de ajustar su
banda prohibida quimicamente. Las perovskitas deben su nombre a la estructura
ABXj, donde A representa a un catibn monovalente, B a un metal divalente y X a
un haluro. Uno de los pardmetros que determinan su estabilidad es el Factor de
tolerancia de Goldschmidt, que se estima entre 0.8 y 1 para compuestos estables y
depende del tamafio de los atomos de la estructura. Este también se puede
controlar mediante la introduccién de distintos componentes en la estructura. Las
razones que explican el excelente funcionamiento de las perovskitas en
dispositivos optoelectronicos se basan en las propiedades semiconductoras de

estos materiales, como la alta movilidad o las altas longitudes de difusién de sus
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portadores de carga. Una de las caracteristicas mas interesantes que presentan es
el anteriormente mencionado control de la banda prohibida, ya que permite
obtener ajustar los materiales a aplicaciones concretas como la obtencion de altas
eficiencias mediante el desarrollo de dispositivos tandem, que emplean varios
absorbedores para utilizar todo el espectro solar. Este es uno de los principales

objetivos planteados en la hoja de ruta desarrollada por EMIRI.
1.3. Control de la banda prohibida

Las perovskitas presentan la interesante caracteristica de poder variar su
banda prohibida mediante la variacién de su composicién. Por ejemplo,
introduciendo formamidinio, la banda se estrecha, e introduciendo cesio, la banda
se amplia. En este sentido, la presente tesis basa sus estudios en la sintesis de
perovskitas de banda prohibida estrecha y de banda prohibida ancha con el

objetivo de fabricar, en el futuro, tindems de alta eficiencia.
1.3.1. Perovskitas de banda prohibida estrecha

Las perovskitas cominmente empleadas, como el MAPbI3, presentan
bandas prohibidas lejos del 6ptimo estimado por el limite de Schockley Queisser.
Sin embargo, las basadas en aleaciones de estafio y plomo presentan un efecto
poco convencional denominado arqueamiento de la banda prohibida. Este efecto
permite sintetizar perovskitas con bandas prohibidas mas estrechas, de hasta 1.1
eV. Gracias a este efecto ya se han preparado perovskitas con la banda prohibida
optima. Por otro lado, este efecto permite desarrollar perovskitas con bandas
prohibidas adecuadas para su uso como absorbedores de banda prohibida estrecha

en tandems.
1.3.1. Perovskitas de banda prohibida ancha

Estas perovskitas presentan bandas prohibidas de entre 1.7 y 1.9 eV. Asf,
se pueden usar como absorbedores de banda prohibida ancha en tindems.
Normalmente, este efecto se consigue mediante la introduccién de diferentes
haluros. Sin embargo, las perovskitas que combinan diferentes haluros presentan
un efecto negativo llamado segregacion de haluros. Este efecto se da cuando, tras
la iluminacién, se produce una segregacion de los haluros debido a las vacantes de
haluro que estan presentes en la estructura, dando lugar a dos fases con una banda

prohibida ancha y la otra estrecha. Cuando estas regiones se forman, los



~——
Resumen en Castellano

portadores se acumulan en las regiones de banda prohibida estrecha que actdan
como centros de recombinacién, dando lugar a pérdidas en el voltaje. Por otro
lado, también se puede obtener un efecto similar al variarse los cationes
monovalentes. Aunque los mas empleados son el metilamonio y el formamidinio,
la introduccién de cationes inorganicos como el cesio mejora la estabilidad de las
perovskitas. Tanto es asi, que las perovskitas puramente inorganicas presentan una
estabilidad superior. Sin embargo, las perovskitas inorganicas presentan problemas
para mantener su fase de perovskita, que pueden solucionarse mediante la
introduccién de bromo en su estructura. Por ese motivo, esta tesis basa su estudio
en la perovskita CsPbL,Br. Esta perovskita ha sido sintetizada mediante diversos
métodos, obteniendo eficiencias de hasta un 16.79%. Sin embargo, los métodos
que emplean técnicas de vacio no han sido optimizados, dando lugar a eficiencias

mas bajas.
1.4. Técnicas de deposicion

Existen muchas técnicas para la deposicién de perovskitas con caracteristicas

similares, entre ellas encontramos dos grandes variantes:
Métodos por disolucion:

e Deposicioén en un solo paso.
e Deposicién en dos pasos.

e Ingenierfa de disolventes.
Métodos por sublimacion:

e Evaporacién instantanea.
e  Evaporacién secuencial.

e  Evaporacién mediante multiples fuentes.

La evaporacion mediante maltiples fuentes se basa en la sublimacién conjunta
de distintos precursores para formar la perovskita y requiere del uso de multiples
sensores para controlar con precision la cantidad de cada precursor sublimada. Sin
embargo, presenta gran cantidad de ventajas frente a otros tipos de deposicion.

Entre ellas encontramos:

= Alta pureza de los materiales sublimados.
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®  Compatibilidad con areas grandes.

=  Control preciso del espesor, la estequiometria y la morfologfa.

® Bajas temperaturas de uso sin necesidad de tratamientos térmicos
posteriores.

=  Técnica intrinsecamente aditiva. Permite depositar capas encima de otras
sin afectar a las antetiores.

® No precisa de uso de disolventes toxicos.

® Técnica consolidada y empleada en la industria.

Debido a todas las ventajas anteriormente sefialas, los estudios de la presente tesis

se basan en el uso de esta técnica.
1.5. Funcionamiento de las células solares

Las células solares se pueden preparar empleando distintas
configuraciones, como son la llamada p-i-n o la n-i-p. En la p-i-n encontramos que
la luz pasa primero por el electrodo transparente, atraviesa la capa transportadora
de huecos, después al absorbedor y finaliza en el transportador de electrones y el

metal. La disposicién n-i-p es la inversa de la p-i-n.

Cuando las perovskitas se iluminan generan pares de electrones y huecos que
se separan en electrones y huecos libres debido a su energfa de unién relativamente
baja. Estos son los que se transportan en la estructura de la célula solar dando lugar
a la energfa eléctrica generada. Para determinar la eficiencia de las células solares

se emplean principalmente dos métodos:

e Eficiencia cuantica externa: mide la cantidad de fotones que se convierten
a corriente eléctrica dependiendo de la longitud de onda empleada.

e Curvas de voltaje y corriente bajo iluminacién: esta medida permite
obtener los parametros que determinan la eficiencia de la célula solar. Se
realiza bajo iluminacién AM1.5G, un estandar empleado para que sea

representativo de las condiciones de iluminacién de la tierra.

La eficiencia de las celdas consiste en la multiplicacién de la corriente de
cortocircuito, el voltaje en circuito abierto y el factor de llenado y la divisién por

la potencia introducida, que en AM1.5G es de 100 mWcm2 Por otro lado, las
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células solares pueden presentar histéresis en sus curvas, ya que se miden en varias

direcciones, directa y reversa.

1.6. Obijetivo de la tesis

Como se coment6 en la seccién 1.3.1., dos de los principales problemas
de las perovskitas de estafio y plomo es la oxidacion del Sn*? y la dificultad de
formacién de la perovskita en sf misma. En el capitulo 3 se lleva a término la
preparacién de la primera perovskita de banda prohibida estrecha mediante
sublimacién dando lugar a dispositivos eficientes. Para conseguirlo, el aditivo SnF»

se incluye en la perovskita para dificultar la oxidacién de Sn*2.

Aunque una de las ventajas del método de sublimacion es el alto grado de
control de la composicién de las perovskitas, el uso de aditivos en pequefias
cantidades es dificil de controlar. En el capitulo 4, la preparacion de perovskitas
de banda estrecha con eficiencias reproducibles mediante sublimacion serd llevada
a término mediante el desarrollo de un método de fabricacion que evita el uso de
aditivos. Por otro lado, este capitulo sera determinante para las perovskitas de
banda prohibida estrecha, ya que pretende preparar perovskitas con la banda
prohibida de 1.34 eV, 6ptima para dispositivos fotovoltaicos de una sola capa
recolectora. Ademas, las perovskitas se integraran en dispositivos dando lugar a
resultados reproducibles y, gracias a los mismos, se hara un estudio del efecto del

espesor de la perovskita.

Finalmente, como se menciond en la secciéon 1.3.2., uno de los problemas
principales de las perovskitas de banda prohibida ancha es la segregacién de
haluros. En el capitulo 5 se plantea un estudio de diferentes métodos de
sublimacién para depositar CsPbI:Br y estudiar su formacién. Debido a que uno
de los principales problemas de las perovskitas inorganicas es su formacién a
temperatura ambiente, uno de los objetivos principales del capitulo sera
determinar las mejores rutas para la fabricacion de esta perovskita sin necesidad
de tratamiento térmico. De este modo, se integraran las perovskitas en dispositivos
sin tratamiento térmico y con un tratamiento térmico a temperatura moderada

compatible con el uso de sustratos flexibles.
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Capitulo 2: Métodos experimentales
2.1. Fabricacion de células solares

Todos los procedimientos empleados se realizaron en una sala limpia de
clase 10000 (Figura 13). La preparacion de los sustratos consistié en el siguiente

procedimiento:
e Limpieza de los sustratos:

Se comenzé con un frotado empleando un detergente, los sustratos se
introdujeron en agua, agua milliQQ e isopropanol. En cada paso se sonicaron
durante 5 minutos. Finalmente, se introdujeron en una lampara ultravioleta con

ozono durante 20 minutos.

e Deposicion de las capas organicas y el electrodo metalico.

Las capas organicas empleadas fueron MoOs;, m-MTDATA, TATM, Ceo y
BCP, sintetizadas mediante sublimacién a una presion de =106 mbar. También se
emple6 PTAA sintetizado mediante “Spin coating” a una velocidad de 1500 rpm
durante 30 s. Como electrodo metdlico se empleé Ag sintetizada mediante

sublimacion a una presién de =10-¢ mbar.

e Deposicién de la capa de perovskita:
Se emplearon diversos procedimientos para las distintas perovskitas:

= FAPbosSnosls: se realizé la sublimacién coordinada en cuatro fuentes
empleando como precursores FAL Pbly, Snlz y Snls.

= MAooCso.1PborsSnozsls: se realizé la sublimaciéon a cuatro fuentes
empleando como precursores MAIL CsI, Pbl, y Snlo.

= CsPbl:Br: esta perovskita se deposité mediante distintos métodos. Para
la sintesis en estado solido se introdujeron cantidades estequiométricas de
CsBr y Pblz en un molino de bolas, que se utilizé durante 99 min a 30Hz.
Para las técnicas de deposicién por sublimacion encontramos un resumen

en la Figura 15.
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Para depositar las perovskitas con la estequiometria deseada se realizé una
calibracién de cada precursor en su respectivo sensor mediante la medicion del
espesor realmente depositado en el QCM y el espesor medido por el mismo, y se
aplic6 un factor de calibracién. Para la perovskita de CsPbIBr también se calibré
la cantidad de perovskita depositada en un quinto sensor al lado del soporte para

los sustratos.

Los dispositivos fotovoltaicos emplearon distintos HTM, segun su HOMO,

siendo las configuraciones empleadas las representadas en la Figura 16.
2.2. Caracterizacién de las capas finas
Para determinar la calidad de las laminas se emplearon dos tipos de analisis:

= Anilisis estructural: se realiz6 mediante medida del espesor con
perfilémetro, de la morfologia superficial mediante SEM y AFM, de la
estructura cristalina mediante XRD y de la composicién mediante XPS y
EDAX.

® Analisis 6ptico: se midi6 la absorbancia de las capas, se calcularon los

graficos de Tauc mediante la férmula (xhv)?, y la fotoluminescencia.
2.3. Caracterizacion de las células solares

Para determinar la calidad de las células solares se emplearon distintas

técnicas de caractetrizacion:

®  Caracterizacién eléctrica: se obtuvieron los espectros EQE mediante
iluminacién a distintas longitudes de onda y medida de la respuesta de la
célula. También se empleé un EQE pulsado de alta sensibilidad. Las
curvas de corriente y voltaje en iluminacién se obtuvieron empleando un
simulador solar con iluminacién AM1.5G y midiendo la respuesta de la
célula. Las muestras fueron medidas empleando una mascara de 2.2 x 1.2
mm? para asegurar el area iluminada.

= Espectroscopia de impedancia: se realizaron las medidas de impedancia a
distintas frecuencias y se ajustaron las curvas al circuito equivalente

presentado en la Figura 17.
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Capitulo 3: FAPbosSnosl;, una perovskita de banda prohibida estrecha
sintetizada mediante métodos de evaporacion para aplicaciones

fotovoltaicas.
3.1. Introduccion

En la actualidad, la evolucién de las células solares de perovskita se ha
aproximado mucho al limite de Schockley Queisser. Para aumentar aun mas su
eficiencia, se requiere de células solares con la banda prohibida 6ptima de 1.34 eV.
Ademas, la necesidad de producir células solares con bandas prohibidas estrechas
también es limitante para la produccién de tindems, ya que éstos requieren de
absorbedores con bandas prohibidas de entre 1.1 y 1.3 eV. La combinacién de
estafio y plomo en la perovskita resulta en un estrechamiento de la banda prohibida
acentuado por el efecto de arqueamiento de la banda prohibida. Por otro lado,
como se comentd previamente, también la introduccioén de formamidinio en la

perovskita disminuye esta banda prohibida y aumenta su estabilidad térmica.

3.2. La perovskita de yoduro de formamidinio estafio y plomo como

absorbedor en células solares de banda prohibida estrecha

En el presente estudio se desarrolla un método innovador para sintetizar
perovskitas de estafio y plomo para su uso como absorbedores en células solares.
El estudio presenta sus propiedades épticas, morfolégicas y estructurales, y las
integra en dispositivos. La perovskita sintetizada presenta una banda prohibida de
1.28 eV cercana a la Optima y valida para su uso en tandems. Ademis, los
dispositivos llegaron a eficiencias cercanas al 14%, demostrando la capacidad de la

sublimacién como método de sintesis de perovskitas de estafio y plomo.
3.3. Métodos experimentales

Los sustratos cubiertos con ITO se limpiaron siguiendo el método
descrito en el capitulo 2. Posteriormente, se evaporaron las siguientes capas: 5 nm
de MoOs y una capa de PTAA sintetizada mediante disolucion, que se trataron
térmicamente a 100°C durante 10 min en atmosfera de nitrégeno. Sobre ellas, se
evaporo la perovskita mediante sublimacion simultanea de FAIL Snl, Pbls y SnF
como aditivo. Para la deposicién de la perovskita se calibraron cuidadosamente las

microbalanzas de cuarzo cristalinas. Finalmente, se evaporaron las siguientes
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capas: 25 nm de Ceo, 8 nm de BCP y 100 nm de plata. La caracterizacion sigui6 la

metodologia descrita en el capitulo 2.
3.4. Resultados y discusion

En primer lugar, se realiz6 un estudio de la formacién de la perovskita
analizando el efecto de la adicién de SnF». Los estudios de absorbancia indicaron
que la perovskita con SnF, daba lugar a un compuesto de mayor calidad (Figura
20a). Ademas, los espectros de difraccion de rayos X (Figura 20b) mostraron que,
sin aditivo, el pico predominante era el asociado al Pbl». Sin embargo, al introducir
pequenas cantidades del aditivo, los picos predominantes observados fueron los
de la perovskita. Finalmente, con cantidades muy altas de aditivo el pico asociado
al Pbl, vuelve a intensificarse y aparece uno nuevo normalmente asociado a Snls.
Los resultados observados llevaron a la conclusién de que la cantidad 6ptima del
aditivo era del 10%. Ademas, se realizaron estudios acerca de la morfologia de las
laminas (Figura 21) donde se observé que la adicién de aditivo no tenfa ninguna

repercusion en la morfologia.

Para comprobar la estabilidad de las laminas se realizaron estudios de
absorbancia (Figura 22a) y de conductividad (Figura22b). Las absorbancias
mostraron como, tras un dia de exposicion al aire la perovskita comienza a
degradarse. Por otro lado, los estudios de conductividad mostraron cémo, en
nitrégeno, la perovskita no parece degradarse tras 12 dias y, sin embargo, en 3
horas de exposicion al aire la conductividad aumenta un orden de magnitud. Esto

indica que se esta formando Sn** en la capa.

HEscogida la cantidad 6ptima de aditivo de un 10%, se prepararon mas
laminas y se caracterizaron mds concienzudamente para determinar su banda
prohibida y morfologia con precisién. En la Figura 23a se muestra el espectro de
absorbancia y el calculo del grafico de Tauc para la determinacién de la banda
prohibida. En ellos puede observarse una banda prohibida de 1.28 eV. La
morfologia se determiné mediante microscopia electronica de barrido (Figura
23b). Se observaron granos pequefios caracteristicos de la metodologia de

sublimacién de entre 60 y 100 nm.

Finalmente, para determinar la eficiencia como absorbedor de la

perovskita ésta se integré en dispositivos de tipo “sandwich” empleando la
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configuracién mostrada en la Figura 24a. La medida de las curvas J-V en oscuridad
(Figura 24b) muestra una cortiente de fuga pequefia y una buena rectificaciéon que
dan lugar a pensat que se esta suprimiendo la formaciéon de Sn**. Los estudios de
conversion de fotones a electrones incidente (IPCE) (Figura 24¢) muestran valores
relativamente bajos de 0.7, que indican que se debe optimizar el espesor de las
laminas. Finalmente, en la Figura 24d se observa la cutva J-V en iluminacién. En
la misma no se observa histéresis, pero si valores altos de FF y Jsc, muy cercanos
alos esperados del IPCE. Para comprender mejor los valores obtenidos se muestra
la Tabla 1. En la tabla podemos observar como el PCE obtenido es de 13.98%,
demostrando que la perovskita actiia de manera eficiente como absorbedor. Este
estudio da lugar a la conclusion de que las técnicas de sublimacién son aptas para

la sintesis de perovskitas de estafio y plomo suprimiendo la formacién de Sn**.
3.5. Conclusion

En el presente estudio se desarrolld un método para la sintesis de
FAPbosSnosls mediante sublimacién. La co-evaporacién de los precursores
empleando el aditivo SnF> demostré ser una técnica efectiva para la supresion del
Sn#*. Las laminas mostraron bandas prohibidas estrechas de 1.28 eV y una
superficie uniforme sin poros. Ademas, las laiminas se integraron en dispositivos
dando lugar a eficiencias cercanas al 14%. En conclusion, este estudio demuestra
la capacidad del método de sublimacion para sintetizar perovskitas funcionales de
estafio y plomo con eficiencias considerables. Asi, abre una nueva ruta de
procesado de este tipo de perovskitas tan interesantes debido a su capacidad de

poseer la banda prohibida 6ptima y la necesaria para la preparacion de tindems.
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Capitulo 4: Células solares multication de estafio y plomo depositadas

mediante vacio.
4.1. Introduccion

Como se coment6 en la seccion 1.3.1, existen dos rutas principales para
incrementar la eficiencia de las células solares de perovskita. El desarrollo de
absorbedores con la banda prohibida éptima de 1.34 eV y la preparacién de
tandems. Sin embargo, la sintesis de perovskitas de banda prohibida estrecha
mediante la aleacion de estafio y plomo continia presentando la dificultad de la
formacién de Sn**. Normalmente, estas perovskitas se sintetizan por disolucion,
aunque este método presenta desventajas como la falta de control en el espesor.
Las técnicas de sublimacién ya han demostrado ser eficientes en la preparacion de
estas perovskitas, como se observé en el capitulo 3. No obstante, la técnica
requiri6 de la adicién de SnF» en pequenas cantidades, que es dificil de controlar y
da lugar a una baja reproducibilidad. Por otro lado, se empleé formamidinio como
catién, el cual también ha demostrado ser dificil de controlar mediante
sublimaci6n. Otros estudios han demostrado la capacidad del método de sintetizar
estas perovskitas, pero también requirieron del uso de SnF> como aditivo. En este
sentido, el uso de dos cationes monovalentes como son el metilamonio, altamente
controlable mediante sublimacién, y el cesio, que aumenta la estabilidad térmica y
la fotoestabilidad, ha demostrado la capacidad de sintetizar estas perovskitas sin

necesidad de usar aditivos.

4.2. Estudios en el espesor y el funcionamiento de la perovskita de yoduro

de metilamonio cesio estafio y plomo depositada mediante vacio.

En este trabajo, se realiza la sustitucién parcial del plomo por estafio en la
perovskita MAoyCso.1Pbls desarrollada mediante técnicas de vacio sin necesidad
de emplear el aditivo SnF». La perovskita mostr6 bandas prohibidas mas estrechas
que la basada en plomo llegando a valores cercanos a 1.34 eV. Se estudiaron las
caracteristicas de las laminas cambiando los parametros de evaporacion y el

espesor de las mismas para obtener eficiencias mas altas y reproducibles.
4.3. Métodos experimentales

Los sustratos cubiertos con ITO se limpiaron siguiendo el método

descrito en el capitulo 2. Sobre los mismos se evaporaron: 5 nm de MoO3 y 10 nm
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de m-MTDATA que se trataron térmicamente a 100°C durante 10 min en
atmosfera de nitrogeno. Sobre ellas, se evapord la perovskita mediante
sublimacién simultanea de MAIL, Csl, Snl; y Pblo. Para la deposicién de la
perovskita se calibraron las microbalanzas de cuarzo cristalinas. Finalmente, se
evaporaron: 25 nm de Cgo, 8 nm de BCP y 100 nm de plata. La caracterizacion

sigui6 la metodologia descrita en el capitulo 2.
4.4. Resultados y discusion

La composicion objetivo de este estudio fue MA¢9Csp.1Pbo755n0.2515. Para
obtenerla se desarrollaron tres perovskitas variando el ratio de cation monovalente
frente a cation divalente desde 1.2:1 a 2.3:1 (SnPb:MACs). Las laminas obtenidas
se analizaron mediante rayos X y absorbancia. Los espectros de rayos X (Figura
272a) mostraron que para el menor de los ratios se formaban perovskitas de baja
dimensionalidad, comunmente asociadas al exceso de cation monovalente. Para el
ratio 2:1 se observé una perovskita bien formada y al introducir mas catién
divalente se observé un exceso del mismo que ha reportado ser beneficioso para
el funcionamiento de la perovskita en células solares. Por otro lado, en los
espectros de absorbancia (Figura 27b) se observa que, con bajas cantidades de
catién divalente, la perovskita no se forma bien y con las cantidades mas altas tiene
un mayor espectro de absorcién. Para investigar mejor estos ratios se estudié su
funcionamiento en células solares, observandose un IPCE mayor para la mayor
cantidad de catién divalente (Figura 28a), asi como una Jsc mayor en las curvas J-
V (Figura 28b). Estos resultados se resumen en la Tabla 2. De este modo, el ratio
escogido para los estudios posteriores fue el mayor, de 2.3:1. Para comprobar el
efecto de tratamientos térmicos postetiores se prepararon dispositivos con y sin
los mismos, en los cuales (Figura 29 a y b) se observa que los tratamientos térmicos
no son necesarios. Ademas, se estudio la estabilidad de la perovskita integrada en
dispositivos (Figura 29 c y d), que demostré ser satisfactoria tras tres dias en

atmosfera de nitrégeno.

Posteriormente, se realizaron estudios sobre el espesor de la perovskita.
La calidad de las laminas se evalué mediante estudios morfolégicos, estructurales
y Opticos para determinar el espesor 6ptimo. En las imagenes de microscopia
electrénica de barrido (Figura 30a-d) se observan superficies homogéneas de alta
cristalinidad sin poros. Ademds, se observa un aumento en el tamafio del grano

para muestras de mayor espesor. Este efecto se atribuy6 a la disminucion de la
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velocidad de evaporacion del MATI a lo largo de la misma, dando lugar a un defecto
de MAI en laminas de mayor espesor. Los difractogramas de XRD (Figura 30¢)
muestran el pico asociado a exceso de cationes divalentes buscado y ademas un
incremento en la intensidad del plano (220) con el espesor, que puede asociarse a
un artefacto de la medida ya que el haz incide mas en laminas mas gruesas. Para
finalizar con los estudios de caracterizacion se realizaron medidas de absorbancia
y composiciéon mediante EDAX. En la Figura 31a observamos los espectros de
absorcién, que muestran un incremento en la misma con el espesor. El estudio de
la banda prohibida en funcién de la composicion (Figura 31b) pone de manifiesto
el alto control del método, obteniéndose composiciones muy cercanas a la objetivo

y con variaciones de la banda prohibida muy ligeras entre 1.2y 1.4 eV.

Finalmente, puesto que las perovskitas demostraron poseer una alta
calidad, se implementaron en dispositivos de tipo sandwich para estudiar su uso
como recolectores de luz en células solares. Las curvas |-V e IPCE significativos
se muestran en la Figura 32. Para entender mejor estos valores se preparé una
estadistica que se muestra en la Figura 33 y también una tabla (Tabla 3) que muestra
los valores obtenidos de las medidas de la Figura 32 y los valores medios de
eficiencia de los dispositivos. Tras un concienzudo estudio empleando diversos
dispositivos, se determiné que el espesor 6ptimo para esta perovskita era de 600
nm, llegando a valores de PCE de 8.9%. En la estadistica preparada se puede
observar como la Jsc aumenta con el espesor, asf como en el EQE se observa un
déficit para espesores bajos, ya que esta perovskita presenta un menor coeficiente
de absorcion que las que emplean cantidades mas altas de estafio. Se observa
también que el FF disminuye con el espesor, lo que se explicarfa debido a un
transporte desapareado de portadores o a una recombinacién alta. Sin embargo,
esta tendencia no se observa en el Vo, por ello se atribuyé a un déficit en el
transporte. Para elucidar mejor la causa de estas pérdidas se realizaron medidas de
espectroscopia de impedancia electroquimica y de las curvas en oscuridad. Los
valores obtenidos para las resistencias mediante EIS (Figura 34a) indican una
recombinacién en el grosor de la perovskita, en contraposiciéon a la superficie.
Ademas, en las curvas en oscuridad (Figura 34b) también se observa una tendencia
en las resistencias a altos potenciales de inyeccion. Para confirmar la suposicion
de que la recombinacién se daba en el grueso de la perovskita se investigé el factor

de idealidad de la misma, que se muestra en la Figura 35. El factor de 2.25 obtenido
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confirma que la recombinacién se ve mediada por trampas, en linea con la

suposicion de recombinacion en el grueso de la perovskita.
4.5. Conclusién

La técnica de sublimacién se empled para preparar perovskitas de aleacién
de estafio y plomo dando lugar a bandas prohibidas estrechas cercanas a la ideal
con resultados reproducibles. Esta reproducibilidad se consiguié mediante el uso
de MA y Cs como cationes monovalentes, ademas de la disminucién de la cantidad
de estafio, evitando la necesidad de introducir aditivos poco controlables mediante
el método. Las perovskitas se integraron en dispositivos dando lugar a eficiencias
que llegaron al 8.9% gracias al estudio del espesor del absorbedor. Los factores
limitantes para la eficiencia de la perovskita se estudiaron mediante EIS, medidas
en oscuridad y factor de idealidad, dando lugar a la conclusion de que los procesos

de recombinacién eran dominados por el grueso de la perovskita.
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Capitulo 5: Deposicion mediante vacio de laminas de perovskita CsPbI,Br
empleando multiples fuentes y precursores mixtos de haluro, a temperatura

ambiente.
5.1. Introduccion

Normalmente, las células solares de perovskita emplean cationes como el
MA y el FA que disminuyen su estabilidad térmica. Sin embargo, la introduccion
de Cs la aumenta, siendo las perovskitas que emplean solo Cs como catién mas
estables. En particular, la perovskita CsPbI:Br presenta una banda prohibida de
1.9 eV, compatible con su aplicacién como absorbedor de banda prohibida ancha
en tandems. De este modo, las células solares que emplean esta perovskita han
sido ampliamente estudiadas llegando a eficiencias del 16%. Sin embargo, la
preparacién de perovskitas inorganicas presenta grandes dificultades, como la
estabilidad de su fase funcional a temperatura ambiente, que solo se consigue tras
tratamientos térmicos a temperaturas muy altas. La introduccién de bromo en la
estructura estabiliza la fase funcional y ensancha la banda prohibida, pero como se
ha comentado previamente, requiere de tratamientos térmicos de entre 150 y
300°C. Como alternativa, la sublimacién ha demostrado ser capaz de sintetizar
perovskitas que no requieren tratamiento térmico posterior y ya ha sido estudiada
para la preparacién de CsPbloBr, aunque para alcanzar una perovskita funcional
ésta requirié de tratamiento térmico. Los tratamientos térmicos suponen una gran
desventaja, ya que, a tan alta temperatura, no permiten el uso de sustratos flexibles

ni su combinacién con otras capas sensibles a la temperatura.

5.2. Estudios sobre la formacion de CsPbl;Br mediante distintas técnicas
de sublimacién y el uso de precursores de haluro mixtos y su integracion

en dispositivos fotovoltaicos

En el presente trabajo, se estudiaron distintos métodos de sublimacién
para la sintesis de CsPbI:Br sin necesidad de tratamiento térmico. También se
emplearon tratamientos térmicos a baja temperatura (150°C). El objetivo principal
del mismo fue comparar las propiedades obtenidas mediante distintos métodos de
preparacion. Ademas, se estudi6 la sintesis en estado sélido, mostrando las

dificultades para sintetizar la perovskita.
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5.3. Métodos experimentales

Como primer paso, se estudio la sintesis mediante molino de bolas. La
perovskita CsPblBr se sintetiz6 empleando CsBr y Pblz en una caja de guantes
de nitrégeno. Los materiales se introdujeron en jarras de zirconio con bolas del
mismo material dentro de la caja seca para evitar la oxidacién y se realizé la
molienda a 30 Hz durante 99 min. El mismo procedimiento se emple6 para los
precursores mixtos, mezclando Csl y CsBr, y Pblz y PbBr: en concentraciones de
1:2 (Br:1). La sintesis por fundicién se realiz6 introduciendo los materiales en un
crisol que se calenté a 650°C para la perovskita y el precursor de cesio, y a 420°C
para el precursor de plomo. Finalmente, para las técnicas de sublimacioén se
emplearon las 5 configuraciones resumidas en la Figura 15. Las células solares se
prepararon limpiando los sustratos como se describe en el capitulo 2, evaporando
una capa de MoO3 de 5 nm y una capa de TATM de 10 nm, que se calentaron a
140°C durante 10 min en atmoésfera de nitrogeno. Posteriormente, se deposité la
perovskita, a la que, en caso de emplearlo, se le hizo el tratamiento térmico de
150°C durante 5 minutos. En este caso, se calibraron tanto las microbalanzas de
los precursores, como la de los sustratos, para obtener el espesor deseado. Encima
de la perovskita se depositaron 25 nm de Cgo, 8 nm de BCP y 100 nm de plata
mediante sublimacién. La caracterizacion se realiz6 siguiendo las técnicas descritas

en los apartados 2.2 y 2.3.
5.4. Resultados y discusion

Los estudios comenzaron mediante la sintesis mecanoquimica de
CsPbl:Br. Como resultado de esta técnica, en la Figura 36a se observa una mezcla
de distintas fases mediante XRD. A pesar de observarse la estructura
tridimensional de perovskita también se observa un pico a 10° que indica la
presencia de una fase adicional formada por octaedros de PbXe patrcialmente
desconectados como se muestra en la Figura 36b. Esta fase es la llamada fase
amarilla de la perovskita, que es la mds comun a temperatura ambiente y no es
activa fotovoltaicamente. Cabe destacar que no se encontré que el preparado fuera
una mezcla de la perovskita de yodo y la de bromo, ya que las constantes del
entramado eran mayores que para el caso de iodo. Para el caso de los compuestos
fundidos, de nuevo no se obtuvo una fase pura de perovskita, si no la amarilla y
una nueva correspondiente al compuesto con férmula Cs4PbX. Para confirmar la

existencia de fase de perovskita en los preparados se realizaron estudios de
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absorbancia (Figura 37), ya que el color indicaba que la perovskita se habia
formado. Asi, se observé una caida a 1.85-1.90 eV que indicaba la presencia de

esta.

El siguiente paso del estudio fue estudiar las técnicas de sublimacién. Se
comenzdé por el mas simple hasta llegar al mas complicado. La sintesis mediante
una fuente se realiz6 haciendo una evaporacion instantanea del preparado de
perovskita mediante los métodos anteriormente descritos. Las laminas se
analizaron mediante XRD (Figura 38a). En el espectro se observa que coexisten
distintas fases con predominancia de Pblz, como conclusion esta técnica no fue
fructuosa. También se estudi6é su morfologia mediante SEM (Figura 38b), donde
se observa homogeneidad. Sin embargo, en los estudios mediante absorbancia con
calculo del grafico de Tauc (Figura 39), se observa una banda prohibida mas ancha
de la esperada, como consecuencia de la segregacion del Pbl,. Asi, se procedio a
hacer el estudio mediante dos fuentes, co-evaporando CsBr y Pbl.. En el
difractograma de XRD (Figura 40a), se observa una limina compuesta por
perovskita sin ninguna fase predominante. Esta falta de orientaciéon se puede
asociar a la morfologia porosa observada mediante SEM (Figura 40b).
Posteriormente, se realizé la sintesis mediante precursores de haluro mixtos, ya
que la pre-aleacion de los haluros podia dar lugar a una estructura mas homogénea.
Para tomar la decisién de qué haluros mixtos emplear se muestran los patrones de
XRD obtenidos para los precursores en la Figura 41. Ya que los precursores
fundidos presentaban mejores caracteristicas, éstos fueron los precursores de
haluro mixtos empleados para la sublimacién. Los patrones de XRD se pueden
observar en la Figura 40c. En cllos se observa una clara fase de perovskita con
orientacién preferencial en el plano (110) y (002). De los estudios de supetficie
(Figura 40d) se extrac que la perovskita posee una morfologia con granos
claramente definidos. Por otro lado, de los estudios de absorbancia (Figura 39a),
se extrae una banda prohibida de 1.9¢V que indica una buen mezclado de los
haluros. Asi, esta técnica demuestra ser muy fructuosa para la sintesis de CsPbI»Br,
aunque puede llevar a un gradiente composicional, ya que los materiales tienen
distintas temperaturas de sublimaciéon. De este modo, se procedié a estudiar la
sintesis mediante 3 fuentes. Durante la sublimacion, la velocidad de evaporacion
es un factor decisivo para la formacién de la perovskita. Por este motivo, se estudié
la formacién mediante 3 fuentes a dos velocidades distintas, la llamada “rapida” a
2 A/s y la llamada lenta, a 0.5A/s. En los patrones de XRD (Figura 42 a,c) se
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obsetrvan perovskitas bien formadas, aunque la deposicién lenta da lugar a picos
mas estrechos que indican una mayor cristalinidad, lo que se correlaciona con la
morfologia (Figura 42 b,d). Ambas muestran bandas prohibidas similares de 1.88
y 1.89 eV, aunque la depositada lentamente muestra una absorcién mas intensa
(Figura 39a). También se traté de sintetizar la perovskita implementando la mezcla
de haluros mediante los compuestos plomados. Sin embargo, las laminas no eran
estables en aire (Figura 43). Para concluir el estudio se realizé la sublimacion
mediante 4 fuentes. El difractograma de XRD mostr6 una perovskita pura, aunque
sin orientacion preferencial (Figura 44a). La morfologia observada (Figura 44b),
también fue homogénea, aunque presentaba algunos cuboides de 100 nm. Estos
cuboides también se observaron en las muestras de precursores de haluro mixtos
y 3 fuentes lenta, lo que parece indicar que estas estructuras se forman cuando se
obtiene una mejor aleaciéon de los haluros. Finalmente, la caida de su absorcion
indic6 una banda prohibida de 1.92 ¢V (Figura 39b).

Como resumen, se obtuvieron laminas a temperatura ambiente formadas
pot perovskitas de alta calidad. Para comprobar su desempefio como recolectores
fotovoltaicos, éstas se integraron en dispositivos empleando la estructura mostrada
en la Figura 45a. Ademas, como se ha comentado previamente, también se
estudiaron las mismas perovskitas empleando un tratamiento térmico sutil de
150°C. El desempefio de los dispositivos obtenidos puede observarse en la Figura
46. Para una mayor comprension de los parametros de desempefio de los
dispositivos estudiados se muestra la Figura 47, donde puede observarse
claramente que la muestra sintetizada mediante dos fuentes sin precursores de
haluro mixtos no funciona correctamente. Este tipo de deposicion es la Gnica que
ha sido estudiada en la literatura existente y tan sélo da lugar a dispositivos
eficientes tras tratamientos térmicos de mas de 260°C. La mejora de la aleacién de
haluros mediante el uso de precursores de haluro mixtos da lugar a un mejor
desempefio de los dispositivos (Figura 45b) debido a una respuesta constante en
todo el espectro (Figura 45¢). Un funcionamiento similar se muestra en las células
con el absorbedor de 3 fuentes, aunque el FF mejora con deposicién lenta, dando
lugar a eficiencias de 7.7%, en contraposicion al 7.3% obtenido para la deposicion
rapida. Sin embargo, tras el tratamiento térmico se observa que el funcionamiento
de la perovskita sintetizada rapidamente mejora, dando lugar a las eficiencias que
superan el 10%. Finalmente, la perovskita sintetizada mediante 4 fuentes da lugar

a eficiencias parecidas a las anteriormente descritas, aunque muestra un Voc mas
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alto que sugiere una reduccion de la recombinacion no radiativa. Como conclusion
de estos estudios, el uso de mas fuentes o precursores de haluro mixtos da lugar a
una mejor aleacién de los haluros que lleva a perovskitas funcionales sin necesidad

de tratamiento térmico.

Posteriormente, se estudié la estabilidad en iluminacién (Figura 48a) y
bajo estrés térmico (Figura 48b) de la perovskita con la mejor eficiencia, la
denominada 3 fuentes rapida. Se observé un MPP estable durante una hora y una
gran tolerancia al estrés térmico, manteniéndose la eficiencia en un 90% durante
10 dfas.

Finalmente, a pesar de obtenerse eficiencias prometedoras, éstas estaban
lejos de las esperadas tedricamente, ya que para una banda prohibida de 1.9 eV se
espera una eficiencia del 25%. Por tanto, se realizaron estudios de sEQE vy
fotoluminescencia empleando de nuevo la perovskita de 3 fuentes rapida (Figura
49). Del sEQE se estim6 una banda prohibida de 1.870 eV y se extrajeron los
parametros maximos para esta banda prohibida, para realizar una comparativa. La
Tabla 4 presenta los valores obtenidos para la comparacién. De la comparativa de
valores tedricos y obtenidos se extrae que los factores limitantes son el Voc y el
FF. En esta muestra, se observa un FF alto, aunque para el resto de la serie ésta
serfa la mayor limitacion, indicando posibles barreras resistivas. La Jsc también
sufre de estas barreras resistivas, aunque cabe indicar que no se estudi6 el espesor
de la perovskita. Las altas pérdidas de Voc son comunes en el caso de las
perovskitas de banda prohibida ancha y se atribuyen a la segregaciéon de fase
fotoinducida o a la desalineacién de los niveles de energfa. En la Figura 49, se
puede observar un pequefio componente extra a 1.7-1.78 eV, éste podria ser el
responsable de la pérdida de voltaje. Para los estudios de PL, la existencia de este
artefacto puede ser indicador de segregacién de fase. Sin embargo, como vemos
en la Figura 50, sélo estd presente en algunas regiones de la supetficie. Puesto que
este artefacto presenta una caida de absorcién mas baja que la perovskita pura de
iodo se pudo concluir que era debido a la mala alineacién de los niveles de energia

entre la perovskita y las capas de transporte.

Por otro lado, también se estudi6 la posibilidad de que el componente
fuera generado por el Ceo, ya que éste puede generar fotocorriente a esos niveles
de energfa. Para comprobatlo, se prepard una célula solar empleando SnO, como

transportador de electrones y el componente no fue observado en la medida de
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sEQE (Figura 51). De este modo, se concluye que se ha de realizar una
investigacion en las capas de transporte empleadas para esta perovskita en estudios

futuros.
5.5. Conclusion

Se emplearon distintos métodos para sintetizar CsPbl;Br sin necesidad de
tratamiento térmico. La sublimacién mediante una fuente dio lugar a una mezcla
de fases, mientras que el resto dieron lugar a perovskitas puras. La alta calidad de
las perovskitas que empleaban precursores de haluro mixtos remarco la
importancia de una buena aleacién de los haluros para la sintesis. Este efecto
también se consiguié empleando un mayor numero de fuentes o disminuyendo la
velocidad de la sublimacion. Finalmente, se obtuvieron eficiencias de 8.3% para
las muestras sin tratamiento térmico, y de 10% para muestras con un tratamiento
térmico de baja temperatura compatible con el uso de sustratos flexibles y otras
perovskitas en tindems. La principal limitacién en los dispositivos de este estudio
son las capas de transporte, indicando que en el futuro deberfan hacerse estudios

concienzudos sobre este tema.
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Capitulo 6: Conclusiones.

El objetivo de esta tesis era el desarrollo de perovskitas de banda
prohibida estrecha y ancha mediante el método de la sublimacion. La sintesis de
tres materiales diferentes con las bandas prohibidas objetivo de 1.28,1.34 y 1.9 eV

ha sido cuidadosamente estudiada.

En el capitulo 3, un nuevo método para depositar perovskitas de aleacion
de estafio y plomo ha sido presentado. La formacion y estabilidad de la perovskita
FAPbo.sSnosl3 se mejoré mediante la supresion de la formacion de Sn*t gracias al
uso del aditivo SnF». Las capas se integraron en células solares consiguiendo
eficiencias cercanas a un 14%. Ademas, el estudio demostré la capacidad del
método de la sublimacién para sintetizar perovskitas de estafio y plomo
funcionales en células solares. Sin embargo, las eficiencias no fueron facilmente
reproducibles debido a la dificultad de controlar la deposicién de cantidades tan

pequedas de aditivo.

La cuestion de la reproducibilidad del método se abordé en el capitulo 4.
En este trabajo se emplearon cationes mas controlables durante la sublimacion.
Ademas, se introdujeron cantidades mas altas de plomo en la estructura que dieron
lugar a perovskitas mas estables. MAgoCso.1Pbo7sSno2sls se sintetizé sin la
necesidad de adicionar SnF>. Un cuidadoso estudio acerca del espesor de la
perovskita se llevé a cabo para optimizar las propiedades morfolégicas,
estructurales y opticas. Por otro lado, las capas se integraron en dispositivos de
tipo p-i-n dando lugar a eficiencias reproducibles de hasta un 8.9%. Los factores
limitantes de los dispositivos se estudiaron mediante EIS y medidas en oscuridad
para elucidar los estudios futuros a realizar para mejorar la eficiencia de estas
perovskitas. Finalmente, el estudio concluyé que los procesos de recombinacién
se daban principalmente en el grueso de la perovskita debido a los granos mas

pequefios y la oxidacién del Sn*2.

Finalmente, una vez que se habfan conseguido sintetizar perovskitas de
banda prohibida estrecha mediante sublimacién, en el capitulo 5 se procedi6 a
estudiar la formacion de las perovskitas de banda prohibida ancha mediante el
mismo método. Una perovskita inorganica fue escogida para el estudio, debido a
su banda prohibida compatible con la aplicacién en tindems y a su excepcional

estabilidad térmica. CsPbI,Br fue sintetizada mediante diversos métodos en estado
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solido y de sublimacion para elucidar si su formacion a temperatura ambiente y
con tratamientos térmicos de baja temperatura podia ser llevada a término. Este
estudio remarca la importancia del mezclado de haluros. Las perovskitas que
emplearon precursores de haluro mixto preparados mediante fundicién, un mayor
numero de fuentes o una velocidad baja de evaporacién presentaron propiedades
mejoradas. Ademas, todas las capas, excepto la preparada por sublimacién
instantanea debido a sus peores propiedades, fueron integradas en dispositivos
fotovoltaicos. El estudio demostrd, no solo la formacién, si no la preparacion de
células solares tan eficientes como un 8.3% a temperatura ambiente. Ademds, se
realizaron tratamientos térmicos moderados a 150°C que mostraron eficiencias
mejoradas hasta un 10%. Las limitaciones para la preparacién de esta perovskita
se investigaron y se concluybé que la principal fueron las capas de transporte,

indicando que para futuros estudios este serfa un punto por optimizar.
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FAPbg sSngsls: A Narrow Bandgap Perovskite Synthesized
through Evaporation Methods for Solar Cell Applications

Ana M. Igual-Mufoz, Jorge Avila, Pablo P. Boix,* and Henk J. Bolink*

The tunability of the optoelectrical properties upon compositional modification is
a key characteristic of metal halide perovskites. In particular, bandgaps narrower
than those in conventional lead-based perovskites are essential to achieve the
theoretical efficiency limit of single-absorber solar cells, as well as develop

multijunction tandem devices. Herein, the solvent-free vacuum deposition of a
narrow bandgap perovskite based on tin-lead metal and formamidinium cation is
reported. Pinhole-free films with 1.28 eV bandgap are obtained by thermal

codeposition of precursors. The optoelectrical quality of these films is demon-
strated by their use in solar cells with a power conversion efficiency of 13.98%.

Halide perovskite-based optoclectronics have become a topic of
intense research during the last decade, The excellent propertics
af this family of materials, such as high optical absorption coef-
ficients and long charge diffusion lengths" are particularly
interesting for photovoltaic applications and have attracted the
attention of the research community, As a result, their phatovel-
taic conversion efficiency has increased from 3.8% in 2009 10
24.2% in 20197 The unprecedented evolution of perovskite
solar cells’ photovoltaic efficiency is currently approaching the
theoretical  Shocldey—Quetsser limit,  and further ::H'i{_'il_'m_ju
enhancements require a careful analysis of the losses. In that
comtext, achieving perovskite light harvesters with a bandgap
close to the optimal one (=134 ¢V) would constitute a promising
approach 1o reduce the losses of single-absorber devices.

On the other hand, multijunction solar cells are an altemative
strategy to exceed the Shockley—Chueisser limit. Mulbjunchion
solar cells use two or more shsorbers to maximize the harvesting
of the solar spectniom yet minimize thermalization losses. These
kinds of devices can deliver a superior power per arca compared
with standard single-junction devices, but the use of ahsorbers
with complementary bandgaps is needed to maximize the max-
rum etficiency. Therefore, perovskites with a narrower bandgap
than the widely extended CH3MNH;Pbls (1.55-1.6eV) and deriv-
atives are needed to use the full potential of multijunction solar
CC]JSI"?.IUI

A . Igual-Mufioz, |. Avila, Or, F. P. Boix, Prof, H. ). Bolink
Instituto de Ciencia Maolecular

Uriversidad de Valencia

C/]. Beltran 2, Paterna, 46980 Valencia, Spain

E-mail: Pablo P Boixiuv.es; henk.bolink@uv_es

The QRCID identification number(s) for the author(s) of this article
can be found wnder https:/ fdoi.org/ 10,1002 fsolr. 201900283,

DOl 10,1002 zalr. 201900283

Soi, RRL 2019, 19002383

1900283 (1 of 5)

One of the advantages of halide perov-
skite semiconductors is the compositional
tunability of their optoclectrical proper-
ties,""! Complete or partial substitution of
lead (Ph) by tin (5n) in these kinds of per-
ovekites leads to 2 reducton of the
]mulgap."z'”l While replacing Pb with Sn
is demonstrated to decrease the bandgap
down 1o 1.1eV"™™ the industrial-scale
synthesis and further commercdalization
aof these perovskites have obstacles, dus to
the easy oxidation of $n*" and further dop-
ing of the perovskites by sn' 7 In recent
studies, it has been reported how perov-
skites based on tin-lead mixtures can enhance the stability of
this species, while it allows to tune the bandgap to suitable values
for their wse as a narrow-bandpap absorber in perevskile—
perovskite multijunction solar cells."™ Moreover, the introduction
of the formamidinium (CHsN, ", BAY) cation inte perovskite com-
position can further reduce the absorption 1\31Ldgap"g| while
improving the thermal stability of the material ™ Successive opti-
mization of these tin-lead alloved perovskites has resulted in
power conversion efficiencies up to 19.03%.

Ir1 this waork, we study the partial replacemnent of Ph* by §ot?
in & FAPbI, perovskite fabricated by simultaneous thermal vac-
uum deposition of the precursors. This fabrication technique is
solvent free and intrinsically additive,*” which results in a
reduction of the taxicity in the production chain and has the
patential to be divectly applied to the fabrication of complex mul-
tilayer stacks required in the multijunction solar cell dcsign.lMl
We developed 3 method to  fabricate  vacuum-deposited
FAPDy 55ny 51, and present the optical, morphological, and strue-
tural characterization of the resulting films. The targeted compo-
sition, 50% Sn 50% Pb, leads to a bandgap of 1.28 eV, similar to
what has been previously reported for perovskites prepared using
the same starting materials and ratios by solution methods of
1.23 eV, These bandgaps are suitable for use in a tandem solar
cell with a corresponding wider bandgap sub-cell ***! The
films were implemented in solar cells reaching a maximum effi-
dency close to 14%, demonstrating the potential of these films
and preparation method.

FAPby 5 $1p 514 films were [abricated by simultaneous thermal
vacuum depesition of FAL Snlz and Pbl; precursers in a
Na-filled glovebox. A fourth thermal source was used o codeposil
SnFs as an additive. The fate of each evaporation source was
monitored by an individual microbalance crystal sensor during
the sublimation. & scheme of the evaparation chamber is shown
in Figure 1.

An independent calibration of each sensor source was carried

ol prioe o the synthesis of the perovskile to establish the proper

B 2008 WILEY-WOH l.n'nrl:g CmbH & Co, KEGah, Weinaeim
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Figure 1. Scheme of the evaporator during the perovskite evaporation
including the position for the materials and the relevant components
of the evaporator.

deposition conditions of the precursors, This calibration was
done by depositing a thick (50-100nm) film of each precursor
on a glass substrate while simultaneously monitoring the micro-
balance crystal sensor reading and verifying the indicated thick-
ness by offline thickness measurement using a mechanical
profilometer. To avoid the cross-reading of the crystal sensors,
the sources are sequentially operated, starting from the material
that introduces more cross-reading in the other sensors, which is

www.solar-rrl.com

FAL Afterward, the temperatures of Pbl, and Snl, were
increased to obtain the desired rates. Finally, as the rate required
for the SnF; source is significantly lower, it was the last source to
be heated. The final rates were obtained by the sum of the rate
desired plus the cross-reading on each sensor.

The thickness of all the different perovskite films was care-
fully maintained between 350 and 420 nm, showing an accurate
thickness control achieved by sublimation methods. The addi-
tion of SnF; leads to improved film formation, as observed in
the absorbance data (Figure 2a). This point is supported by the
crystallinity of the perovskite films, which was studied using
X-ray diffraction (XRD) in a grazing incident X-ray diffraction
(GIXRD) setup. The sample prepared without the SnF, additive
displays an XRD pattern where the peaks corresponding to the
perovskite are significantly less intense, while the peak at 12.7°,
classically ascribed to Pbly, is the dominant one (Figure 2b).
Furthermore, a small peak attributed to Snl, may be observed
centered at 25.2°. Therefore, the improved film formation upon
SnF; addition appears as an effect additional to the reduction of
the detrimental Sn*" generation, as it was previously reported
for Sn—Pb perovskites prepared using a solvent-based proce-
dure.7## Interestingly, despite the reduction of the peak
at 12.7°, when small amounts of SnF; are added, higher rates
of SnF; gradually make this diffraction peak more prominent
and generate an additional peak at 38.7°, observed for the 2096
SnF; sample. These signals (12.7° and 38.7°) can be associated
with Pbl; and Snl;, which suggest that SnF, addition induces
an excess of these materials in the resulting perovskite film.
A similar effect has been reported to have a beneficial impact
in the resulting perovskites.*>* The rest of the peaks are con-
sistent with a perovskite containing 50% of Sn and 50% of Pb,
as expected from the rates of deposition.”"®*"! Considering a
trade-off between perovskite formation and metal salts” excess,
we decided to use the rate of 10% for subsequent studies.
A preliminary evaluation of the stability of these films was car-
ried out by monitoring the evolution of the UV-vis absorbance
of air-exposed films (Figure S1, Supporting Information). While
there is no significant decay of perovskite absorption during the
initial hours, the degradation is clear after 1 day, which suggests
a decomposition of the film. The ambient effect is also evident

(@) (b) =
—— Without SnF, 50,95
]
e With 8% SnF — 5%
—
© A\ }' [
e A
E g \ ’
L %
£00 700 800 900 1000 100 10 15 20 25 30 35 40 45 0
Wavelength (nm) 20

Figure 2. a) UV-vis absorbance of FAPEy sSrgsls with 6% SnF, and without SnFy. b) XRD pattern obtained for a FAPDy sSngsl: film on PTAA, with

different amounts of SnF; (percentage related to Snl;).
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when the film conductivity 15 measured (Figure 2, Supporting
Information). Under M, atmesphere, the perovskite conductiv-
ity remains almast unaffected during the explored timeframe.
In contrast, the air exposure results in a conductivity enhance-
ment of almost one order of magnitude in few minutes, which
is attributed to the So** formation.

Once deposited onto ambient temperature substrates, the
perovakite films were used without further anpealing weatment.
The absorbance of this perovekite extends up o 970 nim (shown
ity Figure 3a) according to the Taue plot correspanding 1o a direet
allowed transition in the bandgap of 1.28 eV {Figure 3a)** This
value is in line with that obtained feom solution-processed per-
ovskites with similar Sn-Pb precursor ratios."™ The surface of
this perovskite thin flm can be observed in Figure 3b from a
scanning electron microscopy (SEM) image. This image shows
a homageneous distribution of the grains, sized between 60 and
100 rm. It is worth mentioning that vacuum deposition of per-
ovskites usually results in & smaller grain size than the one
abtained by the solution process. However, this is not necessarily
limiting the achievable power conversion efficiency of the solar
cells employing them ™! More importantly, the SEM top view
also displays a smooth pinhole-free surface. crucial to avoid leak-
age paths in the full device, an encouraging sign of the suitability
of vapor-deposition methods for these kinds of perovskites. SEM
images of samples containing three different quantities of SnF,
are shown in Figure 83, Supporting Information, where no sig-
nificant morphological differences are observed.

To assess the quality of the films, same were employed w fab-
ticate photovaltaic devices with 2 p-i-n configuration (hole selec-
tive aterial deposited on the incident light side of the device), as
detailed i the Experimental Section. The layers that constitute
the full stack were [TO/MoO, poly[bisi4-phenyl) (2.4,6-brime-
thylphenyl) amine] (PTAA)FAPLy 5Sm oL fullerene (Cyp) /2,9-
dirnethyl-4, 7-diphenyl-1.10-phenanthroline (BCP)/Ag as shown
inn Figure 4a. The dark current—voltage characteristies of the devi-
ces (Figure 4b) show a reduced leakage current and & good diode
rectification, suggesting that the formation of Sn* is effectively
suppressed during fabrication.
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Figure 4c shows the incident photon to current efficiency
(IPCE) of the FAPhysSnysly solar cell. These devices were
synthesized with a thickness of 340 nm, implying that further opti-
mization of the films, including their thickness, could increase
current generation in the IR region of the spedira. Figure 4d shows
the current-voltage (J-V) characteristics under AM1.5G-simulated
ilhumination for the best performing device. Power conversion
efficiency achioves a value of 13.98% in the reverse scan (from
Vi to short cirouit, Js¢), with a Vo of 072V, fill factor (FF)
of 79,3%, and s of 24.5 mA om ? close to the one obtained from
the IPCE integration. Vi of 0.73V, FF of 73.3%, and 5 of
243mAcm  are obtained at forward scans {from Jae to Vg,
which results in an almost negligible hysteresis,

These results demonstrate the patential of vacuwm deposition
for the fabrication of tin-lead perovskile solar cells.

We have developed a method to fabricate FAPhy, 55hy 515 from
vacuum-deposition methods, The cosvaporation of the precursors,
along with the depasition of the SnF; additive, results in pinhole-
free homogeneous perovskite films with 60-100nm grains and a
=1.2% eV bandgap without additional annealing. These films,
when integrated in a sandwich-type diode structure, show low dark
conductivity indicative of the effective suppression of the oxidation
of the Su™* precursor to Sn** . When dluminated by simulated sun
light, these diodes have a power conversion effciency =>13%, fur-
ther demonstrating the high quality of the perovskite films, This
work opens a new processing route o fabricate narrow-bandgap
perovskites by vacuwm deposition, with the potential to achieve
the effidency limit of single-absorber solar cells or integrate
them in mullijunction perovskite tandems upon  further
optimization.

Experimental Section

Malybdenum oxide (MoO;) and bathocuproine (BCP) were obtained
from Lumter, poly{triaryl amine) (FTAA), and Cgy was obtained from
Sigma-Aldrich; patterned ITO-containing glass substrates were obtained
from Maranje substrates. The perovskite precursors used in this study
were obtained from Tokio Chemical Industries; Pl =98% purit)',

Figure 3. a} LW=vis absorbance for a FAPRy s5rg <13 Alm with 103 SnF; as an additive, Tawse plot caleulation from the absorbance in the inzet, b) SEM

image for the swrface of a FAPD, 5Sng 515 film.
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Figure 4. a) Device structure, b) j-V characteristics meazured in dark condiions Tor the best-performing device, ] External guanium efficsency of a
FAPG 50y 515 solar cell. d) j—V characteristics under illumination for the best-performing device {from positive to negative potential) and solid lines

represent forward measurements (from negative o positive potential).

Sigma-dldrich; SnFy =%9% purity, Cymit [Alfa Aesar); Snly =%3.999%
purity, ultradry ard Lumtes; FAI 239,53,

To facilitate hole extraction, 5 nm of Moy was thermally evaporated at a
base pressure of 2 x 107" mbar on indium tin cxde {ITO)-containing sub-
strates. After this, on top of these films, a layer of PTAR was spin coated at
1500 rprn for 305 and then thermally annealed at 100 “C for 10minin a
nitregen atmosphere. Thesa TO/MoO, [PTAA-covered substrates were used
for the deposition of FASng sPby, ol films following the procedune described
later. On top of the perovskite, thin layers of Coy and BCP (25 and 8 nm,
respectively) were tharmally e-\.'afe-rned using a dedicated vacuumn chamber
with a base pressure of 3 = 10 " mbar, Finally, the films were transferred to a
dedicated vacuurm chamber used selely for metal depositien, where 100 nm
of Ag as the top electrode was deposited by thermal evaporation at a pres-
sure of 2 % 107 % mbar, The resulling diodes were then charactenized by cur-
rent yoltage swesps (using a Keithley Medel 24000 in the dark and
ilurminated IPCE, and measurements were done by measuring the cell
response at diferent wavelengths obtained with a white halogen lamp com-
bined with band-pass filters. The solar spectrum was corrected by calibration
with a silicon reference cell, previowsly calibrated [MiniSun simulator by
ECM. the Netherlands). The current density voltage (-} characteristics were
obtained using a solar simulator by Abet Technologies, model 10500, with an
AM1.5G menon lamp as the light source. Keithley 2400 source measwre unit
and under white light illumination. A shadow mask with an aperture of
001 ern” was usad to prevent illumination of the nonactive ares.

Perowskite Film Preparation Procedure: FAPBy 55ng 515 flms were fabricated
by simultanecus thermal vacuum depasition of the precursors FAL 3nl;, Pbl;,
and SnF; on ITOMoDy FTAA-covered substrates at ambient temperature.

Scd. RRL 2009, 1900283

1900283 (4 of 5)

The evaporation was done in a chamber at a pressure of 3 5 10 * mbar, Four
crucibles were filed with different precursors and evaporated at the following
ternperatures, which were identified after & study of sublimation rates and
final parowskite compositions as discussed in the main section of this mane
soript: 170°C for FAIL 180 °C for Snly, 210 °C for Pbly, and 145 °C for SnFs.
The thickness of the films was estimated as the double of the thickness mea-
sured by the F&l crystal sensor. Structural properties were studied using XRD.
GIRD patterns were collected at room temperature on an Empyrean
PAManalytical powder diffractometer using the Cu Kol radiation. Optical
properties were studied using N-vis spectroscopy. A fiber optics—based
Avantes AvaspecZ(48 Spectrometer was wsed. Morphological properties
were studied using an SEM Hitachi 54800 microscope at an accelerating
woltage of 20 kv, The samples were metallized prior to observation with
an Au-Pd coating.

Supporting Information

Supporting Information is available from the Wiley Cnline Library or from
the author.
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Figure 51. UV-Vis absorbance of a sample of FAPby<Sng sl with 100 SnF: measured before and after the days indicated
im air,
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ABSTRACT: The use of a combination of tin and lead is the most promising
approach to fabricate narmow bandgap metal halide perovskites. This work presents
the development of reproducible tin and lead perowvskites by vacuum codeposition
of the precursors, a solvent-free technique which can be easily implemented to form
complex stacks. Crystallographic and optical characterization reveal the optimal
film composition based on cesium and methylammonium monovalent cations.
Device optimization makes use of the intrinsically additive nature of vacuum
depaosition, resulting in solar cells with 8.89% photovoltaic ethciency. The study of
the devices by impedance spectroscopy identifies bulk recombination as one of the

performance limiting factors.

MA; ;Cs; 1SngsPbg

KEYWORDS: perovskite, low bandgap, tin—lead, selar cell, vacunm deposition

B INTRODUCTION

The efficiency of metal halide perovskite solar cells has
inereased fram 2.2% in 2006 up to 25.2% in 2019."" The best
results to date are based on perovskites employing lead ('b)
and a combination of multiple monovalent cations and halides,
with a bandgap between 1.5 and 16 eVt A number of
approaches can be adopted to further increase the perovskite
solar cells’ power conversion efficiency, most of which require
adjusting the absorber’s bandgap, for example, targeting single
junction cells with efficiency close to the Shockley—{unekser
limit {ideal bandgap of ~1.34 V)" or exploiting the full
potential of multijonction solar cells with corrent-matching
absarbers.”

The substitution of Pb by tin {Sn} in this family of materials
leads to an absorption bandgap narrowing, with values down to
1.1 eV, Mevertheless, the use and manufacturing of pure tin
based perovskites is not trivial due to the easy oxidation of Sn™*
to S which leads to ptype doping and compromises the
device stability and performance.” Partial Pb substitation is an
alternative route which increases the flexibility of the approach,
widening the number of pessible compositions. Indeed,
peravskites combining both metals can form narrower bandgap
materials as the values are not linear with the metals ratio,"”
particularly useful for the fabrication of perovskite—perovskite
tandems."! More interestingly, mixed tin and lead composi-
tions present enhamced stability compared to pure 3n based
ones, as the introduction of Pb into the perovskite retards the
oxidation from $n®" to 5n™,'* analogously to the introduction
of germanium in the structures which forms a native-oxide
laer on the perovskite"” Recent studies have achieved
efficiencies as high as 20053% with devices employing tin=lead
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based perovskites."'™"" The fabrication of these devices
employs a solution-based process with important restrictions
on the thickness control and solvent compatibility, which limit
their direct application to multijunction devices. Among all the
alternative methods for the perovskite synthesis, physical vapor
codeposition of the precursors presents several adw.nmges that
make it particularly interesting for the industrialization of the
field."” This technique is intrinsically additive and solvent-free
which allows for an accurate control on the film thickness and
multistack formation versatility—key points for the fabrication
of multijunction tandem devices." Vacuum deposition is also
compatible with large area film formation, enabling the control
over the morphology and thickness of the film, In addition to
these advantages, the technique has led to high-eficiency
photovoltaic devices with different Pl based perovskite
compositions."™™ We recently reported efficient vacoum-
deposited formamidinium (FA) tin—lead based perovskite
solar cells.™ However, these studies rely on the use of SaF, to
reduce the formation of 0™ as a degradation byproduct ™
and en the formamidinium as the sole monovalent cation in
the final perovskite. Small quantities of reactants, such as those
required for the SnF. in Sn=Pb perovskites, are less easy to
control by coevaporation, and the crystallization of puore
fermamidinium s assoctated with phase control difficulties.
The combination of these factors results in low reproducibility

Received: December 11, 2019
Accepted:  February 5, 2020
Published: F:.-.hnl:rlr:.r 5, M0

Bt iebechoilog /001 0] s aamn S04 1 3
ACE Apa. Ermegry Mover, 2000, 3, 2755=-2761



ACS Applied Energy Materials

WL BCSAEM.0rg

and compromises the material stability, and the work serves
primarily as a prool of concepl of the capability to synthesize
these perovskites by coevaporation, The fabrication of tin—lead
based perovskites combining cesium (Cs) and formamidinium
as monovalent cations through dual source evaporation has
also been reported.™ That work presynthesized some of the
precursors as an alloy and still required the use of SnF,.
Following that path, the incorporation of two monovalent
cations is a promising approach to palliate the above-
mentioned  drawbacks, as methylammoniom (MA) and Cs
based tin—lead perovskites have shown the capability to
operate without SnF, additives™ In particular, introducing Cs
can enhance the perovskite thermal stability, photostability,
and efficiency,”™™ yet their use in Sn—Pb perovskites
fabricated by precursor coevaporation remains unexplored. In
addition, MA is more stable and controllable than FA through
evaporation methods. As a result, these vacuum-deposited
perovskites are significantly more reproducible than those
employing Fat

In this work, we study the partial replacement of Pb™ by
S in a MAgoCsg, Pbl, perovskite fabricated by simultaneous
thermal vacuum deposition of the precursors, avoiding the use
of SnF, The targeted composition was 23% Sn 75% Ph,
following previous reports which showed that this composition
leads to enhanced stability and higher efficiencies,™ The
abtained perowkite presents a lower energy absorplion onset
than its Ph based counterpart, with a bandgap close 1o the
aptimal one for single junction solar cells (134 c‘l.-']l"' and
suitable for future use as low-bandgap absorber in a tandem
device. The film characteristics, soch as morphology and
crystallinity, are modified by adjusting the evaporation
parameters, Evaluating different thicknesses of Sn—Ph perov-
shites in a multilayer solar cell results in devices with efficiency
close to 9%,

B EXPERIMENTAL SECTION

Synthesis of MA;Cs, .50, 25Pbg sely. The precursors used in
this study were tin(11) jodide (Snl, =97%), lead(11) iodide (Phl,,
=98% ), and cesium iodide [(Csl, =99%) from 'J'-:ﬂc}-n Chemical
Industries (TCI} and methylammoniom iodide (MAL =99.3%) from
Lumbec. The MA,Csy SngsqPby-il, Alms were fabricated by
simultaneous thermal vacuam deposition of the precursors MAL
Snly, Pbly, and Csl withowt further thermal treatment on the
substrate, To establish the proper deposition of the precursors,
calibration of their thickness was done privr to the \::,m'rhr-six af the
perovikite. This calibration fictor was obtaimed by depositing an
amount of each Precursor o a Elu.‘i.‘: substrate and measurement of ils
thickness with a mechanical profilometer. Furthermore, it should be
indicated that the rates of evaporation depend on the reading
capability of the quartz crystal microbalances (Fil-Tech), This factor
cam x|ig|‘|ﬂ}- r]'\.'l:ngu i!l.1:|'i1'|g ||1ng evaporations dus to material
deposition on the microerystal. The evaporation was done in a
vacuum chamber atl a pressure of 3 Jﬂ_'j mbar. Foar crucibles wepe
filled with the different precursors and evaporated at the temperatures
of 90 “C for MAIL 176 °C for Snl, 287 *C for Pbly, and 386 “C for
Csl, The thickness of the films was controlled by the sum of the rates
of &nl, and Phl, being 0.2 and 0,59 A 7' each. Emploving these rates,
it takes between 1 and 3 h to synthesize the perovskites, depending on
the final film thicknesses, A schemse of the avaporator may be found =
Figure 51 to identify each precursor with the source that was
emploved for them.

Device Preparation, Molybderum oxide (Mo} and bath-
oruproing (BCP) were obtained from  Lomtec; 447,47 -tris[{ 3-
'mEﬂ\:.r'pl'len}rl}pl'len},rlaminn]h'i]:!hﬂn].l].'l.minu {m MTDATA) and {'_"ril
were obtained from Sigma-Aldrich. Inside 2 metal chamber at a
pressure of 2 % ]I:I-Ii mbar, 5 nm of Mo, was ll:lén:ll.d[l:r‘ Evupﬁnﬂ.ed
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on indium tin oxide (ITO) patterned substrates and annealed at 100
“C for 10 min After this, 10 mm of m-MTDATA was thermally
evaporated at a pressure of 3 % 107° mbar. Then, the
WA Csy S0y 0Py o, films were fabricated following a similar
procedure as described above. On tep of the perovskite 23 nm of Cg
and & nm films of BCP were evaporated at o pressure of 3 x 107°
mhbar, Finally, 100 nm of Ag was depesited at a pressure of 2 3 107°
mbar, resulting in completely sublimed devices. The samples were
kepl! i an inert u.i.n:l.‘lﬁpll.e:re in between the du].'tugil.il.'l:u. of the different
materials.

Current—Voltage Characteristics. Solar cells were characterized
by current=voltage sweeps recorded with a Keithley Model 2400, The
solar spectram (AMLAG) used for the illuminated curves was
corrected with a calibrated silicon reference cell {Minisun simulator
by ECM, Metherlands). IPCE measurements were done by applying
different wavelengths employing band-pass flters on a white halogen
1.‘|:|'n]'.| |'|T|I.1 ml‘.ﬂ*llriﬂg T]'\E THIH:II'IKI." l:lF rl'll.' EI:"III. A “‘I’\ﬂl‘li)\'f m.‘mk \\IT]'\ an
aperture of (.0264 cmt was employed to avoid illomination of
monactive aren

Impedance Spectroscopy. A Garmry Interface 1000 potentiostat
was used to apply a frequency varlable (from 100 MHz to 0.1 Hz) AC
voltages (20 mV amplitude} at different DC potentials {from open
circuit ke shert circuit conditions} wnder 1 sun illumination. 2-View
software was used to fit the results to an equivalent circuit.

Structural Analysis. The rr}sh“inu structure aof the Fu-.n:kaih-.x
was studied by grazing incident Xeray diffraction [GIXRD). The
pallerns  were collected on an EII:I].'F:(I'E.‘I:II. '|"ANr||:f‘|.i.cu] ].'tL'lwd.E:r
diffractometer using Cu Koy radiation. A scanning electron micro-
scope (SEM) Hitachi 5-4800 operating at 20 KV accelerating voltage
was used to obtain SEM images. Samples were platinum-metallized
prior to their observation. The microscope Incorporated an X-ray
detector (Bruker) and the program QUANTAX 400 for energy
dispersive Moray analysis (EDAX).

Optical Analysis, UV —vis absorption spectra were collected by
using a fiber. optic Avantes AvaspeclM8 spectrometer. Tanc J1|1:-rx
were caleulated emploving the formula (i ).

B RESULTS AND DISCUSSION

The monovalent o divalent metal cation ratio determines the
ultimate optoclectronic properties of the resulting perovskite
film. We targeted the composition MA;,Csy S0 2:Phy o1 To
achieve this, films of different conditions were explored and
evaluated off-line. This was done by modifying the precursor
deposition rates. The Pbl:Snl, and CsDMAT ratios were
maintained unaltered, and the parameter explored was the
SnPb to MACs ratio (defined as the sum of the Snl, and Pbl,
deposition rates and the sum of MAL and Csl deposition rates,
respectively .

To find the optimal deposition conditbons, perovskite filims
with precursor ratios varying from 1.2:1 te 2.3:1
(SnPb:MACs) were analyzed by NRD (Figure 52a) to
understand possible crystallographic differences and by UV-=
vis absorbance (Figure 52b) to understand their optical
praperties. These films when integrated into a device were also
used in preliminary solar cells to evaluate their photovoltaic
performance (Figare 53). In the XRD patterns in Figure 52 a
peak at 11.4° related to low-dimensional perovskites can be
observed. This suggests a lack of divalent cationic component
in the 1.2:1 ratio because this feature appears when there is an
excess of MA in the films.*" ™ The XRD pattern for the 2.03:1
ratio is the expected one, with all the peaks observed related to
the formation of the targeted perovskite, The small excess of
divalent cations has been reported to increase the device
performance and cireumvent the need of SnF,™ For this
purpose, a final ratic of 2.3:1 was investigated, which results in
a peak related to excess of Snl,/Pbl, centered at 12.7°.

Burtpa b chod oy 10 facsaarn G024 3
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Figure 1. (a=d} Top-view SEM tmages of MAgCay Sng. Pyl films with different thicknesses. () XRD diagrams of MAgCay S0Pyl

films with diffesent thickiesses.
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Figure 2, (a} UV—vis absorbance for MA,.Cs,, 5n,,:Fhy, -1, films with different thicknesses, Inset: Tawc plot of the absorbance data. (b) Bandgap
obtained from the Taac plot and %850 relative to Ph—5n obtained from EDAX stdies.

The absorbance analysis (Figure S2b) of samples based on
the 1.2:1 ratio shows the decay of absorption around 850 nm,
carresponding to a not fully formed perovskite bandgap. In
contrast, the ratios 2:1 and 23:1 result in the expected
absorbance onset at 950 nm, with higher absorption in the
whale spectrum for the 2.3:1 sample. Unoptimized solar cell
performance for all the compositions is displayed in Figare 53
and Table 51, Based on the unoplimized solar cells
performance and in concordance with previous studies
indicating that the perovskite with a small excess of divalent
cations has benefits,”” the perovskite based on the 2.3:1 ratio
was chosen for the detailed study described in this article, A
preliminary evaluation of thermal posttreatment effects,
shown in Figure S4ab, indicates that the annealing i N,
atmosphere does not result in a photovoltaic improvement,
which confirms previous results on coevaporated solar cells.
Finally, we estimated the shelf-stability of these cells. These
cells were measured as prepared and after 3 days of storage ina
glovebox, showing no significant changes in purfunnancc but a
slight decrease in current and fill factor. This results are shown
in Figure 55a,b.

The thickness and quality of the films (morphology,
erystallinity, and optoelectrical properties) are key parameters
for incorporating a film as the absorber in a photovoltaic
device. Figure la=d shows the top-view SEM images for
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perovskite films with different thicknesses. In general, the
vacuum-based deposition process results in a pinhole-free film
with well-defined erystals, which suggests that high quality
crystalline perovskite films can be obtained. On the other hand,
a slight increase of the grain size may be ohserved for thicker
films. This was attributed to the slight decrease in MAI rate
during the deposition, which is maore pronounced for thicker
samples as the procedure is longer. The previously discussed
XRID pattern is reproduced for all the samples, corresponding
to the typical pattern for Sn—Pb perovskites''™ and an
additional peak at 127" related to tin—lead excess {see Figure
le), which was shown o be beneficial for the solar cells’
performance in previous studies,”” The XRD results display a
trend related to the flm thickness, with thicker ilms increasing
the intensity in the plane (220). This, however, could be
considered an artifact of the measurement, as the incident
beam at low angles only reaches the surface whereas at higher
angles it reaches the whole sample. As a result, thicker samples
present more intense peaks at higher angles.

To determine the bandgap of the films in detail, U\V—vis
ahsorbance results of the films were analyzed (Figure 2a) with
a Taue plot, plotted as (ahi)® vs energy (eV) (inset of Figure
Za). As expected, an increase in the absorbance is concomitant
tor the increase in the film thickness while the bandgap is
maintained.
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These values can be compared to the expected composition
estimated via EDAX. Figure 2b shows the results obtained by
both approaches. It is worth to remark that our process results
in films with compositions that are very close to the targeted
ones, with insignificant batch-to-batch variations. The bandgap
obtained for the different film thickness remains within the
expected range, 1.2 and 1.4 eV, which confirms the
compositional control achieved with the technique. These
values are also close to previous reports on
MAgCsy Sng 5Phy 7515
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The morphological, structural, and optical characterizations
of the perovskite films indicate their suitability as absorbers in
solar cells. The perovskite solar cells were prepared by using a
p—i—n configuration MoQ;/m-MTDATA/MA,(Cs,,Sng ;-
Pby 7514/ Co/BCP/Ag. m-MTDATA was used as its highest
occupied molecular orbital {(HOMO) aligns well with the
expected perovskite energy levels, blocking electrons and
allowing holes to pass.”*

The current—voltage characteristics of representative devices
under AM1.5G illumination are plotted in Figure 3a, with their
main averaged photovoltaic parameters represented in Figure 4

Darpsyichooiol.ong 0.1 021 facsaem 900241 3
ACS Appd. Enevgy Moder, 2020, 3, 2755=2761
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and Table 1, The current voltage curve reaches a power
conversion efficiency value of 8.9% in forward measurement

Table 1. Photovoltaic Parameters under AMLSG
Hlumination Measured for the Representative Solar Cells of
Each Thickness {Averaged Values in Parentheses)

thickness {nm)  FF (%) [, (mASem®) Vo imi] PCE (%)
200 £2 {63) 140 14.8) 686 (671] £ (5.2
00 ait (370 15,2 (1460 #77 (673) 62 (5.6)
400 39 {59) 24 (19.4) R0 (674) 2.2 (7.7)
00 53 (31) 25,0 (236 677 (6600 8.9 (7.9
B50 49 {48) 12,5 (11.8) T [gaw) 431039
T 47 (46) 137 (134) 9L (593) 38 (36)

for devices based on an ~600 nm thick absorber. To
understand the suitability of this thickness, it is important o
analyze the main photoveltale parameters of the devices, The
short circuit current of the devices (J.) is enhanced as the
perovskite thickness is increased from 200 to 600 nm (Figare
3a), directly related to the absorbance shown in Figure 2a. The
external quantum efficiency { BQE) results (Figure 3b) confirm
this point. Devices based on thinner films show an EQE deficit
at longer wavelengths, which is improved by increasing the film
thickness up to 600 nm, in accordance with previows studies.™
This can be explained by the lower absorption coefficient of
Sn:Pb (0.25:0.75) vs Sn:Pb (0.5:0.3), which requires thicker
films to absork the less energetic photons, but this ratio
presents the bandgap we are searching for.™ However, further
increase of the perovskites thickness (650 and 700 ) results
in a reduction of the whole EQE response, Indeed, the trend
with the film thickness in the shorter wavelengths is less clear,
which can be due to problems related to the charge collection
efficiency or to the parasitic absorption of unconverted metal
halides compounds as suggested by the XRD analysis. As a
result, the best performing devices were prepared with a
perovskite film  thickness of 600 nm, implying that by
increasing the thickness some of the losses in the IR region
could be avoided. The maximum theoretical [, for a bandgap
of 1.3 eV is 358 mAjem’” which indicates that farther
aptimization could lead to higher currents.

In addition to the [, increase, the decrease of fill factor
(FFY is also correlated to the film thickness, as displayed in
Figures 3a and 4a. FF reductions are usually originated by an
impaired charge transport or by higher charge carrier
recombination. The open circoit potential (V) values do
not show significant differences between 200 and 400 nm thick
devices {Figure 4¢), which indicates similar recombination for
the three groups and hints toward charge transport deficits as
the origin of the FF reduction. This is in line with the
resistances obtained for dark current voltage at high injection
potential {=0.9 V) plotted in Figare 56, which suggest that
thicker films have larger series resistance,” The combination
ol all these parameters resulls in an optimal PCE for devices
based on perovskite absorbers with thickness between 400 and
600 nm, as displayed in Figure 4d.

V. decreases when perowvskite films thicker than 400 nm are
wed. To understand this decrease, we measure impedance
spectroscopy of 400, 600, and 700 nm samples under 0.5 sun
illumination, Generally, the impedance spectrum consisted of
two features: a high frequency and a lower frequency one (see
Figure 57a), similar to previous reports on Pb-based perovskite
solar cells.™ Both arcs include information about the
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recombination,” which can be fitted with the equivalent
circuit in Figure 57 as discussed elsewhere.™ In detail, the
parameters of the circull include an ohmic series resistance
(B} which accounts for the TCO and cables transport with
negligible capacitance, a low-frequency capacitance ()
whose origin is currently under discussion,™ ™™ a2 device
genmetﬁ;:ﬂ capacitance {l{_,'ﬁw'llJ and a resistance which includes
the recombination resistance effects (K __) and a third of the
transporl resistance (displayed as K,), combined as (R, +
B.). The B+ R, values, represented in Figure 5, clearly

L - i
10" - &
. . L, . -
L
— L * *
5 e e
=] ‘ . *
T .
ﬂ:’:IIJ1L'I"- ﬁ"
4
* T00nm
# BO0Jnm
* 400 nm
10 ~ - r
0.0 0.2 0.4
Viias (V)

Figure 5. Combination of recombination and transpont resktances
extracted from the Impedance spectra of devices with different
perovakite thicknesses measured under 0.5 sun dlumination

follow the trend of the V,, suggesting the they are dominated
by the recombination processes. More interestingly, the
volumetric normalization of this resistance reduces notably
the differences among the samples (Figare 57b). Altogether,
the results suggest a bulk-dominant recombination process, in
line with the V., and FF evalution.™

This trend is in good agreement with the V,, evolution with
the light intensity for the 600 nm absorber device, represented
in Figure 58, These measurements result in an ideality factor of
~1, which indicates trap-mediated recombination as the main
loss process associated with these devices, in line with a bulk-
dominated recombination, Vacuum-deposited Sn—Phb perov-
skites reported here present significantly smaller grain domains
than their solution-processed cuuntcr_parta:."" Although the
smaller grain size does not seem to have a significantly
detrimental effect in vacuum-deposited lead perowskites, its
combination with the $n®" oxidation could explain this bulk-
recombination enhancement. Altogether, these results imply
the need to reduce the bulk recombination in the flms to be
able to absorb longer wavelengths yet circumventing the losses
associated with thicker absorbers.

B CONCLUSIONS

We present a vacuum-deposition route to fabricate tin=[ead
perovskites for photovoltaic applications with reproducible
results, Power conversion efficlencies of 89% were achieved
with an optimization of the material composition and film
thickness. The charecterization of relevant material properties
allowed to assess the suitability of this kind of perovskite for
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photoveltaic applications, correlating to the film operation in
working devices. The limiting factors of the pholovoliaie
performance are analyzed by impedance spectroscopy, which
indicates significant bulk recombination in devices with thicker
perovskite absorbers.
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Table 51. Photovaoltaic parameters under AM1.5G illumination measured for the solar cells represented in Fig. 52.

Ratio (SnPhb:MACs) FF (35) Jee imA/cm?) Vo (M) PCE (%5)
1.2:1 57 3.7 477 1.0
201 1 13.7 GE1 5.1
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ABSTRACT: Fully inorganic cesinm lead halide perovskites, such as
Csl'bl, B, show enhanced thermal stability compared to hybrid ones
and are being widely investigated as wide bandgap absorbers for
tandem applications. Despite their simple stoichiometry, the
preparation of highly crystalline and stable cesium lead halide thin
films is not trivial. In general, high-efhciency solar cells based on — il
solution-processed CsPbI,Br thin hlms are prepared by high-

CsPbil,Br

temperature annealing or the use of chemical additives. In this l-source Frilces
wark, we use solvent-free synthesis to investigate the formation of

CsPhIBr in bulk of in thin films via mechanochemical synthesis and ;

multiple-source vacuum deposition, respectively. We demonstrate the N

importance of FoEbcﬁnE halide alloying in the vacuum processing of Z-sources | drsources

inorganic lead halide perovskites, which can be attained either by

using mixed halide precursors or by increasing the number of

precursors {and hence deposition sources). These strategies lead to highly oriented perovskite films even at room temperature, with
fmproved optoelectronic properties. We oblained promising power conversion efficiencies of 8.3% for solar cells employing as-
depasited perovskites (without any annealing) and 10.0% for devices based on CsPbI,Br annealed at low temperatures (150 °C).
This study allowed us to highlight the most promising processes and strategies to further optimize the material deposition as well as
the solar cell architecture.

B INTRODUCTION Drespite their simple stoichiometry, the preparation of highly
crystalline and stable cesium lead halide thin ilms is not trivial.
The stable phase at room temperature {RT) for CsPhl, is an
insulating, orthorhombic phase (“yellow” phase), and the
perovskite (“black”™) phase can only be oblained upon
annealing at high temperatures (=300 S5 The inclusion
al bromide, as in CsPhIBr, favors the stabilization of the
perovskite phase at lower temperatures, although it implies a

Organic—inorganic {hybrid) perovskites have become one of
the most promising semiconductors for application in
photovoltaics ("], since the first perovskite solar cells were
reported in 2009, Nowadays, the power conversion
efficiencies (PCEs) of perovskite solar cells have improved
up to 25% for single junction and to 28% for tandem devices

with silicon” These solar cells are based on perovskite widening of the bandgap as a consequence of the substitution
absorbers using 2 combination of, at least, methylammonium of iodide with 2 more electronegative halide.'"*™** In general,
and formamidinium cations,™ These cations might undermine high-efficiency {=15%) solar cells based on solution-processed
the thermal stability of the material, which can be partially (CsPbLBr thin films are prepared with thermal treatments at
recovered by their substitution with cesium (Cs™)."7 In temperatures ranging from 150 to 300 “C. Additionally, in
general, fully inorganic, cesium lead halide perovskites sheow most cases, other synergistic approaches are used to foster the
enhanced thermal stability compared to hybrid ones."™"" They perovskite crystallization from solution, such as the addition of
are especially interesting for tandem applications because of group I and group 2 jons, ™™™ divalent transition metals,™*™*
their wide bandgaps of about 1.7 ¢V for CsPbl, and 19 eV for

the archetypical mixed halide CsPBIBr'"" In view of these Recelved: July 22, 2020

characteristics, inorganic lead halide perovskites are being Revised:  September 14, 2020
widely inm-uz-stig:nad.'1"IT As a result, perovskite solar cells Published: September 15, 20k
employing inorganic perovskile absotbers have currently

achieved PCEs exceeding 18% for pure iodide and over 16%

for mixed halide compounds,"®™"
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Scheme 1. Schematics of the Type of Thermal Vacuom Deposition Methods Investigated in the Preparation of CsPbl,Br Thin

Films"
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Rare earth elements, organic cations/anions, or the
use of interfacial materials promaoting the perovskite formation
and passivation, notably metal oxides (in particular, ZnQ and
its derivatives),” ™" and novel organic hole-transport layers
(HTLs)."

An alternative solvent-free technique to deposit perovskite
thin films is thermal vacuum deposition.”™™ Vacuum
deposition methods are intrinsically additive (suitable for
tandem devices)™' ™ and can be used to deposit highly
crystalline perovskite films  at RT.* Importantly, vacuum
depaosition allows the preparation of perovskite films with
controllable thickness (not limited by the solubility of the
precursors )™ and composition,"® ™" although the latter
might be limited by the number of available deposition
sources, as well as by the available stable single-phase
compounds in the compositional phase space. The formation
of perovskite films by thermal vacuum deposition differs
substantially from solution processing because of the absence
ol salvents, intermediale species, and distinetive erystallization
kinetics as a function of stoichiometry and temperature.™ ™
Vacuum-deposited, cesium lead halide perovskite flms and
solar cells have also been investigated. In particular, CsPbl; as
well as CsPbILBr films have been prepared by dual-source
vacuum deposition and applied to solar cells.™ ™" Stabilization
of the perovskite CsPbl, phase has been achieved by working
with Cs-rich compositions and by simultaneous heating of the
substrate holder during deposition.™  Alternatively, the
sequential deposition of multiple very thin films of CsX and
PbX, (X = I, Br) has also been proven to be a reliable method
to obtain stable and crystalline films,*" with CsPbhlBr solar
cells exhibiting a record efficiency of 139%.% In all these cases,
however, the as-deposited films were annealed at temperatures
ranging from 260 to 320 °C, which might limit their
compatibility with tEmPEIEtuIE-ﬁ-EI‘ISi.ti\-‘E substrates, such as
textiles or plastic fofls,*" and with narrow-bandgap perovskite
absorbers when targeting tandem solar cells.

In this work, we study the properties of CsPhl,Br films
prepared by thermal vacuum deposition. We focus on films
deposited at BT and with mild annealing at 150 “C, which
woukl be compatible with the aforementioned applications.
We compare the properties of perovskite films deposited by
single-, dual-, triple-, and quadrople sources using Csl, CsBr,
Pbl,, and PbBr, as precursors {Scheme 1), We also use another
solvent-free method to prepare perovskite powders, mecha-
nochemical synthesis,™ to demonstrate the challenges in
achieving alloyed halide compounds. Finally, we prepared fully

vacuum-deposited solar cells, obtaining promising PCEs of 8%
for CalhlBr films prepared at BT and 10% for those annealed
at 150 °C,

B RESULTS AND DISCUSSION

In order to evaluate the stability and the ease of formation of
Csl'bl, Br, we initially tested mechanochemical synthesis, ball-
milling the CsBr and PbI, precursors. We have previously
shown the mechanochemical synthesis of cesiom lead trihalide
perovskite CsPbX, (X = 1, Br, and CI) powders, as well as their
single-source vacuum deposition into highly crystalline thin
films.* In those experiments, we showed that CsPbl, was not
oblaimed in its perovskite phase by ballmilling of the
precursors, This observation suggests that it might alse be
challenging to obtain the mixed halide CsPbL.Gr by
mechanochemical synthesis at BT, Indeed, when ball-milling
an equimolar amount of CsBr and PBI; at BT, we abltained a
mixture of different phases, as evidenced by X-ray diffraction
(XRD, Figure 51). The diffractogram of the ball-milled sample
can be fitted :ongidering the coexistence of two phases, a
perovskite and a non-perovskite one, The presence of the two
phases ks apparent considering the low-angle diffractions (26 =
10=15"), where the first peak around 200 = 10° cannot be
ascribed to the perovskite phase, which is characterized by the
reflections around 20 = 147, While both phases correspond to
the same space group {62; orthothombic crystal system), one
maintains the overall 30 perovskite structure with a shght
distortion of the PbX; octahedra, while the "non-perovskite”
phase consists of partially disconnected PbX; octahedra
{Figure 52).% As the distorted perovskite phase is the most
commonly reported one for CsPbBry at RT and the non-
perovskite {sometimes called “yellow phase”) is the most
commaonly found for CsPhIy, it could be thought that owr ball-
milled sample consists of a mixture of pure-bromide and pure-
iodide phases {ie, CsPhBr, + CsPbly). Nevertheless, the
lattice parameters obtained for both phases formed by
mechanochemical synthesis are clearly different than those
expected for pure-halide compounds (see Table 51 1. In
particular, the perovskite phase shows laltice constants larger
than the reference CsPhBry, pointing to the incorporation of
the larger 17 anion. Similarly, the non-perovskite phase shows
lattice parametees slightly smaller than the reference CsPbl,,
suggesting the incorporation of the smaller Br™ anion. These
observations imply that alloying of halides oceurs in both the
non-perovskite and perovskite phases. Previous reports on the
mechanochemical synthesis of mixed iodide/bromide CsPh-
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Figure 1. XRI} pattern obtained from CsPblBr thin films deposited with several different vacuum deposition techniques (as indicated in each
graph), Open circles are raw data, red lines are whole-pattern Le Bail fits, and vertical lines represent calculated Bragg's reflections for different
phases. Slight differences in the measurement conditions prevent relating the peak width to microstructural properties {e.g, grain size] of the

samples,

i1,_.Br,), perovskites also mentioned that these compounds
cannat be oblained at RT but only after annealing at elevated
temperatures (=250 S5 In our case, we were not able to
obtain phase-pure CsPblBr even after melting of the two
precursors al 650 “C in a nitrogen atmosphere (Figure 51). A
possible origin of the different reaction routes is that all our
experiments are carried out in an inert atmosphere [nir“mgen-
filled glovebox), while the previously reported mechanochem-
ical synthesis was done in air. The XRD patterns of the melted
sample closely resemble those of the ball-milled compound,
with the addition of a new phase corresponding to Cs,PbX,
(labeled "4-1-6" for simplicity). The occurrence of this phase is
maostly visible by the new {althongh relatively weak) peaks at
28 = 12.0—12.5% Several previous reports have observed the
appearance of this phase and its possible conversion into or
from CslPbX, under different conditions.™ ™™ In both samples
obtaingd by mechanochemical synthesis and melling, the
presence of the perovskite phase can also be identified by its
optical absorption (Figure 53}, which corresponds to the band-
to-band teansition of CsPBI,Br al approximately 1.85—1.90 eV,

In order to prepare thin films, we initially tested the single-
source {referred to as “1-source™) vacuum deposition of the as-
prepared ball-milled and melted compounds obtained by the
solid-state reaction of CsBr and Phl, in stoichiometric
proportions. The materials were loaded into a ceramic crucible
and rapidly heated in vacuum (5 °C/s, base pressure: 107"
mbar} up to the maximum temperature compatible with our
setup, 730 “C. The fast-heating ramp and the high-target
temperature were chosen to minimize the decomposition of
the material into its precursors, which have different volatilities
i Melting points at ambient pressure for Pbl, and CsBr are 410
and 636 °C, respectively).”’ The resulting films were initially
analyzed by XRD (Figure la), showing the coexistence of
several phases with & predominance of Pbl,, whose main peak

appears at 28 = 12,87, Other phases present in the films include
the desired CsPbX; perovskite phase as well as the Csrich
Cs,PbX; (labeled “4-1-67) and Pherich CsPb,X; (labeled *1-2-
570 Owerall, it is evident that single-source deposition leads to
a very inhomogeneous composition of this type of compound.
The as-deposited films were also analyzed by scanning electron
microscopy {SEM, Figure Za), showing a rather homaogeneous
morphology, with very fine grains and no relevant features, The
bandgap energy I:Eg} estimated from the Tanc plot of the
comesponding optical absorbance (Figure 3) is 1.94 eV, which
is slightly higher compared 10 the powders as a consequence of
Pbl, segregation (the perovskite phase is hence bromide-rich).
Subsequently, we performed the dual-source vacunm deposi-
tion {referred 1o as “2-sources™) of CsPbLBr, consisting of the
simultaneous sublimation of CsBr and Phl, npon calibration of
their respective deposition rates. The XBD pattern of an as-
deposited  film {Figure 1b) s mainly composed of a pure
perovskite phase, without any preferential orientation, which is
characteristic of powders with similar compositions,” " The
lack of orentation, otherwise observed for cesium lead halides
and other vacuum-deposited  perovskite films, ™™ might be
related to the porosity observed by SEM (Figure 2b),
suggesting a limited connectivity and hence uncorrelated
growth of the grains. It is interesting to point out that phase-
pure CsPbLBr can be readily obtained through wvacoum
depasition, while it cannot be formed by mechanochemical
synthesis even after thermal treatment at 650 “C. The likely
main difference is that in vacunm deposition, where atom-
fzation/ fragmentation of the precursors takes place, the atoms/
clusters condense on a cold substrate, essentially freezing the
structure and resulting in well-mixed compounds. When
heating at high temperatures, the cooling process is slow,
resulting in phase segregation, as dictated by thermodynamics.
The reaction kinetics are very different as well because by
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Figure 2. SEM tmages of the surface of CsPhl,Br thin films deposited by several different vacuum deposition technigues (as indicated in each

graph). Scale bar is 500 nm in all images
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Figure 3. (a} Absorbance and (b) the corresponding Tauc plots {with the estimated bandgap energy } spectra for CsPhl.Br thin films deposited on
glass with several different vacuum deposition techniques. The thickness for all flms is 250 nm.

vacuum sublimation, the atomic fragments deposit with a high
kinetic energy, whereas the Iwaring after mechanochemical
synthesis is done without frietion.

Although the unit cell volume for the 2-source CsPhI.Dr
(907 A%} confirms halide mixing in the as-deposited films (it is
larger than that of pure CsPhBr, 797 A7), we decided to
investigate the dual-source deposition starting from  mixed
halide precursars (MHPs). Prealloying of halides in the
precursors might help the formation of a perovskite with a
more homogeneous structure, For this, we carred out the
solid-state neactions by mixing PbBr, with Pbl; and CsBr with
Csl in 1:2 molar ratios in both cases. The ratio was chosen in
view of the desired CsPhI,Br perovskite stoichiometry, where
the Br/T ratio is also 1:2. The XRD patterns of the as-prepared
compounds, both ball-milled or melted, are shown in Figures
55 and 56, We observed that after reaction, the reflections
belonging ta Csl and CsBr are shifted to higher and lower
angles, respectively, indicating the incorporation of bromide
into Csl and vice versa I:Pig'ure 55). On the other hand, an
alloyed Phil,_Br,), phase is indeed obtained when reacting
Pbl, and PbBr, although not quantitatively, as suggested by
the presence of XRD peaks of the precursors (Figure S6).
These observations confirm that halide alloying is rot favored
even for these simple binary precursors, Based on the XRD
characterization, we chose melting as the technique to prepare
the MHPs to be used in dual-source vacuum deposition (*2-
source MHI). The experiment consisted of melting Phbr,
with PBI, and CsBr with Csl, in 1:2 molar ratios, in a separated
heated erucible in a vacuam chamber [not evacuated under a
nitrogen atmosphere). After melting and cooling to RT, the
chamber was evacuated to 107" mbar and the MHPs were
codeposited using the calibration factors previously calculated
for the Z-source deposition while maintaining the substrates at

RT. Remarkably, the films obtained from MHPs consist of
phase-pure CsPbl,Br, with preferred orientation :ﬂqng the
(110) and (002) directions (Figure le), that is, perpendicular
to the substrate surface. The as-deposited films also show a
mare compact morphology { compared to those prepared by 2-
source deposition of the sngle-halide precursors), with small
but well-defined grains homogeneously organized on the
sample surface {Figure 2c). The low unit cell volume (891 AN
and phase purity suggest homogeneons halide mixing, resulting
in a bandgap energy of 1.90 &V (Figure 3), Hence, it seems
that fostering halide alloying can indeed enhance the quality of
mixed halide perovskite deposited by vaconm methods.

Omne of the possible drawbacks of depositing MHDPs is the
formation of films with a compositional gradient, as the high-
vapor pressure constituent vaporizes more rapidly than the
low-vapor pressure material.™ This might happen as Csl and
Pbl, have larger vapor pressures as compared to their bromide
ana]uguts.w An alternative way to enhance halide alloying and
homogeneity in perovskite vacuum deposition is the use of
more than two deposition sources.” Hence, we investigated a
Jesource deposition process, consisting of the simultaneous
sublimation of Csl, CsBr, and Pbl, from separate thermal
sonrces. In vacuum deposition of compounds, such as metal
halides, the materal might vaporize with a range of species,
from atoms to clusters of molecules to dissociated or partially
dissociated molecules. These small fragments then condense
and react with each other on the substeate surface forming a
solid film, In the process, the deposition rate plays a erucial
role, as an excessively fast evaporation would result in an
increased content of amorphous material. We therefore tested
the 3source vacuum deposition of CsPbLBr at different
deposition rates (measured at the substrate): 20 Ajs ("3-
source fast™) and 0.5 Afs ("3-source slow™), with the substrates
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Figure 4. (a) Solar cell layoat, (k) 1=V curves under illumination, and (c) BQE spectra for a series of solar cells employing CsPhlLBr deposited at
BT with different vacumm h.-.l:|'|:|1i|:|_1|:|:-s. The rx:-rrr-slmnding short circuit current ;‘lenxif:.r_, nhtained h}' integration of each EQE spectra over the
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kept at RT. The diffractograms of both compounds (Figare
lde) show a phase-pure peravskite with high erystallinity and
no signs of precursors or derivatives. Both samples have a
strong preferential orientation along the {110} and {002)
directions, with the perovskite film deposited at a slow rate
showing narrower diffraction peaks, which might suggest the
presence of larger crystallites. Although not apparent, this fact
might be correlated with the improved morphology of
Calbl,Br deposited at 0.5 A/s (Figure 2e), when compared
with the film deposited at 2.0 Afs (Figure 2c). These films
exhibit very similar bandgap energies of 188 ¢V (slow) and
1.89 eV {fast), with the “3-source slow” layers showing a more
intense optical absorption (for the same thickness of 250 nm)
over the whole spectral region (Figure 3).

A complementary 3-source deposition scheme, which can
also lead to the tormation of CsPhLBr films, consists of the
simultaneous sublimation of Csl, Pbl,, and PbBr,. The as-
prepared films obtained through this process showed the
expected absorption profile and bandgap (193 ¢V, Figare
57ab), confirming the formation of the perovskite phase at
RT, using mixed lead halide precursors. However, in this case,
the resulting flms were found to be particularly unstable in an
ambient atmosphere to a point that we were not able to collect
a single XRDY scan before complete discoloration and

degradation of the sample (Figure $7c). Considering that
phase-pure and stable films were abtained using Csl, CsBr, and
Pbl, as precursors (as discussed above), it appears more
important to foster halide mixing of the cesiom halide
precursor, likely in view of the larger lattice energies of the
ionic compounds Csl and CsBr, compared to Pbl, and PhBr,.
As a final test, we performed the deposition of CsPbI,Br
emplaying (our sources (eosublimation of CsI, CsBr, Pbl,, and
PbBr,) to investigate whether the use of both fodide and
bromide precursors for Cs and Pb during the sublimation
process provides advantages in the formation of the perovskite
film:. The XBD pattern {Figure 1f} of as-deposited “4-source”
films can again be fitted with a single and pure perovskite
phase. However, the presence of several diffraction signals in
the range 207 < 28 < 267 {and of athers at 28 > 307} indicates
that this material has a lower preferential orientation compared
to the 2o and 3-source-deposited ones, The surface
morphology of films deposited by 4-source vacuum deposition
shows a homogeneous coverage with very fine grains (diameter
< 50 nm), and the formation of cuboids with edges of
approsimately 100 nm {the low dimensions of these structure
prohibit their structural/compositional analysis). Similar
strectures, although much scarcer and smaller, have been
observed for the "2-source MHP" and the "3-source slow”
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Figure 5. PV parameters extracted from |—1 scans in reversa hias {from open to short cirenit] for solar cells with CxPhl,Br films either as-deposited

fempr}' x:.rmhnl\:} or annealed at 150 °C for § min I:Fu” s}-mhqﬂx}.

i Figure 2cee, respectively), which might suggest that their
erystallization is favored either by enhanced halide alloying or
slower growth. The absorption onset of the “4-source”
CsPhl,Br is essentially wnaltered, showing the excepted
E, = 192 eV.

To shortly summarize, we demonstrated the snccessful RT
depasition of CsPLLBr films with high crystallinity, prefer-
ential orientation, homogeneous morphology, and the
expected bandgap of approximately 1.9 V. This was possible
when subliming MHPs or by increasing the number of
depaosition sources [hence of precursors). In view of the
favorable properties of the CsPbLBr films presented above, we
used them as the light-absorbing layver in fully vacuum-
depasited perovskile solar cells. We labricated p—i—n solar
cells with the structure reported in Figure 4a. Briefly, indiom
tin oxide {ITO) transparent electrodes were coated with
Moy (5 nm) to enhance hole transfer between ITO and the
HTL, a 10 nm thick film of N4,N4,N4" N4"-tetra([1,1'-
biphenyl]-<4-y1}-[1,1":4°,1 “terphenyl|-4,4"-diamine ([ TaTm,
10 nm). Afterward, 2 250 nm thick CsPbLBr film was
deposited on top with the different sublimation methods
described before, We did not evaluate in devices the perovskite
films deposited by single-source vacuum  deposition (“1-
source”), in view of their unfavorable morphological and
structural properties. The perovskite films were capped with an
electron-transport layer (ETL, Cyy, 25 nm ), and a thin (3 nm)
film of bathocuproine (BCP) was used to ensure Ohmic
contact in between the ETL and a silver electrode {100 nm
thick). The use of such thin selective transport layers in a
planar diode configuration is justified by the very homoge-
neous morphology and very low roughness of the CsPbl.Br
films { Figure S8), which is, in general, a benchmark of vacuum-
deposited perovskite films when compared to their solution-
processed analogues,

The current density versus voltage characteristics (J—V)
under simulated solar illumination for the entire series of solar
cells are reported in Figure 4b. =1 curves are reported in a

reverse voltage scan {from open to short circuit; curves in both
scan directions are reported in Figure 510). We noled some
extent of hysteresis in the devices, which denotes the presence
of both charge accumulation and jonic motion in the device.
The characteristic PV parameters extracted from the [—V
curves are presented in Figure 5. One can immediately notice
how the device with the perovskite deposited from 2-source
underperforms as compared to the others. This type of vacuum
deposition (cosublimation of CsBr and Pbl,) is the only one
reported in the literature and is known to lead to efficient
devices only after annealing at high temperatures =260 o o
The corresponding external guantum  efficiency (EQE)
spectrum shows a very limited photocurrent generation over
the whaole spectral range. These observations correlate with the
poor structural (Figure 1b) and morphological (Figure 2b)
featwres of the material. Improving halide alloying {using
MHPs) leads to a strong improvement of the solar cell
performance, with good rectification (Al factor, FF = 653%) and
open-cireuil voltage [V, = 970 mV), The short-circuil current
density (J.) was found to be as high as 12.8 mAfcm’, a
consequence of the rather constant and high spectral response
aver the whole visible spectrum (Figure 4c). The resulting
PCE was found to be 8.3%, which is remarkable for solar cells
based on inorganic lead halide perovskites deposited at RT.
From the solar cells prepared with the "3-source™ perovskites,
we observed similar performance parameters. The [ was
found to be approximately 13 mA/cm®, which is dightly higher
compared to the “2-source MHP"-based devices because of the
enhanced response in the red, a consequence of the narrower
bandgap (Figure 3b). Interestingly, the FF was found to be
higher (65 vs 609 for solar cells with CsPBLBr prepared with
the slowest deposition rate (0.5 Afs, "3-source slow™),
suggesting that a slow crystallization might faver charge
transport within the film because of the formation of larger
crystallites and more oriented materials. However, the
observed photoveltage was rather similar for the two devices
(940 and 950 mV for the fast and slow depositions,
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respectively], resulting in similar PCEs of 7.7 and 7.3% for cells
using CsPbILBr deposited at 0.5 and 2.0 A/s, respectively. We
note that lead halide perovskite thin films have been reported
with different orientations, yet without a dear understanding of
the factors governing it or of the implications for their
optoelectronic praperties.” Similar efficiency was observed for
solar cells using the “#-source”deposited perovskite, with a
lower photocurrent (11 mA/em®) but with the largest V,_of 1
W, indicating 2 reduction of the nonradiative recombination
rate, Overall, we can conclude that improved a]ln-g,.ring of the
different metal halides, either by the synthesis of mixed
precursors or through the use of additional deposition sources,
can indeed help the formation of high-quality cesium lead
halide perovskites at RT. Importantly, we observed that halide
alloying results in preferentially oriented films, which leads to
the best p-ur.ﬁ}nnancc when used in solar cells, Indeed, the only
sample {aside from l-source, which we excluded from this
discussion) which is not oriented, the simple 2-source
CsP'bl,Br, is the one that gives by far the worst PV
performance,

We also explored the effect of short annealing at low
temperatures (150 "C for 5 min) on the optoelectronic
properties of CaPbl,Br filme We choose this temperature as it
would be compatible with most flexible plastic substrates as
well as with tandem architectures,™ The J—V curves under
illumination and the corresponding spectral response for the
entire series of solar cells with annealed CsPbIBr layers are
reported in Figure 511 {scans in both directions are reported
in Figure 512). The characteristic PV parameters extracted
from the =17 curves are presented in Figure 5 together with
the BT data.

With this moderate annealing, the [ was found to be
unvaried or slightly increased, and in the latter case, it is due to
enhanced response of the devices in the blue region of the
spectrum {Figure S11b). On the other hand, the FF decreased
by about 5% absolute for the perovskites prepared by 2-sources
with MHTs and by 3-sources at a slow rate, while it improved
for the other samples. Interestingly, the photovollage was
nivatied upon annealing for all samples except for the simple
I-source-deposited one, confirming that a good perovskite
semiconductor is formed already at RT, The overall efficiency
was found to be similar for the devices based on CsPhl,Br with
and without annealing, with the exception of those oblained by
fast deposition (2 A/s) from F-sources. The salar cells based
on this material and annealed at 150 °C showed the highest
efficiency among the series, with the best pixel having a PCE of
10.0%. Despite the hysteresis abserved between J—V scans in
forward and reverse biases, the power ontput measured at the
maximum power point was found to be rather stable, with an
efficiency of %.8% over an hour of measurement {Figure S12f).
In view of the superior thermal stability of inorganic perovskite
(compared 1o the hybrid counterparts), we evaluated the
stability of unencapsulated solar cells in an inert atmosphere
and at continuous thermal stress at 85 “C. The best solar cell
configuration (3-source fast, annealed at 150 "C) was found to
tetain 90% of the initial power efficiency after 10 days at 85 °C
in the dark {Figare 513},

In spite of the promising performance of the low-
temperature-deposited CsPhl,Br solar cells, their efficiency is
far from the maximum theoretical one {approximately 25% for
a bandgap of 1.9 V)."* To shed light on the limitations of the
devices, we investigated the EQE in the bandgap region and
the photoluminescence {PL) response (Figure &) of the best
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F'igur\e 0, Sensitive !‘.CLI'. spectnom and PL measurements of the solar
cell based on the CsPbl,Br film prepared by G-source fast vacomm
du]'.!nxirin:n with r|:|1|'||.~.a|ing.

working device based on annealed *3-source fast” perovskites
(the corresponding J=V characteristics are shown in Figore
4d). From the sensitive EQFE measurement, one can extract the
bandgap E, the radiative limit of the open-cireuit valtage
Ve and the Urbach energy F,, assuming that the EQE
scales linearly with absorption (see Table 1.5 The

Table 1. Solar Cell Parameters for the Device with “3-
Source-Fast” CsPhl,Br Annealed at 150 °C in the Radiative
Limit and Comparison with the Measured Values™

E.fq ¥ 1870 E,; [meV) 1794
Voorad (W) L5363 Vet Wigaa 190) 61.3
Jomax (mA/em’] 7.7 [ — (%) fLg
FF... (%] Q1.7 [HGHE) FF/FF.., (%) AT (R4
PCE,,, (%) 254 PCE/PCE,,, (%) 9.4

“Eg Voo e anad Eyy are extracted from the EQE measusement in Figure
6. The FF in brackets shows the FF limit without resistive losses
obtained by taking into account the measured V.

Shockley=CQueisser limit of the short-circuit current density
(Jomah the maximum A1l factor (FE_), and the power
conversion efficiency {PCE,,.) can also be estimated for a
specific E,,1911%

From the comparison of these maximum (theoretical} values
with the measured ones, it is clear that the main limitations of
thie device are the ¥V, and, to a lesser extent, the FF. The FF
scales with the V_ so that with the measured V,_ and the
ideality factor of 1 (Figure 514a), the ratio FF/FF_, lies at
£4.1%."" However, this is only true for the best solar cell
prepared in this series, where otherwise the FF was low on
average {Figure 5). This indicates that there are significant
resistive losses in the device, which might originate from
shunts, from energy barriers resulting from the misalignment
hetween the transport layers and perovskite energy levels, or
from the low conductivity of the perovskite itself. The |, could
alsar suffer from these effects but in our case s rather high and
mainly limited by reflection losses and a non-unitary
absorption due to the not-optimized layer thickness, The
trend of intensity-dependent current density for the same
device mig]n siggest hindered dﬁarge extraction I::im;rea.sed.
recomnbination) at high light intensities, as the power factor &
becomes <1 (Figure 514b ). The high losses in V,, are common
to wide bandgap perovskites and are wsually attributed to
photoinduced phase segregation or energy level misalign-
ment."™ In both the EQE and PL spectra in Figure 6, an extra
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component can be observed at low energies (at 1.7 and 1.78
eV, respectively), which might account for a voltage loss.

The PL feature might be a sign of weak phase segregation;
however, this is limited to a few regions where the low-energy
component can be appreciated, as shown in the PL maps in
Figure 515. On the other hand, the EQE secondary absorption
lies at an energy even lower than that of pure CsPbl, [] 72 eV}
and was abtained at low illemination intensities {=0.001 sun )
where phase segregation is usually not occurring. Therelore,
the EQE feature is likely an effect originating from the
misalignment of energy levels between the perovskite and the
transport layers, or from the Cg, itself, which can lead to a
photocurrent at very similar energies."™ This hypothesis is
supported by the fact that n—i—p devices wsing $n0, as the
ETL {without C.) do not show this feature in the EQE
spectrum {Figure S16). Therefore, it might be necessary to
find alternative electron-transport layers for these and other
wide bandgap perovskite solar cells, Finally, the Urbach energy,
extracted by fitting the EQE tail between 1.78 and 1.85 &V, is
of only 18 meV, which is lower than the thermal energy at RT
and is cructal for high-performance devices,'™

B CONCLUSIONS
Wi demonstrate the RT formation of CsPbI,Br using dry

vacuum sublimation processes. The perovskite formation is
achieved through 2 number of different methods with
increasing levels of complexity, We performed the single-
souree deposition of previously prepared perovskite powders,
which led to a mixture of phases and unreacted compounds
Wi then compared the 2-source sublimation using either CsBr
and Phl, or presynthesized MHPs, The superior quality of the
latter process highlights the importance of fostering halide
q]]oying in the vacuum processing of inarganic lead halide
perovskites. A similar effect can be attained by increasing the
number of precursors (and hence deposition sources) to a 3-
or 4-source process. We observed that these methods led to
strongly oriented perovskite films at BT, and this orientation
was found to be beneficial for the PV behavior of the
semiconductors. We also explored the effect of the sublimation
tate and found that slow sublimation of the precursors leads to
CsPhIBr films with better structural and optical properties.
Importantly, all these processes were performed while
maintaining the substrate at RT. Owerall, we obtained
promising PCEs of 8.3% for solar cells employing as-deposited
perovskites {without any annealing] and 10.0% for devices
based on CsPLBr annealed at a low temperature (150 “C).
Through optoelectronic analysis, we found the open-circuit
voltage to be the main limitation of these devices, most likely
due to the use of non-optimal electron-transport layers.

B EXPERIMENTAL SECTION

Materials. Cesium bromide {CsBr, =99%), lead(ll) bromide
[PhBr, [perovskite precursor]), and cesium iodide {Csl, >99%) were
purchased from Tokyo Chemical Industries (TCLY; malybdenom
oxide (Mo}, BCP, and lead(11} iodide {Pbl,, 99.5999%)} were from
Lambec;  Na,N4,N4" N4 tetrai [ 1,1 biphenyl |-yl ) [1,17:47,17 ter
].'u|1en:,-'|]-4_,-1-"-diami.ne [TaTm) was from Novaled GmbH; and Cg,
wag oblaned Fom Sigma-Aldrich.

Selid-State Synthesis of Perovskite and MHPs. (1) CsPblHe
by ball-mailling: Stoichiometric amounts of CsBr and Pbl, powders
{1:1) were mixed in a nitrogen-flled glovebox. Then, approximately 4
2 of mined precurser powders was introduced into 10 ml zirconia ball
mill jars with bwo zirconia beads of 10 mm in diameter. The jars were
closed under nitrogen a0 that the powders were not exposed Lo air.

Thexn, ball milling was performed with an MM-300 shaking ball aull
from Retsch at a .I':'Eq_ue:m:}' af 30 Hz for 99 mbs. f2} MHD: ll_y biafl-
anilling: CsBr/Csl and PhBr,/Pbl, powders (1:2) were weighed in a
microbalance. Then, approximately 4 g of the mixed precursor
powders was introduced into 10 mL zirconia ball mill jars with two
zirconia beads (diameter 10 mm). The jars were closed under
nitrogen so that the powders were not exposed to air. Then, ball
milling was performed with an MM-400 shaking ball mill from Retsch
at a I"n.-.l.]m-.nq,r af 30 Mz for 99 min. I::'-l:l {'JJ-'T:[_.H.I' [r_|.' mrfl!r'.lpg: CsBrand
Pbl, were weighed in a microbalance with stoichiometric quantities.
The powders were introduced inte a thermally controlled crucible and
heated in a nitrogen atmosphere until complete melting (630 °C for 2
min}. (4) MHPs by melting: Stoichiometric amounts of CsBr and Csl
were welghed in a microbalance to obtain Csl_Br, (x = 1/3).
Afterward, the powders were introduced in a thermally controlled
crucible and heated in a nitrogen atmosphere until complete melting
(630 “C for 2 min). Stoichiometric quantities of PhBr, and Pbl, were
weighed in a microbalance to obtain Phil,_ Br ). (x 1/3).
Afterward, the ]'.!nwdﬂrs were introduced in a I‘l'IE:I'I'I'!.'I"}' controlled
crucible and heated in a nitrogen atmosphere until complete melting
(420 “C for 2 |:|:|i.|'|].

CsPblyBr Thin-Film Deposition. All vacuum depedilion runs
were carried oul i oa custorm-made chamber inl.eg;rul.ed mla @
nitrogen-filled glovebox The chamber is equipped with four
evaporation sources (CreaPhys) fitted with ceramic crucibles and
independent temperature controllers and shutters, A dedicated QUM
sensor is installed above each source plus ome close to the substrate
for the overall deposition rate measurement. The base pressure at the
beginning of the deposition was 107" mbar. All the smrces wers
individually calibrated for it respective material. Il not otherwise
speciiied, the thickness of e flms uged i this study was 250 nm. 1-
Source vacuurm deposition: alter melting the precursors in a crucible
as detailed above, the chamber was evacuated and the material was
sublimed at 750 °C for 1 min, obtaining a film with a thickness of
approximately 700 nm. Multisource vacuum deposition: all materials
were codeposited after calibration of their deposition rates, using 2-,
3o, or desources simoltanemesly, with a total deposition rate of 2 Als
(if not otherwise stated ),

Device Preparation. ITO-coated glass substrates were sub
:iequenl]:( cleaned with Ao, waler, and iﬁl.'ll.xl’l.'ll.uﬂl:'!\] i an ulirasonic
bath, followed by UV—ozone treatment. They were transferred to a
::i.'l:L'lgni-ﬁ]Leﬂ E'L‘l'l.'eh-bx with h:lzg:rrll.ed vacuum chambers for the
deposition of solar cell components. Organic semiconductors,
perovskites, MeO,, and Au, were deposited in three different
chambers and evacuated to a pressure of 107° mbar, Mo, was
deposited at a rate of 0.1 A/s to a thickness of 5 nm and coated with
TaTm (10 nm, deposited at (L5 Ass) The hilayer was annealed at 140
0 for 10 min. The f_fxl"hlirl_. pr'rnw-:kih.-. films were fabricated
following the procedures described above and coated with Oy (23
nml and BCP (8 nm). Finally, a Ag electrude (100 nm) was
deposited through a shadow mask to define the device layout {active
area 2.1 % 3.1 mm®),

Electrical Characterization. EQE was estimated by measuring
the cell response at different wavelengths obtained with a white
halogen lamp combined with band-pass filters. The solar spectrum
was corrected by calibration with a silicon reference cell, previoudy
calibrrated {Mi:nibhm simulator from ECN, the Nethcﬂnnﬂx}l. The
current density—voltage (J—1) charcteristics were obtained using a
solar simulator from Abet 'I'ﬂ:hnlﬂngiﬂ\:_, madel 10500, with an
AM1SG xenon lamp as the light sowrce and a Keithley 2300 source
measure wnil. A shadow mask with an aperiure of 22 % 1.2 mm” was
used to precisely estimate the current density.

Structural Analysis. The crystalline structure of the powder and
film samples was studied by XED, The patterns were collected in
Bragg—Brentano geometry on an Empyrean PANalytical powder
diffractometer with a copper anode operated at 43 KV oand 40 maA
Further nnnl:.rxis i:|1c|1|:;:|ing Le Hail fits was penr-:rm'n.-.ﬂ with |"1|:1|]'|r|1F
software, A Hitachi S-4800 scanning electrom microscope operating at
0 kY a:r\e|-=r.ating 1.-|1|fr|gu was used to obtain SEM imngr-.:. Srl'm]'ﬂex
were platinum-metallized prior to their observation, Atomic force
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microscopy (AFM) messurements were collected using a multimode
atomic force microscope (Veeco Instraments, Inc.). The images were
obtained with a Si tip (with a frequency and K of ca, 320 kHz and 42
M-m™!, respectively} nsing the tapping mode in air at BT, Images
were recorded at 0.5—1 Hz scan rate.

Optical Analysis. L'V —vis absorption spectra were collected using
a fiber-optic Avantes Avaspec2(48 spectrometer. The PL chasacter-
istics were studied using a Hyperspectral Imager IMA VIS from
Photon etc. coupled to a continuous-wave laser of 332 nm. The power
density at the sample was set to AM13G 1 sun equivalence (41 mW/
i’ ). For the analysis, the exposure time was set to 0.5 s and the area
of the field of view measured was 333 x 333 pm. The spectrum was
obtained by averaging the spectra of each pixel,

Sensitive EQE Analysis. For sensitive BQJE measurements, the
cell was lluminated by a Quartz=Tungsten—Halogen lamp { Newport
Apex 2-0TH) through a monochromator (MNewport CS130-USH-3-
MU}, a chopper at 279 Hz, and a focusing lens, The device current
was measured as a funetion of energy from 2.1 te L2 ¢V in Q02 ¢V
steps using a lock-in amplifier (Stanford Research Systems SRE30)
The system was calibrated and the solar spectrum mismatch was
corrected wsing a calibrated silicon reference cell
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Figure S1. XRD characterization of ball-milled (bottom) and melted (top) CsBr:Pbl; 1:1 powders. Open
circles represent raw data, red lines are whole-pattern Le Bail fit and vertical lines indicate the calculated
Bragg's reflections for different phases. More details about the different phases in the discussion.




Figure 31. Crystal structures of the distorted perovskite and non-perovskite phases. Cs™ ions are depicted

in red, halide anions in teal, Pb*" cations in grey and PbX; octahedra in orange.

Table 51. Lattice parameters for perovskite and non-perovskite phases of ball-milled and melted samples

together with reference values for CsPbBr; and CsPbl; retrieved from the Inorganic Crystal Structure

Database (references 97851 and 161480 respectively).

Ball-milled a (A) b (4) c{4) o & ¥ Vol (A2
Perovskite 8.392 8.624 12168 S0 a0 S0 380
(CsPbBr) (8.207) |8.255) {11.759) (s0)  (90) (30 (797)
Man-Perovskite 10.341 4770 17621 S0 a0 a0 369
[CsPbl,) {10.458) (4.802) {17.776) (s0)  (s0)  (s0) (893)
Melted a (4) b (4) ¢ (4) o & ¥ Vol (43
Perovskite 8.435 8.629 12.151 90 a0 aD 280
{CsPBErs) (8.207) (8.255) {11.759) jso) (8o} {90}  (797)
Mon-Perovskite 10.424 4,730 17.486 90 Q0 S0 369
[CsPblL) {10.458) (4.802) {17.776) o) (90} (s0) (893)

Table S2. Lattice parameters calculated for thin-films deposited by different methods referred to the values

for CsPbBr; retrieved from the Inorganic Crystal Structure Database (reference 978510

a (4) b (A} c (A} o i} ¥ Vol (43)
CsPhBr; (IC5D-97851) 8.207 8.255 11.759 90 S0 [0 797
2-50Urces BSET B.737 12.086 90 a0 90 Q07
2-sources (MHF) Ee6l4 B.732 11.848 90 a0 90 801
3-sources (slow) B 627 8.746 12.136 a0 a0 a0 916
3-sources (fast) Be27 8.724 12.076 90 a0 90 909
J-sources B573 8.725 12.068 90 a0 90 903




Solid state reaction: CsBr + Pbl,

Ball-milled
— Melted

Normalized absorbance

Figure 3. UV-Vis optical absorption for powders obtained by mechanochemical and melting techniques.
A photograph of as-prepared perovskite from mechanochemical synthesis is shown as reference.
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Figure S4. XRD patterns obtained for powders of the pure halide precursors used in this work: a) CsL,
CsBr, and b) Pbl;, PbBr,.
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Figure 55. XRD patterns of the products obtained by zolid state reactions of 2Cs] + CsBr, either by a) ball-
milling or by b) melting. The reference diffraction patterns for CsI and CsBr are extracted from the XRD

prezented in Figure S4a.
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Figure 56. XRD patterns of the products obtained by zolid state reactions of 2Pbl; + PhBr;, either by ab)
ball-milling or by c.d) melting. The reference diffraction patterns for Pbl; and PbBr, are extracted from the
HED prezented in Figure S4b. The reference for the mixed halide PbIBr is taleen from the Inorganic Crystal
Structure Database (ICSD, Collection Code 22138). In a,c) our reference pattern for PbBr, was omitted to

enhance clarity.



a:l a0 Z-source deposition h:l Bandgap (E,)
{Csl, Pkl PEBrg) ar — 183 eV 7
—— As-preparad (M) o
B 155 — After sir exposure ]
5 \ S &t 1
= [ z
B 10F i,
=4 \ =
\ = at |
[ L] SN
oo L L L 1 i 1] L . . e
400 450 500 G550 600 G650 TOO 2.05 2.00 1.95 1.60 1.85 1.20
Wawvelength (nm) Energy (V)
C] s—m.;meva;mmm&epuulurr I I
C:l, Pbl,, PoBr,
=
5
8
§
E
__L__J. .h,JJ. N
10 15 20 25 30 35 41 45 0

20

Figure 57. Characterization of CsPbl;Br films obtained by simultanecus sublimation of Csl, Pbl; and
PbBry. a) Optical absorption spectra of as-deposited films (brown) and immediately after air exposure
(orange). b) Tavc plot for as-deposited films recorded in nitrogen atmosphere, and c) XED pattern of the
film_ showing complete degradation of the material uvpon air-exposure. d) SEM image of an as-deposited
film obtained with the same process.
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Figure 58. Atomic force microscopy of CsPbL,Br films prepared by 3-sources fast vacuum deposition at
ET. a) Large area topography showing a homogensous and pinhole-free surface with b) corresponding
roughness analysiz. ¢) Higher resolution scan of the sample surface, with d) cross-zection trace showing a
maximum z variation of approximately 10 nm within the grains.
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Figure 59 High-resolution XPS spectra of all the main elements as detected from a CsPbI;Br film obtained
by 3-zources vacuunm deposition: Cz 34, Pb 4f, T 34, and Br 3d regionz. The calculated L'Br ratio iz 1.8,
cloge to the expected value of 2 for thiz particular perovskite stoichiometry. We also found ah excess of Cs
on the perovskite surface (Cs/Pb = 1.7 instead of 1), which iz most likely a surface accumulation, as there
is no indication of the presence of phase-segregated cesium halides from bulk XBED measurements.
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Figure 510. -V curves in forward (from short to open circuit) and reverse (from open to short circuit) bias

for 2 series of solar cells employing CsPbI2Br deposited at room temperature with the different vacuum

techniques.
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Figure 511. a) J-V curves vader illumination in reverse scan and b) corresponding spectral response for

the entire series of zolar cells with annealed CsPbI;Br thin films.
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Figure S11. (a-2) -V curves in forward (from short to open circuit) and reverse (from open to short circuit)

biaz for a series of solar cell: employing C:PbI2Br with annealing at 150 *C for 3 minutes and prepared

with the different vacuum techniques. (£) Steady power output under maximum power point tracking fora

solar cells with CsPbI2Br prepared by 3-sources vacuum deposition at the rate of 2.0 A/s (fast) with

annealing at 130 “C for 3 minutes (blue).
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Figure 513. Shelf-life thermal stability measurement obtained by collecting J-V curves at different times

for an encapsulated device, stored in nitrogen and in the dark on a hot plate at 85 °C. The device is bazed

on a CsPblyBr film obtained by 3-sources fast deposition and annealed at 130 °C.
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Figure S14. Intensity dependent (a) open-circuit voltage and (b) short-circuit current for a solar cell with a
CsPbl,Br film deposited by 3-sources vacuum deposition at 2.0 A/s, annealed at 150 °C for 5 minutes. The
ideality factor (nip) is estimated with the slope of the semi-log plot (a). while the short-circuit current in (b)
has been fitted with a power law J oc I, where I is the incident light intensity.
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Figure S15. PL maps of a p-i-n solar cells based on CsPbI,Br (3 sources “fast” with annealing) a) at the
wavelength of the main emission (660 nm) and b) at a wavelength of the low energy component (700 nm),
which highlight the homogeneity of the CsPbI;Br film and the inhomogeneous spatial distribution of the
low energy emission. Both maps are normalized to their individual mean value. c) Not-normalized spectra
at two positions of the map (indicated by the colored boxes) showing the intensity of the low energy feature

in few locations and the absence in others.
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Figure 516. Sensitive EQE spectrum of a n-i-p device with 3 sources “fast” annealed with 300, az ETL

and TaTm as HTL, not showing the feature at 1.7 &V as in Fig 4.
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