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Abstract

Today’s carbon-based economy will not be sustainable in the future. Not only will the known
reserves of fossil fuels, like oil, natural gas or coal, be significantly reduced within the next 100
years, but the continued burning of fossil fuels also emits greenhouse gases, which have led to
a global increase in temperature, called global warming. To preserve the environment for future
generations and to prepare for the time when we will inevitably run out of fossil fuel, we have
to change the way we produce our primary energy and focus research and investments on
renewable energy sources. While energy from wind and water is already harvested with very
high efficiencies, the utilization of solar energy still offers big room for improvements.
Although conventional crystalline silicon cells achieve efficiencies around 25 %, their
production is very energy intensive and relies on advanced production technologies, which
makes them still rather expensive. To make photovoltaics a major part of our energy landscape,

an easily prepared type of solar cell consisting of cheap and abundant materials is required.

Novel organometal halide perovskite-type materials fulfill these requirements and have proven
to be serious competitors for conventional photovoltaics. After only four years of research they

already achieve power conversion efficiencies above 20 %.

This thesis introduces a fast and easy way to prepare planar heterojunction solar cells based on
methylammonium lead iodide (MAPbI3). The photoactive layer is deposited in a 2-step
deposition approach, where a thin film of the lead precursor is converted into the final
perovskite simply by immersing it into a solution of the other component. The resulting films
consist of individual crystals sizes a few 100 nm and covering the whole substrate without
significant gaps or holes. Solar cells prepared by this method achieve power conversion
efficiencies of 15 %. Furthermore, by adjusting the temperature of the immersion bath, the

orientation of the perovskite crystals can be controlled. The orientation, together with the
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resulting change in efficiency and resistance, gives interesting insights into the anisotropic

charge transport properties of this class of materials.

Additionally, the conventionally used hole blocking layer, titanium dioxide, was replaced by
one made of fullerene molecules. The efficiencies achieved by solar cells employing this kind
of electron selective contact reached almost 10 %, although the reproducibility was initially
very low. This was attributed to a partial dissolution of the fullerene film during the subsequent
preparation steps. To increase the stability of the layer, it was photo-polymerized using UV
radiation. This not only reduces the solubility and therefore increases the fraction of solar cells

achieving high efficiencies; it also changed the energy levels close to the bandgap.

The bandgap energy of organic lead halide perovskite materials is strongly dependent on the
composition. By exchanging some or all of the iodide in MAPbI3 with bromide, the difference
between valence and conduction band can be changed from 1.5 eV (pure iodide) to 2.25 eV
(pure bromide). This substitution can be performed gradually, so that phase pure materials with
properties in between the two extremes are obtained. The pure bromide MAPbBr3 perovskite,
however, does not perform efficiently in a planar heterojunction solar cell. Its close relative
based on formamidinium FAPbBr; has also been investigated for its suitability as active solar
cell material. Although it is structurally very similar to MAPbBr3;, with equivalent light
absorption and emission properties, a 10 fold higher efficiency was observed for the FA-based
compound. This striking difference is mainly attributed to an increased photoluminescence

lifetime, resulting in an increased diffusion length of the free charge carriers.

Apart from their application as light absorbing materials in solar cells, perovskites have also
been investigated for their application as light emitters. Depending on the perovskite used, it

was possible to demonstrate red light emission (MAPDbI3) or green emission (MAPbBr3).
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2 Introduction

2.1 The Global Energy Challenge

Today’s energy landscape is dominated by the use of fossil fuels, like oil, natural gas and coal.
These types of energy carrier took millions of years to be formed and thus humankind will run
out of them sooner or later.!' New forms of energy will have to be utilized to sustain our energy
intake past this point. But the development of so-called renewable energies, like wind, tide and
solar, is not only driven by the need to satisfy our ever-growing demand for energy.
Continuously burning fossil fuels over the past 150 years and the concurrent release of the
combustion products into the atmosphere has caused a so-called greenhouse effect. This means
that the energy emitted from the sun and being reflected from the earth cannot be emitted back
into space as efficiently, but rather stays in our atmosphere to a greater extent. This additional

energy heats up the world’s atmosphere — we encounter global warming.[?!

To keep the Earth an inhabitable planet for future generations, we need to change the way we
produce our energy as soon as possible. While energy from wind and water is already utilized
with high efficiencies,”! solar energy only encounters a niche importance. Less than 1 percent
of the world’s total electricity production can be attributed to photovoltaic installations (Figure
2-1)."1t is estimated that about 3.5 x10** J of solar energy reach the Earth’s surface every year.

That is approximately 10.000 times more energy than the total annual human consumption.[>!
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2.2. Basic Operation Principles of Photovoltaics

Fossil
67%
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77%
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11%

Figure 2-1: World Electricity production broken down to shares of fossil, nuclear and renewable energy
sources.!

To increase the impact of solar energy, already existing photovoltaic technologies have to be
improved and novel approaches and materials have to be investigated for their applicability as
solar cell materials. One main focus of this research has to be put on the ease of fabrication of

the cells and the use of cheap and abundant materials.

2.2 Basic Operation Principles of Photovoltaics

Solar cells consist of semiconductor materials. A semiconductor is a material that has a
forbidden energy gap between the valence band (VB) and the conduction band (CB). It can
become conducting when electrons in the VB are excited (by absorption of photons or by
application of an external electric field) into the CB. The energy needed to excite electrons from

the VB to the CB is called band-gap energy (see Figure 2-2). The remaining positive charge in
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2. Introduction

the VB can be treated as a quasi-particle and is called a hole. Both, electrons and holes, are free

to diffuse through the CB and the VB of the material, respectively.[®

CB

()
N

A

162 T
an

— e @Y%

VB

Figure 2-2: Light absorption process in a semiconductor. A photon with energy larger than the bandgap
(BG) excites an electron e from the valence band (VB) into the conduction band (CB) (1). A positively
charged hole h* remains in the valence band (2). Electrons and holes can recombine via an external circuit
3).

The magnitude of the band-gap energy has a strong influence on the light absorption properties
of the material since only photons with an energy exceeding the band-gap energy can be
absorbed. This also determines the maximum current that can be generated by a device

employing a certain semiconductor because the solar spectrum consists of a certain number of

photons for every wavelength. The more light is absorbed, the higher is the potential current.[”]

In a fully assembled solar cell carefully engineered material interfaces are used to extract the
photoexcited electrons out of the device. Charge separation occurs at a junction between a
material with a high electron conductivity (n-doped) and a material with a high hole

conductivity (p-doped), as photogenerated charges move into their respective higer conductive
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2.2. Basic Operation Principles of Photovoltaics

material. Upon formation of the p-n junction, electrons from the n-doped side tend to diffuse
towards the positively charged p-doped side and vice-versa. These electrons and holes
recombine in the center of the solar cell and create a so-called depletion region, where no mobile
charges are present. Due to the diffusion of electrons out of the n-doped side, this part of the
solar cell becomes positively charged, while the p-doped side, due to the loss of the holes, is
charged negatively. This charge difference creates an in-built electric field that pushes electrons

towards the n-doped side. At this point, there are no mobile charges left in the junction region.[!

n-layer

extra
electrons

junction

extra
holes

p-layer

Figure 2-3: Schematic diagram of a p-n-junction of the same semiconductor with different doping levels?!

Upon illumination photons are absorbed by this p-n-junction and electrons are excited to the
CB, leaving free holes in the VB. These electrons diffuse towards the n-doped side of the solar

cell and can be extracted via an external circuit. It can drive an external load, connected to this

16



2. Introduction

circuit, before re-entering the solar cell on the p-doped side to recombine with a hole present

there.

In the case of silicon solar cells the junction is made between p- and n-type silicon and the
junction is therefore known as a homojunction. It is also possible to make a junction between
p- and n-type semiconductors of different materials, for example CdS/CdTe. These are called
heterojunctions. In the case of heterojunction solar cells charge separation happens due to the
contact of the light absorbing material with a different material (hetero-junction), whose energy

levels are carefully selected to enable the extraction of electrons from the CB. [¥!

Many newly developed solar cells, like dye-sensitized, organic or perovskite solar cells, are
based on a heterojunction layout. An example solar cell stack and the corresponding band-
alignment for a perovskite solar cell is depicted in Figure 2-4. The active material is placed
between titanium dioxide and the polymeric hole-transporter 2,2',7,7'-tetrakis-(N,N-di-4-
methoxyphenylamino)-9,9'-spirobifluorene  (spiro-OMeTAD).”! In this configuration
photogenerated electrons are transferred to the external circuit via the TiO2, while holes are

transported through the spiro-OMeTAD.

. Electron
Light energy Electrons

D Glass
Scaffold/

perovskite . FTO
(optional)

I:‘ Compact TiO,
'\ Perovskite . Perovskite

(optional)
[ JHmm

DALI

Hole
energy

[
Au orAg/

Figure 2-4: Cell layout and energy level alignment of a standard perovskite solar cell.””!
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2.3. PerovsKkites

2.3 Perovskites

The term perovskite describes in general a material with the composition ABX3 and the same
crystal structure as CaTiOs. In the early 90s, researchers focused on the synthesis and
characterization of a special class of organic-inorganic hybrid perovskites.!'% '] These materials
incorporate an organic cation (such as methylammonium or formamidinium, MA or FA) on the
A site and a divalent metal (Pb>" or Sn®") on the B site. The metal ions are octahedrally
coordinated by 8 halide anions (CI', Br™ or I), see Figure 2-5. Mitzi, Era and co-workers studied
this type of materials due to their easy solution-based room temperature synthesis and their
interesting optoelectronic properties.['> 13 In particular, their suitability for the formation of

thin film transistors and light emitting diodes (LEDs) was investigated.['* 1]

A o MA*, FA*, Cs*
B © Pb*,Sn*

x @ cr,Br, I

Figure 2-5: Typical ABXs perovskite structure with an organic cation on the A site, a heavy metal cation on
the B site and halide anions on the X site."!
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Recently, in the context of solar cell applications, other exciting properties moved into the focus
of the research. Special emphasis has been placed on the high absorption coefficient,!'! the long
lifetime of photogenerated species!!” and the tunability of the band-gap.!'® ! Within only 4
years of intensive research, the efficiency of perovskite solar cells has increased from about
3% to over 20 % in the last reports.? 2!] The first reported solar cells were based on a
conventional dye-sensitized solar cell (DSSC) layout.[*”) A mesoporous titania layer was coated
with perovskite particles as light absorbers and a red-ox electrolyte was used for the
regeneration of the perovskite. Unfortunately, these cells suffered from chemical instability due
to the used electrolyte and only survived one measurement.!?”! This problem was solved soon
after by employing a polymeric solid state hole-transporter, while still maintaining the
mesoporous electron extraction layer.[>* This small change already lifted the efficiency of the
prepared cells close to the 10 % mark.?*! The next milestone in the development of perovskite
solar cells was the realisation that the perovskite itself is a good electron transport material with
diffusion lengths exceeding 1 um!!”! and that the several micrometer thick mesoporous TiO2
electrode could be reduced to only a few nanometer thin electron selective contact.!*> 26! This
enabled the fabrication of thin film solar cells, without employing high-temperature sintered
titania layers. Instead, layers of preformed nanoparticles or organic electron selective contacts
have been used to prepare solar cells on conductive glass or even flexible substrates.?”- 2% From
this point on, most of the increase in efficiency can be attributed to the optimization of the

2931 For the fabrication of planar heterojunction solar cells,

morphology of the perovskite layer.!
it is very important that the light absorbing material is processed as a smooth film with
homogeneous thickness. It must not contain pinholes and voids, where the direct contact of
electron and hole selective contact leads to increased shunting and therefore reduced device
efficiency.*!! To achieve this kind of high quality perovskite films, new deposition techniques

had to be developed and every aspect of the synthesis, such as the thermal annealing step,*>-%
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2.4. Towards the Optimum Morphology of Thin Film Perovskite Solar Cells

the addition of certain chemicals that aid the film formation,?®* the used solvent,****7! the

n’[36, 39,42, 48-50

precursor compositio I the precursor concentration!®! and the substrate conditions

had to be optimized. The synthetic strategies presented include the utilization of intermediate
lead-based compounds which then slowly convert into the perovskite phase,*> 4 32
intercalation of organic compounds into lead-halide crystal structures,®!> 3> the inclusion of
additives into the precursor mixturel*’-*- 444 and solvent-induced immediate crystallization of

the perovskite phase.l>6-I

2.4 Towards the Optimum Morphology of Thin Film Perovskite Solar Cells

The following part of the introduction about the morphological control and optimization of
perovskite thin films will be published as a chapter in the Book ‘Unconventional Thin Film
Photovoltaics: Organic and Perovskite Solar Cells’ as part of the RSC Energy and Environment

Series.

The influence of the lead precursor

The conventional methylammonium lead iodide (MAPbI3) perovskite is normally prepared by
spin-coating a 1:1 molar mixture of Pbl> and MAI in a suitable solvent like dimethylformamide
(DMF), dimethylsulfoxide (DMSO) or y-butyrolactone (y-GBL) on a substrate.>®! The resulting
film is then heat-treated to remove the excess solvent and induce the perovskite formation.[**
When using GBL as the solvent, the crystallization of the perovskite phase starts as soon as a
critical precursor concentration is reached upon drying. For DMF and DMSO, however, an
intermediate phase is formed, where layers of lead 1odide (Pbl,) are separated by a mixture of
the solvent and MAL* 37 This precursor phase has a high ion mobility due to the remaining
solvent. Upon further heat treatment the excess solvent is removed and the perovskite

crystallizes. The morphology of the resulting perovskite film is strongly dependent on the
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temperature and time of the heating step and can range from full surface coverage to sponge-

like disrupted films.4

Halide mixtures, such as those resulting from the addition of chloride to the iodide-based
perovskites, can have beneficial effects on the resulting perovskite solar cells.*!l Although the
general spin-coating procedure is the same for MAPbI3; and the MAPbI;.«Clx perovskite, it is
necessary to use a 3:1 molar ratio of MAI to PbCl; for the mixed halide perovskite in order to

(23] Detailed analysis of the crystallization process

achieve the correct final stoichiometry.
showed that the MAPbI;xClx forms an intermediate organolead mixed halide phase, which is
later transformed into the pure perovskite phase through the evaporation of MACL[®% ¢! Little
to no remaining chloride was found in samples derived from PbCl, and MAL[®!-62] The chloride
ions and the excess of organic compared to lead cations in the solution, slow down the
crystallization rate and thus lead to the growth of large, continuous crystal domains within the
film and a high degree of surface coverage (Figure 2-6 a).l%”) Additionally, Williams et al
proposed that the formation of an intermediate short-lived phase of pure MAPbCl; acts as a

topotactic template for the crystallization of the MAPbI;.xClx perovskite and therefore aids the

formation of smooth films.[®"!
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S Py

Spiro-OMeTAD
Perovskite
c-TiO,
FTO

Figure 2-6: Comparative SEM micrographs in top and cross-section view using PbCl. (a,b) Pbl: (c,d) or
Pb(OAc): (e,f) as lead source. Figure 1-6 is reproduced from Ref. ! with permission from the Nature
Publishing Group.

Even more homogeneous and smoother layers of MAPDI; perovskite have been achieved when
starting from lead acetate (Pb(OAc):) as the precursor salt (Figure 2-6¢).[% 1 All three
processing routes result in the formation of MAPbI3 with only very little impurities. The films
processed from Pbl, and PbCl, were non-continuous with large gaps in between perovskite
clusters and with inhomogeneous film thickness (Figure 2-6 a,b,c,d). However, films prepared
from Pb(OAc); achieve nearly 100 % surface coverage, are very smooth and highly consistent

in thickness over the whole substrate (Figure 2-6 e,f).
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Table 1: Summary of the performance and morphology quality of the assembled films starting from
different lead sources.!*’!

Lead precursor reported PCEmax Grain size Surface coverage = RMS
(approx) roughness
Pbl, 9.3 100 — 500 nm 90 % 52.2nm
PbClL, 12.0 10-50 pm 90 % 62.4 nm
Pb(OAc) 14.0 0.5—1 pm 100 % 12.3 nm

The smoothness and high surface coverage of the resulting films is attributed to the rapid
crystallization of perovskite crystals with a high nucleation rate. MA(OAc), evaporates at
temperatures much lower than the sublimation temperature of MACI and MAI. While these two
compounds evaporate at temperatures of 226 °C and 245 °C, respectively, MA(OAc), only
needs a temperature of 97 °C to sublime.[*”) With this in mind, it is clear that the use of an
acetate based lead precursor has a strong influence on the evaporation and therefore the
crystallization dynamics, resulting in the observed strong differences in morphology for the
different preparation routes. The obtained efficiencies for optimized solar cells for each lead
precursor follow the same trend as the morphology and surface coverage of the thin films. For
solar cells prepared with comparable architectures, i.e. employing undoped TiOz and spiro-
OMEeTAD as the charge extraction layers, the lead acetate route gave the highest efficiency,

followed by PbCl, and Pbl in this order (see Table 1).

Additive-controlled crystallization

A different approach to ensure the formation of homogeneous films is the use of additives in
the spin-coating solution, which affect the crystallization and formation of the perovskite layer.

The primarily used additives are ammonium or phosphonium halides,*% #* *1 dihalide

S[37, 43 [38,41]

alkane Ior protic acids.
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2.4. Towards the Optimum Morphology of Thin Film Perovskite Solar Cells

When incorporating small amounts of ammonium chloride (NH4CIl) or methylammonium
chloride (MACI) into the spin-coating solution for the MAPbI; perovskite, the film
homogeneity is greatly improved (Figure 2-7 a and b). A similar effect has been reported for
the phosphonium halides tetraphenylphosphonium iodide and chloride (TPPI and TPPCI).l*"!
Since the TPP™ cation is stable on its own, there is an excess of iodide and chloride anions in
the solution. These free ions speed up the growth kinetics, leading to a larger number of crystal

nuclei,**) smoother films and therefore more efficient solar cells (Figure 2-7 ¢ and d).

The addition of dihalide alkanes, like 1,8-diiodooctane (DIO) or the smaller 1,4-diiodobutane
(DIB) have a similar profound effect on the morphology of the prepared perovskite thin
films.7- 41 Not only do these additives increase the solubility of the lead precursors in DMF, 4]
but they also slow down the crystallization rate of the perovskite during the thermal annealing,
which leads to a film consisting of fewer, but larger crystals. These effects are attributed to a
chelation of the Pb** ions in the solution by the DIO or DIB.[*”- %3] Before the perovskite can
form crystals, the chelating agents have to be thermally removed. Since this process is much

slower than the actual crystallization, homogenous planar films with large crystals are formed

(Figure 2-7 e and f).
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Figure 2-7: Perovskite film morphologies obtained using various additives a) ammonium chloride (NH4Cl),
b) methylammonium chloride (MACI), c¢) tetraphenylphosphonium iodide (TPPI), d)
tetraphenylphosphonium chloride (TPPCI), e) diiodooctane (DIO), f) diiodobutane (DIB), g) hydriodic acid
(HI) and h) hydrobromic acid (HBr). Figures 1-7 a, b, f and g are reproduced from Ref. B7 4L 41 with
permission from The Royal Society of Chemistry. Figure 1-7 ¢, d, e and h are reproduced from Ref 138 3% 43I
with permission from John Wiley and Sons.

A comparable slow-down of the crystallization rate can be achieved by adding solvents to the
reaction mixture that enhance the solubility of the precursor. This approach has been
demonstrated for the formation of FAPbI; and MAPbBr3. The solvents used were HI for FAPDbI;
and HBr for MAPbBr3.*® #!l In each of these cases, the addition of only 10 % of the second
solvent was enough to increase the concentration of the precursors in the solution to a level
where, upon drying, a highly super-saturated solution is formed. Further heating of this solution

leads to the rapid formation of many crystal nuclei. This in turn leads to a homogeneous

crystallite size distribution and therefore homogeneous thin films ((Figure 2-7 g and h).).B3% 1]
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2.4. Towards the Optimum Morphology of Thin Film Perovskite Solar Cells

Table 2: Influence of different additives on the morphological quality of perovskite thin films and the
efficiency of resulting solar cells.

Additive perovskite reported PCEm.x  Grain size Surface coverage
(approx)

NH,CIH0- 441 MAPDI;3 9.93 250 nm ~99%
TPPI/TPPCI! MAPbI; 11.7 <lum ~99%

DIOMI MAPDI; 11.8 1 um 95%

DIBP] MAPDI;3 13.1 95%

HI“Y FAPDI; 14.2 1 um 100 %

HBrl*®] MAPbBTr; 10.4 100 %

In general, the addition of easily removable species, like ammonium or phosphonium halides,
speeds up the crystallization reaction and leads to films with a high number of crystal nuclei
followed by the growth of smaller crystals (100 to 500 nm), which form a polycrystalline dense
layer. With the addition of less volatile species, like the dihalide alkanes or aqueous acids,
however, the reaction is slowed down, leading to the formation of fewer crystal nuclei which
can grow to sizes above 1 um. The crystallite sizes and the approximate surface coverage for
the different additives are summarized in Table 2. When looking at the performance of the
resulting solar cells, it appears to be correlated with the size of the crystalline domains, where

larger crystals result in more efficient solar cells.

Solvent-induced crystallization

Solvent-induced crystallization is generally based on the deposition of an initial wet film of the
perovskite precursor mixture on a substrate. This is followed by the quick addition of or the
immersion into a second solvent where the precursors are insoluble to force a rapid

crystallization of the perovskite layer.
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500 nm

Figure 2-8: SEM micrographs of perovskite thin films obtained via the a) conventional spin-coating, b)
solvent engineering, c) fast deposition-crystallization and d) solvent-solvent extraction approach. Figure 1-
8 a and c are reproduced from Ref. 1 with permission from John Wiley and Sons. Figure 1-8 b is
reproduced from Ref. ¥l with permission from the Nature Publishing Group. Figure 1-8 d is reproduced
from Ref. 18 with permission from The Royal Society of Chemistry.

For the solvent engineering approach, Seok et al dissolved the perovskite precursors in a
mixture of GBL and DMSO and spincoated them on a 200 nm thick mesoporous TiO layer.[”]
In a subsequent spin-coating step, the still wet film was treated with a toluene drop to force the
precursors to precipitate out of the GBL/DMSO solution and to crystallize in the
Pbl/MAI/DMSO intermediate phase described in the previous section. After heating for 10

minutes at 100 °C, the DMSO was removed and an extremely smooth film was obtained with

crystallite sizes of a few 100 nm (Figure 2-8 b).

A similar approach for the preparation of extremely smooth MAPDI3 layers has been reported
by Spiccia and co-workers.’®! 4-5 seconds after the precursor film has been deposited from
DMF, rapid crystallization of the perovskite phase is induced by dropping chlorobenzene (CBZ)

on the still spinning film. By adding CBZ, the solubility of the precursors in the DMF phase is
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2.4. Towards the Optimum Morphology of Thin Film Perovskite Solar Cells

strongly decreased. This can be contrasted to the standard spin-coating procedure, where the
crystallization is slowly induced by evaporation of the solvent and the crystals grow in a less
defined manner during a longer time period (Figure 2-8 a). The high number of simultaneously
created nuclei and the rapid crystal growth in the fast deposition conversion (FDC) procedure

results in an extremely smooth film with micrometer sized grains (Figure 2-8 ¢).

Another “anti-solvent” approach has been reported by Zhou et al.>®! In this case, the precursors
are dissolved in a high boiling solvent (T = 200 °C). The high boiling temperature of the
solvent ensures that the film still contains some residual solvent after the spin-coating process.
The still wet film is then immersed in a bath of diethylether (DEE) at room temperature, in
which neither the precursors nor the perovskite is soluble. The ether extracts the NMP out of
the wet film, leading to an abrupt supersaturation of the liquid film and the formation of a high
number of perovskite nuclei. This process is called solvent-solvent extraction (SSE) and can be
used to prepare extremely smooth perovskite thin films with grain sizes of about 100 nm (Figure

2-8 d).

All of these procedures enable the formation of films with very high surface coverage and
comparably large crystal grains (see Table 3). Solar cells fabricated with these methods all

exhibit high efficiencies above 13%.
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Table 3: Film quality parameters and solar cell efficiencies for perovskite films prepared via different
solvent-induced crystallization approaches.

Process Solvent/antisolvent reported Grain size Surface
PCE max (approx) coverage
Solvent GBL+DMSO/toluene 16.7 500 nm 100 %

engineering!®”!

Fast deposition DMF/chlorobenzene 13.9 0.5-1pm 100 %
conversion!*®!

Solvent/solvent NMP/Ether 15.2 100 -500nm 100 %
extraction®

PerovsKkite conversion via cation infiltration

The two-step deposition approach is an alternative solution processing route for the preparation
of perovskite thin films first reported by Liang et al. in the late 90s, later expanded by Burschka
et al. for mesoporous substrates and finally introduced by Liu et al. in planar heterojunction

53,54, 641 1t consists of two main steps (Figure 2-9 a). Firstly, a layer of the lead

solar cells.
precursor is deposited on the substrate via spin-coating from DMF or a comparable solvent. To
obtain a smooth precursor film, it can be necessary to preheat the solution and the substrate to
induce rapid crystallization of the lead precursor.[®*) After obtaining a smooth lead precursor
film, it 1s immersed in a solution of the ammonium halide salt (MAI, MACI, FAI, etc) in
isopropanol (IPA). The lead precursor is insoluble in IPA, but the organic and halide ions can
diffuse from the immersion bath through the lead precursor layer and induce the crystallization
of the perovskite phase.[®¥ Since the diffusion speed of the ions and the crystallization rate of
the perovskite depend on the temperature and on the concentration of the solution, fine-tuning

of these parameters is necessary to obtain full surface coverage and complete conversion.[*®!
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-

Figure 2-9: General procedure for the sequential deposition of perovskite thin films (a) and SEM
micrographs of films obtained for sequential deposition (b) and vapor assisted conversion (c). Figure 1-9 b
is reproduced from Ref. [ with permission from John Wiley and Sons. Figure 1-9 c isreprinted with
permission from Ref. 5!, Copyright (2014) American Chemical Society.

Recent studies performed with 2-D X-ray scattering methods revealed more insights into the
actual crystallization process of the MAPbI; perovskite (Figure 2-10).°7! Starting from a film
of Pblz, which consists of crystalline sheets on top of each other, the MAI diffuses in between
these sheets and starts the crystallization. As the Pbl, layers expand upon inclusion of the MAI,
growth is constrained in the lateral direction. This leads to a predominant growth direction
perpendicular to the substrate. The crystallites closer to the substrate experience a stronger
confinement and start to crack, leaving smaller grains of perovskite, while the crystals closer to

the surface can expand in a unrestricted way and form large cuboid crystals.[¢”]

30



2. Introduction
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Figure 2-10: Schematic representation of the crystallization procedure of perovskite films prepared via
sequential deposition. Reprinted with permission from Ref.l®”l, Copyright (2015) American Chemical
Society.

Similarly to the 1-step protocols, the addition of small amounts of MACI to the MAI immersion
solution (up to 5%) improve the solar cell performance.[®*) These films consist of MAPbI;
cuboids, which cover nearly 100% of the surface (Figure 2-9 b). Additionally, the rough surface

created by the randomly oriented cuboids can act as a light trap and therefore enhance the light

absorbed in the active layer without modifying its thickness.[6®!

The vapor-assisted solution process (VASP) works in a way similar to the sequential deposition.
Instead of an MAI solution, the Pbl; layer is exposed to a vapor of the ammonium halide salt.!>]
As the MALI evaporates, it diffuses into the Pbl> layer and starts forming the perovskite phase.
As there is equilibrium with the MAI atmosphere surrounding the Pbl, film and the formed
perovskite phase, the crystallization takes place very slowly, forming large crystal plates
(Figure 2-9 c). The resulting films are much smoother than those obtained by the solution

induced crystallization, with crystallites reaching through the whole thickness of the film.[>*!

The crystal size, surface coverage and the obtained efficiencies for the different 2-step

approaches are shown in Table 4.
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Table 4: Film quality parameters and solar cell efficiencies for perovskite films prepared via sequential
deposition or vapor assisted conversion

Synthesis procedure Reported PCEmax Grain size (approx) Surface coverage
MAIB3I 15.7 0.1 -1 pm 100%
MAI+ MACIP! 14.8 100 — 600 nm 100%
Vapor assisted 12.1 >1 pm 100%

conversion®”!

The perovskite films described above generally follow the trend where the larger the crystal,
the higher the resulting performance of the solar cell, as long as the surface area coverage
approaches 100%. This result is rather intuitive, as larger grains are expected to result in fewer

s.191 A more direct look

grain boundaries, and thus, fewer trap states and recombination center:
into these phenomena can be seen in the work of Xiao et al.. Here, the introduction of an
additional solvent annealing (SA) step after perovskite deposition led to micrometer sized
perovskite grains spanning the whole thickness of the sample.!” 7! This resulted in a significant
performance increase over thermally annealed (TA) films from 8.2 % to 14.8%, as shown on in
Figure 2-11c. The superior photovoltaic suitability of SA vs. TA annealed samples is also
indicated by a longer open circuit voltage decay, which implies slower charge recombination
rates (Figure 2-11d). The concept was recently extended by Nie et al. to achieve millimeter-
sized grains.!®”! Here, the precursor solution was spin-coated on a hot substrate. The presence

of excess high-boiling point solvent combined with the high temperature above the super-

saturation point prolongs the growth period of the perovskite crystals.
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Figure 2-11: Morphology of perovskite layers prepared by thermal annealing (TA, a) and solvent annealing
(SA, b). The influence of the crystallite size can be seen in the JV measurements (¢) and the open circuit
voltage decay (d). Figure 1-11 is adapted from Ref. " with permission from John Wiley and Sons.

Not only the grain size but also the grain orientation has an influence on the device performance.
For instance, Docampo et al. have shown for perovskite converted samples that with a higher
orientation of the 110 plane perpendicular to the substrate, higher short circuit currents on
average can be achieved.[®® A similar effect was observed by Saliba et al., where flash-annealed
samples were compared with those obtained by slow annealing, both in devices and with
grazing incidence wide angle scattering (GIWAXS).** They observed that for the fast and hot
annealing step highly uniform micron sized crystallites were obtained with a higher degree of
orientation in the 2D-Xray scattering experiments, which also resulted in higher short circuit
currents. These experimental results have been recently substantiated by theoretical studies that

point towards anisotropy in terms of charge transfer for different perovskite surfaces.!’!
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Overall, films exhibiting a preferential orientation of the 002 plane parallel to the substrate are

expected to exhibit optimum performance.

2.5 Band-Gap Tuning

One remarkable property of organic-inorganic perovskites is that the halides in the structure
can be mixed in wide concentration ranges. This has first been demonstrated for mixtures of
iodide and bromide!'® 73! and later also for bromide/chloride systems.[”#! In both cases the band-
gap energy increases with addition of the smaller halide. Figure 2-12 shows a photograph of a
series of MAPbIz3.«<Bryx perovskites ranging from 100 % iodide content (top left) to 100 %

bromide (bottom right).

Figure 2-12: Photograph of a series of MAPbI3.«Brx perovskites ranging from 100 % iodide content (top
left) to 100 % bromide (bottom right). The change in band-gap energy can be observed as color change.
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It has been shown with X-ray analysis and photothermal deflection spectroscopy (PDS) that the

materials formed are phase-pure and do not consist of mixtures of the pure halide perovskites.

[19]

2.6 Other Applications for Perovskites

Recently, the application of perovskites as light emitters has been rediscovered, after substantial

[12

earlier research activities in the 1990s.['2) While the focus back then was put on 2-dimensional

layered perovskites, today the same 3-dimensionally connected perovskite materials that are

used for solar cell applications also are also investigated in the context of light emission.[6% 74

One of the main reasons for this interest is the band-gap tunability of the perovskite materials.!'®
1 It has been demonstrated that by substituting the iodide in the MAPbI; with bromide, the
color of the resulting LED changes from red to green (Figure 2-13).[”>) By mixing chloride into

the MAPbBr3 perovskite, it is even possible to widen the bandgap to a level where blue

[74]

electroluminescence is visible.

Figure 2-13: Red and green light emission from MAPbI; and MAPBBTr3, respectively.!!
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Another approach to achieve blue emission has recently been published and is based on the
quantum confinement effect, where the bandgap energy of a material becomes larger with

reducing particle size.¥]

Due to the strong and efficient photoluminescence of the perovskite materials, it was possible
to induce lasing under high optical pump fluences. This was first demonstrated for MAPbI;3,1"¢]
and was later extended to iodide/bromide and bromide/chloride mixtures, enabling the fine-

tuning of the emission wavelength over the whole visible spectrum.t> 77!
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Figure 2-14: Compositional tuning of the emission wavelength of mixed halide perovskites based on
MAPDIz.+Brx and MAPbBr3.4Cly.!!
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3 Characterization

3.1 X-Ray Diffraction

X-ray diffraction (XRD) is a powerful tool to determine the atomic structure of crystalline
materials and to analyze the composition of phase mixtures. The principle of XRD
measurements is based on the scattering of electromagnetic waves in the Angstrem range (X-

rays) on structures, which have about the same physical dimension (see Figure 3-1).

incident beam scattered beam

Figure 3-1: Schematic representation of the scattering processes in an XRD measurement

Constructive interference can only occur on periodic lattices of matter and therefore leads to
diffraction patterns. The relationship between the angle of constructive interference and the

distance of lattice planes (d) is given by Bragg’s law:

ni = 2d sin(0) 1)

where n is the order of interference, A is the wavelength of X-rays (usually Cu Ka: A =1.540562
A), d is the lattice spacing and 0 is the angle of incidence. The dimension of structures that can
be resolved is in a range of about 0.1 nm to 20 nm, if angles from 0.5° 20 to 100° 20 are

considered.!!!
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3.2. Scanning Electron Microscopy (SEM)

3.2 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a useful tool to characterize surfaces and morphologies

at the nanoscale. The typical setup is depicted in Figure 3-2.

Electron source

I Anode
Condenser lens

I Bl Scan coils

Objective lens

.
* .
L]

‘I

| ' Sample

Figure 3-2: Typical set-up of a scanning electron microscope (SEM)

'OSE detector

An electron beam is created in the electron source, which is typically a heated tungsten filament
with a voltage of 3 to 30 kV applied. The electrons are accelerated with an aperture-like anode
and the beam is focused on the sample with various condenser lenses and moved around with
the help of the scan-coils. When the beam hits the specimen several things can happen: The
electron beam can simply be transmitted through the sample, gaining phase and diffraction
information (TEM), it can be backscattered from the surface (BE), remaining almost constant
in energy, or, necessary for SEM measurements, can be absorbed by the sample. These absorbed
electrons will relax within the sample and can be emitted again as electrons with lower energy,

so-called secondary electrons (SE).
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3. Characterization

These secondary electrons can be detected with an SE detector, which is placed at a certain
angle to the sample holder. In this way different heights and surface orientations, as well as the
composition of the illuminated spot, have a strong influence of the amount of secondary
electrons reaching the detector. By scanning the sample surface point for point with the electron
beam and recording the SE intensity for each point, it is possible to generate a microscopic

image of the sample.?!

Furthermore, when an atom is hit by an electron beam, it emits characteristic radiation, typically
X-rays. The energy of the emitted radiation depends on the atomic structure of the atoms in the
sample. These X-rays are sorted by wavelength in the analyzer and recorded by an X-ray
detector. The obtained spectrum can be used to estimate the atomic composition of the analyzed

sample. This technique is called energy dispersive X-ray spectroscopy (EDX).5!

3.3 UV-Vis Absorption Spectroscopy

Ultraviolet-Visible (UV-Vis) spectroscopy can provide valuable insights in the electronic
structure of materials by probing optical transitions from the ground state to various excited
states. This method can be applied for the quantitative and qualitative determination of the

absorption properties of liquid as well as solid samples.

In a liquid sample, where the chromophore is dissolved in a suitable solvent at a concentration
where molecular interactions are negligible, the absorbance A at a certain wavelength is defined
in equation 2, where I is the measured intensity and Io the intensity of the incident beam
(measured without inserted sample).

1(2)
Iy(2)

A(Q) = —log (2
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3.3. UV-Vis Absorption Spectroscopy

The absorbance is related to the concentration of the absorbing species via the Lambert-Beer
law (equation 3), where A is the absorbance at a certain wavelength A, € the specific absorption

coefficient, ¢ the concentration and L the optical path length.

AD) =g cl 3)

The determination of the amount of light absorbed can become more difficult if the sample is
not perfectly translucent, but involves scattering parts, as is normally the case for solar cells
supported on a transparent conductive oxide substrate. Due to the different refractive indices of
the different layers in a solar cell, light is scattered and refracted at the interfaces between the
different layers. In a simple model geometry for the determination of the absorption in the active
layer of a solar cell (sample on glass substrate), there are already three interfaces present that
involve scattering of light, namely the air-substrate, the substrate-sample and the sample-air
interface. In a fully assembled solar cell this becomes even more complicated, as a solar cell

typically also contains various charge selective layers as well as a reflective metal electrode.

The Lambert-Beer-Law is not applicable for the determination of the absorbance in such
complicated samples. Instead, a reliable determination of the absorbance can be achieved by
optical modelling based on the optical constants of each individual layer,*! or measurements

with an integrating sphere corrected by choosing a suitable reference.l!

The following procedure has been found to produce reliable results for a wide variety of thin

films samples and has been used throughout this thesis to estimate aborption in thin films:[¢

It is assumed that all light is either absorbed, transmitted or reflected by the sample. The
intensity of the incident light can therefore be written as percentages of absorbed (%A),

reflected (%R) and transmitted (%T) light.
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3. Characterization

%A + %R+ %T =1 “)

The different components of the light can be determined by transmission and reflectance

measurements of the reference and sample with the help of an integrating sphere.

For the transmittance measurement the sample has to be positioned just at the entrance port of
the integrating sphere. This way, all the transmitted light and the light scattered toward the
edges of the sample is collected. For reflectance measurements the sample is positioned at the
opposite end of the integrating sphere, just outside of the sphere. Only light reflected from the
surface will be taken into account in this measurement. These measurements have to be
performed for the reference and the sample. A suitable reference for thin film samples is the
supporting transparent substrate without the active layer. Additionally, the instrument
transmission baseline (100% T) without any optical obstacles in the beam path and a Spectralon

white standard (100% R) have to be acquired.

According to equation 4 the absorbance for each the sample and the substrate can be calculated
from the reflectance and transmittance. The absorption can be calculated from the absorbance

following equation 5.

A= —log(1— %A) )]

The absorption of the active layer is therefore the absorption of the complete sample reduced

by the aborption typical for the substrate (reference).

3.4 Photothermal Deflection Spectroscopy (PDS)

Photothermal deflection spectroscopy (PDS) is a tool to estimate wavelength dependent optical
absorption in thin film samples. In contrast to conventional UV-Vis spectroscopy, PDS is not

influenced by scattering and can detect light absorption 4 to 5 orders of magnitude lower.!”!
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3.5. Steady State Photo Luminescence (ssPL)

A schematic PDS setup is depicted in Figure 3-3. The sample is irradiated with a
monochromatic light beam normal to the sample surface. Upon absorption of the light the
sample heats up via non-radiative relaxation and creates a thermal gradient at the surface
reaching into the surrounding medium. The temperature change leads to a change in refractive
index. This refractive index gradient can be increased by immersing the sample in an inert liquid
that features a high change in refractive index per change in temperature. This changed
refractive index is probed with a CW laser that is directed parallel and very close to the sample
surface. Due to the varying refractive index in the light path through the medium, the beam is
deflected. The angle of deflection is a measure for the change in refractive index and therefore
the temperature increase in the sample induced by and proportional to the absorption of light.
By scanning the monochromatic pump beam through various wavelengths, an absorption

spectrum can be recorded.

I monochromatic
|Iight (pump beam)
'

position sensing detector
CW laser

(probe beam)
VN g

deflection medium

Figure 3-3: Schematic representation of the PDS set-up.

3.5 Steady State Photo Luminescence (ssPL)

Upon photo-excitation of an electron in a semiconductor, excited states within the conduction

band are occupied. These states will rapidly thermalize to the ground state of the conduction
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3. Characterization

band. The energy difference between the conduction band and the valence band (band gap),
however will most likely be released in the form of a photon. A schematic representation of the

absorption and emission processes is depicted in Figure 3-4.

Since the emitted photons possess the energy of the bandgap, valuable information of the energy

levels of a certain sample can be obtained by recording the photoluminescence signal.

conduction band

non-radiative
relaxation

hoto emission
absorption

valence band

Figure 3-4: Schematic representation of absorption and relaxation processes leading to photoluminescence

3.6 Time Correlated Single Photon Counting (TCSPC)

Time correlated single photon counting (TCSPC) is similar to ssPL in terms of the origin of the
signal. However, while in ssPL only the absolute energy and the intensity of the emitted photons
is registered, TCSPC offers the possibility to record the time-resolved kinetics of photoemission
from the band-edge. TCSPC is based on the repetitive and precisely timed registration of single

photons emitted from the sample.

In a typical experimental set-up, the sample is excited with a pulsed laser source. Every laser
pulse starts a stopwatch, which is used to measure the time until a photon is detected. As
depicted in Figure 3-5 the time difference between the photo excitation and emission is not a

constant value. As quantum mechanics predict, it is not possible to know when exactly the

49



3.6. Time Correlated Single Photon Counting (TCSPC)

relaxation process will occur. All we can predict about the lifetime of an excited species is its

statistical expectation over time.

fluorescence photon

|
[
I
]
————p !
start-stop-time 1 !

e
start-stop-time 2 !

@ 3.4 ns @ 4.7 ns

Figure 3-5: Measurement of start-stop times in a time-resolved fluorescence measurement with TCSPC.!®!

Therefore, it is not possible to determine the photoluminescence decay dynamics in a single
experiment. In a typical TCSPC experiment the laser is pulsed at frequencies between 100 kHz
and 80 MHz, so that a single experiment consists of a multitude of individual single photon
measurements. It is important to ensure that the excitation source is weak enough to allow a
maximum of one photoemission event per laser pulse cycle. Every individually measured decay

time is sorted into a histogram consisting of a range of time bins (Figure 3-6).

The resulting histogram normally shows an exponential decrease along the time axis. This again
is due to the quantum mechanical interpretation of decay processes, where it is only known that
half of the excited species will decay in a given time interval. The exponential decay can be

fitted with a matching function to extract this half-life time.
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Counts
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Figure 3-6: Histogram of start-stop times in time-resolved fluorescence measurement with TCSPC!8!

3.7 Current-Voltage Measurements

Solar cells are generally rated and compared to each other by their power conversion efficiency
(PCE, n). To ensure comparable results in different laboratories, the testing takes place under
standardized conditions, i.e. light intensity. The current standard for solar cell measurements is
the ASTM G173-03 air mass 1.5 global (AM1.5G) at a total light intensity of 100 mW/cm™ (1
sun).”’! This spectrum corresponds to the standard spectrum emitted by the sun corrected for

absorption and scattering by the atmosphere.

The efficiency of a solar cell is obtained by performing current-voltage (IV) measurements
under 1 sun illumination. For this measurement, a range of voltages is applied to the test-device
and the resulting current flowing through the solar cell is recorded. A typical IV-curve for a

perovskite solar cell is shown in Figure 3-7.
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3.7. Current-Voltage Measurements

ocC

Current Density \ mA/cm?

20 -

0.0 0!5 | 1.0
Applied Voltage \ V

Figure 3-7: Typical I-V and power curve for a perovskite solar cell.

The characteristic points in the IV curve are the short circuit current (Jsc) and the open circuit
voltage (Voc). The short circuit current corresponds to the current running through the cell with
no applied bias voltage. It depends on its optical absorption, the tendency to produce charge
carriers under illumination and the transport of these charge carriers to the electrodes. The open
circuit voltage is the voltage that has to be applied to neutralize the internal electrical field of

the solar cell, so that no current flows.

The product of Jsc and Voc corresponds to the power that is produced by the cell at any given
applied voltage. The point where the power curve is at its maximum value is called the
maximum power point (Pmax) and indicates the voltage needed for the solar cell to perform the

most efficiently. Pmax is related to the PCE via the relation
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3. Characterization

Pyax  Vmax Jmax

PCE = =
Pin Pin

()

where Piy is the power of the incident light.

To determine how good the performance of a solar cell is with respect to its maximum possible

efficiency, set by the Jsc and Voc, the fill factor (FF) was introduced. It is defined as

FF — Vmax - Imax _ Pyax
VocJsc VocJsc

(7

This equals the ratio between the light blue and dark blue rectangle in Figure 3-7. For a good

working solar cell the fill factor should be above 70 %.

3.8 Incident Photon to Current Conversion Efficiency (IPCE)

While standard IV measurements can only tell something about the overall efficiency of a solar
cell under sun-like white light illumination, it can be interesting to see how a solar cell reacts
to a monochromatic illumination. This kind of measurement is called incident photon to current
conversion efficiency (IPCE) or external quantum efficiency (EQE) measurement. The IPCE

can be expressed as

IPCE(A) = Nyg " Ninj * Ne ®

where nruE is the light harvesting efficiency, niyj the electron injection efficiency and 1. is the
electron collection efficiency. For the measurement, the solar cell is illuminated with

monochromatic light and the resulting short circuit current (Jsc(A)) of the solar cell is recorded

in dependence of the incident wavelength A. It can be calculated as
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3.9. Cyclic Voltammetry

Jsc(4)
APy

IPCE(A) = 1240 &)

where A is the wavelength and Pi, the power of the incident light. The overall short circuit
current Jsc under white light illumination can therefore be calculated as the integral of the
product of the wavelength dependent IPCE(L) and the incident photon flux density (F(1))

following the expression

Jsc = j e F(A) - IPCE(A)dA (10)

where e is the elemental charge of an electron. For an ideal solar cell measurement the Jsc
calculated from IPCE measurements should be equal to the Jsc obtained from white light

measurements.

3.9 Cyclic Voltammetry

Cyclic Voltammetry (CV) is a type of potentiodynamic electrochemical measurement. It is
generally performed in a three-electrode setup, consisting of a working electrode (the sample),
a counter electrode (typically a platinum mesh) and a reference electrode (for example a Ag/Ag”
reference electrode) immersed in an electrolyte. The voltage applied between the working and
the counter electrode is increased and decreased linearly in a cycling manner (sawtooth
potential) and the current flowing is recorded. Figure 3-8 shows the time-dependent trace of the
applied voltage. Starting from a certain potential at t; (equals ts) the voltage is increased to the
setpoint at t3, passing the standard potential of the sample at to. After reaching the setpoint, the
voltage is again linearly decreased past the red-ox potential (t4) to an opposite turning point at

ts. From now on, the value of the applied potential is cycled between the two extreme values

and the current is continuously recorded in dependence of the voltage.
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Potentia!
Current

E® Potential

t, t2 Q t4 ts
(a) Time (b)

Figure 3-8: Time-dependent trace of the voltage applied between the working and the reference electrode
in a CV experiment (a) and potential dependent current flowing between the working and the counter
electrode (b).["

When first applying a reducing potential (from t; to t3) the cathodic current will increase until
all reducible species in the sample are reduced. From this point on, the current will decrease
even when higher potentials are applied. After the applied voltage has reached the set-point (t3)
it is reversed (to ts). At some point during the reverse scan the sample will be re-oxidized (if
the reduction is reversible) and an anodic current peak can be monitored. The more reversible
the red-ox reaction is, the more symmetric is the reduction and oxidation peak to the standard

potential E°. Hence, cyclic voltammetry is a suitable tool to gain insights over the reduction and

oxidation potentials of the analyzed samples.
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4 Solution Deposition-Conversion for Planar Heterojunction Mixed

Halide Perovskite Solar Cells

This chapter is based on the following publication:

Pablo Docampo*, Fabian C. Hanusch*, Samuel D. Stranks, Markus Ddblinger, Johann M.
Feckl, Martin Ehrensperger, Norma K. Minar, Michael B. Johnston, Henry J. Snaith, Thomas

Bein, Advanced Energy Materials 2014, 4, DOI: 10.1002/aenm.201400355.

*These authors contributed equally to this work

4.1 Introduction

Alkylammonium metal trihalide perovskite absorbers first employed in working photovoltaic
devices were based on liquid electrolyte sensitized solar cells. Introduced by Kojima et al., they
exhibited a starting point power conversion efficiency of 3.8% with further work quickly
extending it to over 6%.!"? It wasn’t until a solid-state configuration was employed, however,
that high device efficiencies were achieved.*->) Initial results were reported at 9% for perovskite
sensitized titania-based devices, [*! and further improvements were simultaneously achieved in
a “meso-superstructured” configuration by replacing the mesoporous TiO> scaffold with an
electronically inactive mesoporous Al>Os layer, exhibiting device efficiencies of over 12%.5"!
Some of the key advantages for this material system over other competing device concepts are
that they are compatible with solution-processing techniques and can be fully processed at low

temperatures, enabling their use in flexible device applications.!®

Recently, Burschka ef al. have demonstrated a method whereby an initial Pbl, film is deposited
over a mesoporous TiOz structure, which is then fully converted into the methylammonium lead

triiodide (MAPbI;) perovskite via a second step.”) The lead iodide coated substrates are
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4.1. Introduction

immersed in a methylammonium iodide (MAI) solution in isopropanol for a short time (<
Imin), resulting in the conversion of Pbl; into the perovskite phase. The resulting films are
coated with the hole transporter 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-
spirobifluorene (Spiro-MeOTAD) and a metal cathode, resulting in solar cells which approach
the 15% benchmark.['” Recently, this fabrication method was extended for planar
heterojunction based devices by Liu et al. where a planar Pbl, film was deposited over a ZnO
blocking layer, and was then converted into the MAPbI; perovskite in a second step. '] This
resulted in perovskite crystal sizes ranging from 100 to 1000 nm and an average thickness of
~300 nm. The resulting device performance of 15.7% is currently the highest performance
achieved for perovskite solar cells, pointing towards planar heterojunction devices as a

promising device architecture for further technological improvements.

The short circuit currents demonstrated for the devices prepared by Liu and coworkers of
20.4 mAcm?2!"! while high, are still short of the maximum current of over 22 mAcm™
reasonably achievable, taking into account other light capture losses for this material.l) A
crucial limitation in this respect is the low diffusion length of the photoexcited species in the
MAPbI; perovskite of around ~100 nm.['% 131 This parameter can be greatly extended with the
inclusion of chloride in the precursor solution to over 1 pm.["> 1 Furthermore, it has been
recently shown that the inclusion of chloride is beneficial for charge transport in the photoactive
layer.!' It is expected that the addition of chloride results in improved short circuit currents
and thus overall photovoltaic performance. It is worth noting here that for devices incorporating
mesoporous TiO> photoanodes, the neat triiodide perovskite functions efficiently without the
need for the extended diffusion length of the photoexcited species.['® '] This is a result of the
interpenetrated nature of the collection photoanode, which exhibits pore sizes in the order of

tens of nanometers, which in effect reduces the distance electrons must travel to this magnitude
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before being collected. In the case of planar heterojunctions, electrons must travel the whole
thickness of the film, which can sometimes exceed hundreds of nanometers and thus extended

diffusion lengths are a requirement for efficient operation.

Here we present planar, fully solution-processed heterojunction solar cells based on the solution
deposition-conversion technique. We highlight the criticality of chloride in MA lead halide
perovskites via a controlled addition of methylammonium chloride (MACI) to the MAI
immersion solution. The resulting devices exhibited power conversion efficiencies approaching
15%, and more importantly, showed short circuit currents of over 22 mAcm™, representing a
gain of over 10% over state-of-the-art devices.''! The parameter most influenced by the
presence of chloride is the photoluminescence lifetime of the phot:oexcited species in the
device, which reaches values exceeding 300 ns, matching previously reported results for the
solution processed mixed halide perovskite films.'?l Additionally, a reduction of series

resistance from 14 to 7 Qcm? was also observed.

4.2 Results and Discussion

The solar cells developed in this work are composed of a TiO/Perovskite/Spiro-MeOTAD
planar heterojunction, deposited on an FTO electrode and capped with a gold electrode (Error!

eference source not found.).
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4.2. Results and Discussion
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Figure 4-1: Schematic of the device structure. The expected charge transfer process is denoted via arrows.

The perovskite deposition was performed in two steps: firstly, a ~200 nm Pbl, film was
deposited via spincoating, followed by full conversion into the MAPbI3.<Clx perovskite via
immersion in a heated solution of a mixture of MAI and MACI in isopropanol (IPA). A cross
section of the final device structure can be seen in Figure 4-2e. The initial Pbl; film is shown
in the cross sectional image in Figure 4-2a-b, where we can observe distinct Pbl> sheets,
oriented flat over the non-porous TiO> layer. The uniformity of the layer can be assessed from
Figure 4-2b where we show an extended view of the cross section. Additionally, from the top
views shown in Figure 4-2c and d we can see that the layer is smooth and covers 100% of the
TiO2-coated FTO glass substrate. After immersion, we can clearly observe the formation of the
perovskite crystals, as shown in Figure 4-2g, with a mixture of crystal sizes ranging from
approximately 100 to almost 600 nm in length. As can be seen in the low magnification image

in Figure 4-2h, the surface coverage is approximately 100%.
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‘Pe,rgvskite
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view images of the same Pbl: films, with high magnification c) and low magnification d). e) and f) SEM cross-
sectional images of the fully converted Pbl: film (from the top row) into MAPbIzxClx with high magnification
g) and low magnification h). All layers are labeled in the image.

To assess the impact of chloride addition on the structure, the films were analyzed via powder

XRD after removal from the substrate.
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Figure 4-3: (Left): UV-Vis absorption spectrum of the samples immersed in a 10 mgmL-! MAI solution for
different times. The feature at 500 nm corresponds to Pblz, the absorption onset of the perovskite is at
760 nm. (Right): XRD of the same samples. The feature at 12.6° 20 corresponds to the Pbl: (001) reflection,
whereas the features at 14.2° 2 © corresponds to the perovskite (110) and (002) reflections.
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The perovskite films presented here are phase pure, crystallized in the expected tetragonal
[4/mem space group.!'®! No impurities were found, in contrast with other solution-deposition

methods that usually exhibit a small fraction of crystalline Pbl, and MAPbCls (Figure 4-3).1%

15]

However, the change of the lattice parameters, attributed to the presence of chloride, reported
for perovskites formed within mesoporous scaffolds was not observed for the system presented
here.[') Moreover, samples of MAPbI;.«Clx perovskite prepared according to the established
protocol in previous studies (spin-coating from a mixture of MAI/PbCl,) also did not show a
significant change of lattice parameters.['> 1°] A similar result was found for films grown within

mesoporous Al,O3 templates (Figure 4-4).
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Figure 4-4: Wide angle X-ray diffraction patterns of samples with different Cl*-content in the immersion
solution and extracted unit cell parameters. All samples crystallize in the I 4/mcm structure with similar
lattice parameters. No change in the lattice was observed by adding chloride to the immersion solution. This
matches the result obtained for the samples spin-coated from the precursor solution.
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This suggests that the vast majority of the chloride ions present in the precursor solution are not
incorporated in the final structure. The chloride content in the structure was under the detection

limit of both EDX (Figure 4-5) and EELS (Figure 4-6) and could not be quantified.
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Acquire EDX BEG Fit
W Acquire EDX

Counts

Energy (kev)

Figure 4-5: EDX spectrum of MAPbI3-xClx. The spectrum mainly shows Pb, I, C and Cu. The Cu-peaks
and a major part of C-signal are due to the sample substrate, a carbon film coated copper grid. A possible
Clsignal at 2.6 keV from CI-KO is overlapping with Pb M 1. The peak fit for the Pb-M lines does not leave
any significant intensity to be attributed to the CI-K line. This means that the CI concentration is below the
detection limit of the setup.
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Figure 4-6: EEL spectrum of MAPDbI3xClyx. The relevant edges typical for Cl at 200 eV loss could not be
detected.
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We have also performed XPS measurements to check whether the chloride sits on the crystal
surface as shown in Figure 4-7. Again as was the case for other detection methods, the amount
of chloride was below the detection limit of the instrument. Additionally, we have performed
coulometric titration with silver ions, colorimetry with mercurythiocyanate and Fe** ions as
well as elemental analysis. However, the iodide signal present in all these measurements heavily
interferes with the small chloride signal and therefore the amount of the latter in the structure
could not be quantified. For samples incorporating more than 20wt% of MACI in the immersion
solution a secondary MAPbCIl; phase was formed and thus this concentration was chosen as the

upper limit.
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Figure 4-7: Survey XP spectra of samples containing different nominal Cl amounts. The spectra are taken
as received and after additional argon ion polishing (1 keV ion energy) denoted 15 and 30 min sputtered
respectively. Inset: detailed spectra of the Cl 2p region. The red dotted lines show the expected peak
positions for chloride-containing samples.
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The photovoltaic performance of devices incorporating perovskite films fabricated with a range
of MACI concentrations in the immersion solution is shown in Figure 4-8. We can clearly see
major increases in all device parameters, particularly short circuit current and fill factor, even
for low MACI concentrations. The maximum performance was obtained for concentrations of
5 wt% MACI, which resulted in a champion device exhibiting almost 15% power conversion
efficiency, 22.8 mAcm™ short circuit current and an open circuit voltage approaching 1 V under

104 mWcm™ equivalent AM 1.5 sunlight.
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Figure 4-8: a) JV curves measured under AM 1.5 solar irradiance and 104 mWcm™? equivalent light
intensity conditions for the best performing MA lead halide perovskite devices for a range of MACI
concentrations in the immersion solution. The inset summarizes the photovoltaic parameters: short circuit
current (Js, mA ¢cm2), open circuit voltage (Vo, V), fill factor (FF, %), power conversion efficiency (1, %),
and series resistance (R, Q cm?). A spectral mismatch factor of 1.02 was calculated for the devices prepared
in this study, resulting in an equivalent 104 mWcem irradiation intensity.?"! b) The efficiency values are
shown as Box plots for efficiency distributions for a range of MACI wt% concentrations in the immersion
solution. Whiskers represent the 10/90 percentile while box edges represent the 25/75 percentile. Small
square symbol inside the boxes represents the mean, while the line across the boxes represents the median.
The X symbols represent the maximum and minimum values. Each box represents the statistical
distribution of between 30 and 40 working devices prepared under similar conditions.

The average power conversion efficiency for the optimum fabrication protocol including MACI
is 10.5%, as shown on Figure 4-8b, which is much more efficient than the one found for neat
triiodide of 5.5%. A histogram of device power conversion efficiencies is shown in Figure 4-9

as well as an Incident Photon to Current Conversion Efficiency (IPCE) spectrum Figure 4-10.
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Figure 4-9: Power conversion efficiency histogram for a batch of 40 devices fabricated with 5 wt% MACI
in the immersion solution. Most of the devices exhibited a power conversion efficiency between 11 and 14 %.
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Figure 4-10: IPCE spectrum of the best performing device with 5 wt% MACI in the dipping solution, as
well as for a neat triiodide device.

Once this peak MACI concentration is exceeded, the devices start exhibiting both lower short
circuit currents and lower voltages. This is very likely due to the observed morphology changes
of the films, which exhibit average crystal sizes exceeding those of the neat triiodide by
approximately 50% (Figure 4-11), and the appearance of a larger number of gaps between the

crystals (Figure 4-12).01%
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Figure 4-11: Top-view SEM images of perovskite films which were converted with a range of MACI
concentrations in the immersion solution.
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Figure 4-12: Particle size distribution derived from the top-view SEM images presented in Figure S8,
obtained through visual analysis.
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Additionally, we quantified the series resistance present in the devices (see inset of Figure 4-8a)
and observe a decrease from 14 = 1 to 7 = 1 Qcm?, upon addition of chloride. This clearly
accounts for the improvement of the fill factor measured, and is consistent with previous
observations of mixed halide perovskites.!'>) The neat MAPbI; solar cells presented here
perform significantly worse than state-of-the-art devices presented by Liu and coworkers.!!]
This is very likely due to the larger grain size present in our films, as well as the use of a TiO»
blocking layer, which increases series resistance and does not collect charge as efficiently at
higher biases. However, the important parameter in terms of this work, short circuit current, is
comparable between the two studies and thus represents a valid platform to compare neat and

mixed halide perovskite solar cells.

The measured short circuit currents are consistent with those estimated from light absorption

measurements inside an integrating sphere (Figure 4-13).
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Figure 4-13: (Left): Spectral quantification of the light absorbed in each of the layers of the device, labelled
in the figure. (Right): UV-Vis absorption spectrum of perovskite films prepared through the
deposition/conversion method with different MACI concentrations in solution. All measurements were
taken with an integrating sphere. The optical densities obtained were doubled as a first approximation to
account for the 2 passes of light due to the presence of the highly reflective metal electrode. The maximum
short circuit current (max Jsc) was estimated by integrating the solar spectrum with the absorptance values
after subtracting the device reflectance and contributions from the FTO electrode. The values were
corrected for a spectral mismatch of 1.02 and solar simulator lamp power of 102 mWcm™ (denoted as max
Jse corrected) for direct comparison with the JV curves presented in Figure 3.
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We also find that increasing the MACI content in the immersion solution improves light
absorption at the bandgap edge due to the marginally higher scattering of these films. However,
there is little room for improvement in this regard for the devices prepared here, as only an extra
~5% photocurrent could be gained if 100% of the incoming light were to be absorbed. All the
additional losses in overall light harvesting arise from parasitic absorption in the FTO and
reflection at the glass/air and glass/FTO interfaces. If no losses were present in the system, a
maximum short circuit current of 27.15 mAcm™ could be achieved. Both films fabricated from
mixed halide or neat MAI absorb light similarly, however, neat MA lead triiodide films exhibit

a 10% lower short circuit photocurrent.

In order to understand this difference, we have performed time-resolved photoluminescence
measurements, shown in Figure 4-14and the resulting decay parameters are summarized in

Table 4-1.
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Figure 4-14: Time-resolved PL decay plots of MA lead mixed halide perovskite systems for a range of wt%
MACI concentrations in the immersion solutions. The excitation wavelength was chosen at 507 nm, the laser

head was pulsed at 500 kHz with an excitation fluence of 0.3 pJem™?/pulse, and the resulting PL was
measured at 778 nm.
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This technique yields important information about the lifetime of excited species in photoactive
materials and can be used to extract their diffusion length by comparing films with and without

12,131 Here, slower decays can be correlated with longer diffusion

a selective charge quencher. [
lengths, indirectly giving a measure of charge collection efficiency for a given film thickness.
For the excitation intensity and wavelength used, the PL is expected to arise mostly from
recombination of free charges, as the exciton binding strength for this system is relatively low
(Eb ~ 50 meV).2"2¥ For all samples measured, we observe clearly biexponential decay
dynamics, which may be a result of the widely varying crystal sizes present in the films, ranging
from very small crystals of around 100 nm to some that approach the micron scale. Neat MA
lead triiodide films exhibit lifetimes for the fast component of approximately 18 ns and a slow
component of ~55 ns (Table 4-1). We note that these decay dynamics are several factors slower
[12, 13]

than those measured previously for the same triiodide system deposited via spincoating,

even for the fast component measured in the devices presented in this work.

Table 4-1: Summary of the biexponential fit decay parameters for the PL decays shown in Figure 4.

MACI content Afast tfast Aslow tslow
in solution [wt%] [A.U.] [£1ns] [A.U.] [+1 ns]

0 1205 18 3494 55
1 2900 22 932 74
2.5 1150 33 1325 112
5 919 91 401 316
10 1018 90 400 364
20 537 80 1016 262

The slower decay dynamics measured here imply that the charge diffusion length is longer than
measured previously, allowing efficient charge collection in thicker films so a larger fraction
of the solar spectrum can be harvested. Additionally, we note that previous measurements on
the PL lifetimes for neat triiodide films were performed on films consisting of very small
crystals in the range of tens to a hundred nanometers.['> 1*l We can clearly see that the addition

of chloride has a dramatic effect on the dynamics of the photogenerated species, where long
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lifetime values of over 300 ns were found for films immersed in a solution mixture exceeding
5 wt% of MACI, consistent with recent results for mixed halide perovskites.!'? Increasing the
concentration of MACI beyond this point does not result in longer lifetimes, consistent with
previous calculations which predict that only a very small fraction of the chloride ions can in

fact be incorporated in the structure.!'”)

The differences in PL lifetime may account for the observed losses in short circuit photocurrent.
Diffusion lengths could not be calculated for the presented films since the roughness of the
perovskite film prevents a reasonable estimation using previously-employed techniques.[!>

24 However, as a first approximation we may use literature values for the diffusion coefficient
(D) in MA lead triiodide films and scale the diffusion length (Lp) according to our measured
PL lifetimes (1) as Lp = \/D_er In this way, we can roughly estimate a 200 nm diffusion length
for neat triiodide films and over 800 nm for samples that have been treated with chloride. A
diffusion length of 200 nm, while longer than estimated previously,!'¥) is not sufficiently long
for the films presented in this work, where a large fraction of the crystals clearly exceed this
thickness (Figure 4-11). Moreover, to achieve close to 100% charge collection, the diffusion
length must approach 3 times the film thickness.?*! Thus, we can account for our photocurrent

losses in samples that have not been prepared with chloride.

4.3 Conclusion

We have demonstrated that the short circuit current of solution-processed planar heterojunction
solar cells can be improved via the addition of chloride in the immersion solution, overtaking
those exhibited by current state-of-the-art devices. We have shown that planar Pbl> films can

be fully converted within 5 minutes to the MAPbI3.xClx perovskite structure by immersion in a
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heated solution mixture of MAI and MACI. We find that the addition of chloride critically
impacts the lifetime of photoexcited species in the active material, increases light absorption at
the bandgap edge and reduces the device series resistance, enabling almost complete sunlight
capture in 400 nm thick films. It is worth noting here that the diffusion length of photoexcited
species of the neat triiodide perovskite prepared via the deposition-conversion technique is
roughly 200 nm; longer than estimated for films deposited via other methods. For this reason,
films prepared in this way perform well in comparison to previous reports of solution processed
MAPbI; planar heterojunction devices.!'> 1*26-27] This indicates that the photovoltaic properties

of the material are highly sensitive to the method of film formation and crystallization.

4.4 Experimental Section

Preparation of the methylammonium salts: methylammonium iodide was prepared following a
recipe published earlier.’! In short, 24 mL of methylamine solution (33 % in ethanol) was
diluted with 100 mL of absolute ethanol. To this solution, a 10 mL aqueous solution of
hydriodic acid (57 wt%) was added under constant stirring. After a reaction time of one hour at
room temperature, the solvents were removed by rotary evaporation. The obtained white solid

was washed with dry diethyl ether and finally recrystallized from ethanol.

To prepare the hydrochloride salt of methylamine, the hydriodic acid solution was replaced by
15 mL of concentrated hydrochloric acid (37 % in water). The purification procedure was the

same as described above.

Solar cell preparation: Fluorine doped tin oxide (FTO) coated glass sheets (7 Q/o, Pilkington)

were etched with zinc powder and HCI (2 M) to obtain the required electrode pattern. The sheets
were then washed with soap (2% Hellmanex in water), de-ionized water, acetone, and methanol

and finally treated under oxygen plasma for 5 minutes to remove the last traces of organic
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residues. The substrates were then coated with a sol-gel derived TiO> layer, prepared as

previously described and calcined at 500 °C in air to achieve full anatase crystallization.%!

A 27.2 mM HCI solution in 2-propanol (Sigma Aldrich) (typical quantities of 2.53 mL of 2-
propanol and 35 pL of 2 M HCI) was slowly added dropwise under vigorous stirring to a 0.43 M
titanium isopropoxide solution in 2-propanol (typically 369 pL titanium isopropoxide in 2.53
mL of 2-propanol). The solution looked clear at all times, and was immediately discarded if

cloudy.

A ~200 nm layer of lead iodide was deposited via spincoating from a 1 M Pbl; solution in N,N-
Dimethylformamide (DMF) at 3000 rpm for 15 s. To achieve optimum performance, it was
critical to ensure that both the substrate and precursor solution temperature when starting the
spincoater is between 60 and 65 °C. The spincoating was performed dynamically (i.e. the
solution was added while the substrate was spinning) with a total 100 pL of solution, without

allowing the substrates or solution to cool.

The stock immersion solutions were prepared by dissolving 10 mg/mL methylammonium
iodide or methylammonium chloride in dry isopropanol, the latter with heating to 60 °C. For
mixing the desired concentrations, these stock solutions were combined in the desired ratio.
Before immersion, 40 mL of the solution and the Pbl, films were heated to 60 °C on a hotplate.
The temperature of the solution was monitored during the whole time with a thermometer. After
immersion of the films into the solution in a square petri dish with the substrates face up, the
solution was left undisturbed for 5 minutes. Once the conversion was finished, the films were

washed with clean, anhydrous isopropanol and dried under a nitrogen stream.

After drying, the films were covered with a 400 nm layer of Spiro-OMeTAD (Borun Chemicals,

99.1% purity) “spiro”. 96 mg of spiro were dissolved in 1 mL of chlorobenzene and mixed with
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10 mL 4-tert-Butylpyridine (1BP) and 30 uL of a 170 mgmL™"' bis(trifluoromethane)sulfonimide
lithium salt (LiTFSI) solution in acetonitrile. This solution was spincoated at 1500 rpm for
45 seconds. Before evaporating the gold electrodes, Spiro-OMeTAD was allowed to oxidize in

air over night at room temperature and 15-20% rel. humidity.

PL sample preparation: For the preparation of the PL samples glass slides were used instead of
FTO substrates. The Pbl, deposition and immersion procedure in the MA salt solutions was the
same as described above. We note that exposure of the glass slides to oxygen plasma was
essential in order to achieve optically smooth films. After drying of the converted films in a
nitrogen stream, they were covered with a poly(methyl methacrylate) (PMMA) layer to prevent
degradation by ambient moisture. For this purpose, a solution of PMMA (10 mg/mL) was

dissolved in 1 mL of chlorobenzene and spincoated at 1000 rpm for 45 seconds.

Characterization details: Solar simulated AM 1.5 sunlight was generated with an ABET class
AAB solar simulator calibrated to give 102 mWcm™ using an NREL calibrated KG5 filtered
silicon reference cell. The spectral mismatch factor was calculated to be 2%. The JV curves
were recorded with a Keithley 2400. The active area of the solar cells was defined with a metal

aperture mask of about 0.08 cm?.

Steady-state absorption spectra were acquired with a Varian Cary 300 UV/Vis
spectrophotometer using an integrating sphere. The films were measured in a one-pass
configuration, so in order to account for the highly reflective nature of the metal cathode, the
optical densities were doubled as a first approximation. The FTO absorption was quantified as
previously,!®) where transmittance and reflectance were measured for the glass/FTO/air system

in an integrating sphere.

Incident Photon to Charge Carrier Efficiency (IPCE) spectra were obtained using a Fourier

transform photocurrent spectrometer, incorporating a Fourier transform spectrometer (Vertex

74



4. Solution Deposition-Conversion for Planar Heterojunction Mixed Halide Perovskite
Solar Cells

80v, Bruker), current preamplifier (SR570, Stanford Research Instruments) and custom-built
control electronics and software. The spectrometer was configured with a tungsten-halogen
light source and CaF, beam splitter. Photocurrent was recorded from short-circuited devices
following the application of 2V forward bias. The spectra were calibrated against
measurements taken with the same system on a reference silicon photodiode with a known
IPCE spectrum. The solar cells and reference diode were masked with a metal aperture to define

the active area of ~0.0625 cm?.

Time-resolved PL measurements were acquired using a time correlated single photon counting
(TCSPC) setup (FluoTime 300, PicoQuant GmbH). The samples were photoexcited using a
507 nm laser head (LDH-P-C-510, PicoQuant GmbH) pulsed at 500 kHz, with a pulse duration
of 117 ps and fluence of ~300 nJcm?/pulse. The samples were exposed to the pulsed light
source set at 3 uJem™?/pulse fluence for ~10 minutes prior to measurement to ensure stable
sample emission. The PL was collected using a high resolution monochromator and hybrid

photomultiplier detector assembly (PMA Hybrid 40, PicoQuant GmbH).

Scanning electron microscopy (SEM) images were obtained using a Hitachi S-4300

microscope.

Energy dispersive X-ray (EDX) spectra were acquired with an EDAX Si(Li) detector. The
spectrum shown in Figure S4 was acquired over 32 min at a dwell time of 102.4 us and

5 eV/channel.

EEL spectra were recorded with a post column filter (Gatan Tridiem 863 P) at a dispersion of

0.2 eV in diffraction mode (camera length 102 mm).
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5 Influence of the Orientation of Methylammonium Lead Iodide

Perovskite Crystals on Solar Cell Performance

This chapter describes the influence of different preparation parameters in the before

mentioned synthesis route and is based on the following publication:

Pablo Docampo*, Fabian C Hanusch*, Nadja Giesbrecht, Philipp Angloher, Alesja Ivanova,

Thomas Bein, APL Materials 2014, 2, 081508.

*These authors contributed equally to this work

5.1 Introduction

Perovskite solar cells are emerging as promising candidates for thin film photovoltaics with
power conversion efficiencies already approaching other established inorganic thin film
technologies. These devices can be processed easily from solution, do not require high sintering
steps and can be prepared on flexible substrates,!!*) while already achieving high photovoltaic
performance. To date, values of up to 16 % were reached via different fabrication techniques,[*

81 and achieving higher performances of up to 20% could be feasible in the short term.[!

Methylammonium lead iodide (MAPDI3) perovskites were initially introduced to photovoltaics
in 1odine/iodide electrolyte based sensitized solar cells by Miyasaka and coworkers, with a
starting efficiency of 5%.'"% However, these devices were highly unstable due to the
degradation of the perovskite film by the electrolyte. It was not until the introduction of meso-
superstructured perovskite solar cells by Snaith and coworkers that performances of over 12 %
were achieved with the solid-state hole transporter 2,2°,7,7 -tetrakis-(N,N-di-p-

methoxyphenylamine)9,9’-spirobifluorene (Spiro-OMeTAD).”l Hybrid perovskite solar cells
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can now achieve high power conversion efficiencies of over 15% when processed as thin film
photovoltaic devices and over 16% in a sensitized photoanode configuration.!* > & 11 The
former architecture is particularly attractive for flexible and tandem applications, as they are
compatible with low temperature processing (<150 °C), compared to employing a mesoporous

Ti0; photoanode which requires a heating step at 500 °C.

The fabrication protocol for state-of-the-art planar heterojunction devices is based on a
sequential deposition/conversion technique, first introduced by Liang and coworkers!!?! and
later applied to perovskite solar cells by Burschka and coworkers.[*! Firstly, a film of PbI2 is
deposited either via evaporation or solution processing onto a metal oxide non-porous layer.
The substrate is then immersed in a solution containing an alkyl ammonium salt where the
conversion into the perovskite phase takes place. Following this approach, Liu and coworkers
obtained perovskite crystals ranging in size from tens to hundreds of nanometers and complete
surface area coverage. In all previous work employing this technique, the neat MAPbI;
perovskite has been used. In planar configuration devices, this choice limits the maximum
possible short circuit currents, as the charge diffusion lengths have been determined to be

13, 14

around 100 nm.! I We have recently extended this technique to include chloride in the

perovskite film formation, ' thus achieving higher short circuit photocurrents due to the longer

charge diffusion lengths present in this system approaching the micron scale.!!*!

Here, we further study the deposition/conversion technique for planar heterojunction solar cells.
We show that it is critical to achieve full perovskite conversion in order to achieve maximum
performance and high short circuit currents. We also show that the perovskite crystal orientation
can be modified by the temperature of the immersion solution, and find that a high degree of

oriented crystals is necessary for efficient operation.
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5.2 Results and Discussion

The device architecture for planar heterojunction perovskite solar cells used in this study is
composed of FTO/Ti02/MAPDI3/Spiro-OMeTAD/Gold, as shown in the schematic in Figure
5-1. The TiO; layer is non-porous and acts as the electron selective contact, while spiro-
OMeTAD is used as the hole collecting contact. The perovskite film was deposited via a two-
step deposition/conversion process, where a layer of Pbl, was first deposited via spin-coating,
followed by conversion to the perovskite phase in a second step via immersion in a solution of

methylammonium iodide and chloride in isopropanol at varying temperatures.[!

Gold

Figure 5-1: a) Schematic of the device architecture. b) Energy level diagram with respect to vacuum for all
the layers comprising the solar cell (numbers in eV).

In order to monitor the conversion of the Pbl, phase into the perovskite phase, XRD
measurements for increasing immersion times were performed (Figure 5-2). The peak observed
at 12.65 degrees 20 corresponds to the (001) reflection of Pbl, and the peak on 14.2 degrees
corresponds to the first reflection of the perovskite phase. By following the evolution of these
two peaks we could determine at which point full conversion was achieved, which depended

both on temperature and lead iodide film thickness.
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Counts (A.U.)

2Theta (deg)

Figure 5-2: XRD measurements for Pbl. films immersed for a range of times in the perovskite conversion
solution.

The evolution of the film with time after this point can be seen in the SEM images of Figure
5-3, showing the increase of the crystal size with longer immersion times. However, gaps start
appearing in the films at longer immersion times. Full area coverage is essential for optimum
device performance,!! 1% therefore, the conversion was stopped when no crystalline lead iodide
was left in the film. The shortest time with no residual lead iodide peak at approximately 12.65°
was chosen for further experiments and is summarized in Table 5-1 for a range of lead iodide

thicknesses and immersion temperatures.

Figure 5-3: SEM image of the top view of MAPbIs-perovskite films on glass with an initial 90 nm Pbl: layer
thickness and 60 °C immersion temperature for a range of immersion times: a) 2 min, b) 5 min and c¢) 15min.
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Table 5-1: Immersion times at different temperatures for the prepared Pbl: layer thicknesses required to
achieve full perovskite conversion.

PbI>-layer thickness Temperature/Time (min)
30°C  40°C 50 °C 60 °C
90 nm 30 15 8 5
230 nm 35 20 12 8
280 nm 40 25 15 10
330 nm 43 30 20 12

In Figure 5-4 we show the photovoltaic performance of devices that have been fabricated from
lead iodide films immersed for a range of times in the perovskite conversion solution. We find
that full conversion of the lead iodide film is essential for good device performance. Films
which are not fully converted do not sustain the current at short circuit conditions, even when
scanning from open circuit to short circuit. This anomalous behavior has been observed
previously for this family of materials and is currently under intensive investigation by several
research groups.!'”2!1 As the conversion occurs from the top of the lead iodide layer downwards,
the methylammonium iodide cation requires a certain amount of time at a given temperature to
diffuse through the whole structure. It is likely that the residual lead iodide layer in films that
are not fully converted inhibits charge transfer from the perovskite to the TiO2 underlayer, as

electrons are required to travel upwards in energy to cross this interface.

a)\25 — T T T 1 r T T T b) T
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< :
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Figure 5-4: a) JV curves measured under AM 1.5 solar irradiance and 100 mWcm? equivalent light
intensity conditions for the best performing MA lead iodide perovskite devices for a range of immersion
times. b) SEM cross section of a device which has not been fully converted into the perovskite phase.
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We note here that fully converted films, while showing standard JV curve shapes for solar cells
when scanned with 50 mV steps and 100 ms delay times, show a different behavior when
scanning from past open circuit to short circuit than on the reverse scan. We show these results
in Figure 5-5, where “hysteresis” can be observed at these scan rates. When these solar cells
are held at short circuit conditions for extended periods of time, the short circuit current drops
to less than half its value in under half a minute. Solar cells fabricated from perovskite films
that are not fully converted to MAPbI3 are an extreme example of this behavior, where the
current drops even while scanning the JV curve as shown in Figure 5-4. This may be due to a
residual interfacial lead iodide layer between TiO2 and the perovskite crystals, which could still
be present even when the crystalline lead iodide signal disappears from the XRD measurements.
Longer immersion times, however, did not solve this issue, where devices immersed for 10 min
still showed hysteretic behavior and far lower photovoltaic performance. It is worth noting here
that this anomalous hysteretic effect, to a lesser extent, is also present when the same sequential
deposition/conversion technique is applied to lead iodide layers within a mesoporous TiO»

film.!'®]

25 ——
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0.00 0.25 0.50 0.75 1.00 1.25
Voltage (V)
Figure 5-5: JV curves measured under AM 1.5 solar irradiance. Backward scan refers to the device being
measured from short circuit to past open circuit, while forward scan refers to the device measured from

past open circuit to short circuit. The inset summarizes the photovoltaic performance parameters. The JV
curves were scanned with a 50 mV step and 100 ms delay.
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Other parameters which affect film formation, both initial Pbl, layer thickness and conversion
solution temperature, were also studied. The highest power conversion efficiencies of up to
14.3% were achieved with lead iodide layer thicknesses between 230 and 280 nm and an

immersion temperature of 60 °C, see Table 5-2 for details.

Table 5-2: Summary of the lead iodide layer thicknesses achieved by spincoating from solutions and device
substrates heated to different temperatures and spin-coating speeds.

Spin-coating speed
Temperature 2000 rpm 3000 rpm
1 M Pbl; solution in DMF
50 °C ~330 nm ~230 nm
60 °C ~280 nm
0.75 M Pbl; solution in DMF
50°C | ~90 nm

A summary of photovoltaic parameters for the best performing devices can be found in Table
5-3. Interestingly, it was found that the immersion temperature did not significantly influence
the average perovskite crystal size when the conversion was stopped at the minimum time

possible after full conversion of the lead iodide layer (See Figure 5-6).

Figure 5-6: SEM top view images of perovskite films converted at 30 °C (left) and 60 °C (right).

This may be due to the perovskite/TiO: layer interface interaction. In a previous study, Eperon

et al. have shown that the interaction between the TiO> layer and the perovskite film determines
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the film formation properties, i.e. surface coverage and crystal size.l'é! As the films in this work
all employed the same TiO» layer, this may be the reason why perovskite crystal size is
independent of the immersion temperature. We note here that when the samples are prepared
on plain glass, big differences between samples converted at 30 °C and at 60 °C appear, where

the crystal size more than doubles at the higher temperature.

Table 5-3: Summary of the photovoltaic parameters for the best cells at each PbI: thickness/conversion bath
temperature.

Pblr-layer thickness | Jsc (mAcm?) Voc (mV) Fill factor PCE (%)

30 °C

90 nm 0.9 858 0.72 0.5

230 nm 9.0 905 0.60 4.9

280 nm 7.4 906 0.60 4.0

330 nm 11.7 897 0.56 5.8
50 °C

90 nm 4.3 679 0.28 0.8

230 nm 8.5 732 0.19 1.2

280 nm 17.0 1030 0.60 10.5

330 nm 2.4 866 0.50 1.0
60 °C

90 nm 13.6 925 0.48 6.1

230 nm 19.9 1050 0.59 12.3

280 nm 19.9 990 0.70 13.9

330 nm 11.7 897 0.56 5.8

The photovoltaic performance of the best devices prepared from perovskite films converted at
30 °C and 60 °C is shown in Figure 5-7. Both devices exhibited similar fill factors of around
65%, and similar open circuit voltages. However, devices fabricated at lower temperatures
exhibit much lower short circuit currents than those fabricated at higher temperatures: at 30 °C,
the short circuit current approaches 19 mAcm™ while at 60 °C, this value exceeds 22 mAcm™.
Correspondingly, the device efficiency for 60 °C is the highest for this set of experiments,

standing at 14.3%.
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Figure 5-7: (left) JV curves measured under AM 1.5 solar irradiance and 100 mWecem? equivalent light
intensity conditions for the best performing MA lead halide perovskite devices for 30 °C (red squares) and
60 °C (black circles) immersion bath temperatures. The inset summarizes the photovoltaic parameters:
short circuit current (Ji, mA cm?), open circuit voltage (Vo, V), fill factor (FF, %), power conversion
efficiency (17, %), and series resistance (Rs, Q ¢m?). (right) Histogram showing the short circuit current
distribution of a series of over 100 devices fabricated from perovskite films converted at 30 °C (red) and at
60 °C (black). The devices were fabricated in three separate batches prepared several days apart.

Additionally we show a histogram depicting the distribution of short circuit currents for a set
of over 100 devices on the right of Figure 5-7. We can clearly observe that devices fabricated
at lower temperatures have a much larger spread in the final short circuit current, with a mean
value of 11-12 mAcm™>. When the perovskite films are converted at 60 °C, however, the short
circuit currents are far more reproducible, where more than a third of the fabricated devices

exhibit values of over 18 mAcm™. To further examine the differences in short circuit current,

the light absorption characteristics of the films were quantified as shown in Figure 5-8.
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Figure 5-8: UV-Vis absorption spectrum in an integrating sphere of the perovskite films prior to deposition
of the hole transporter and gold cathode.

We observed no difference in the absorption for any of the fabricated perovskite films. This
should be expected as the films are fabricated from the same thickness of Pbly, and neither the

crystal size nor the surface coverage changes with different immersion temperatures.

To obtain a better understanding of the influence of different immersion temperatures on the
perovskite film growth, XRD measurements were performed as shown in Figure 5-9. In all
cases the perovskite structure is tetragonal in the [4/mcm space group, with no apparent

difference in crystal size or crystallinity.
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Figure 5-9: XRD characterization of the perovskite films obtained from a range of immersion solution
temperatures, where a) is a zoomed-in image of the (002) and (110) reflections at around 15 °26, b) is the
zoomed-in image of the (202), (004), and (220) reflections between 25 and 30 ° and c) is the whole pattern.
The symbol * in b) denotes the first FTO peak.

However, with increasing immersion solution temperature, a higher proportion of oriented
crystals was found: the intensity of the (110) and (220) reflections increases with increasing
temperature, while the (004) reflection completely disappears at higher temperatures and the
other intensities remain the same. This leads us to conclude that at higher immersion solution
temperatures, the crystals are preferentially oriented with the long axis parallel to the substrate.
It is curious to note here that high performing perovskite solar cells prepared from spincoating

a precursor mixture of MAI and PbCl; with a subsequent heat treatment also result in highly

oriented crystals with the long axis preferentially oriented parallel to the substrate, where
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usually only the (110), (220), (330), etc. reflections are visible.”) Anisotropic electronic
properties of the perovskite crystals may thus be the reason for the observed difference in

photovoltaic performance.

Further evidence to support this hypothesis is provided in a recent study by Saliba et al., where
flash annealing at 130 °C of spin-coated perovskite precursor mixtures was employed.??! The
resulting perovskite films exhibited larger and more oriented domains than films processed at
100°C for longer periods of time, and ~10% higher short circuit currents than the standard
counterparts, while maintaining similar fill factors and open circuit voltages. While in Saliba et
al’s study the increase in short circuit current was correlated to the formation of larger crystal
domain sizes, this is not the case in the study presented here. The fact that we have obtained
such a similar result in this very different system points towards crystal orientation as a key
parameter determining the device short circuit current. Whether this is the result of anisotropic
transport or specific interactions between the different charge extraction layers and the
perovskite crystal planes is not clear at this point and is currently under investigation.
Regardless of the specific mechanism, however, it is clear that controlling the deposition
parameters to achieve highly oriented crystal domains is an important route towards the further

development of this family of materials.

5.3 Conclusions

In conclusion, the performance of planar heterojunction perovskite solar cells prepared by a
deposition/conversion technique was studied by varying the conversion conditions. Our results
show that the final perovskite crystal size is invariant with immersion temperature when the
films are prepared on similar device substrates. We postulate here that the morphology of the

perovskite film is determined to a large extent by the substrate/perovskite interaction. This is
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similar to findings for precursor mixture perovskite deposition.['®! In the case of lead iodide
films that have not been fully converted into the methylammonium lead iodide phase, the
resulting devices do not sustain high currents at short circuit conditions, even when scanned
from open circuit to short circuit. Additionally, we have found that the temperature for the
conversion process is an important factor for device performance. With increasing immersion
temperatures for the perovskite conversion, we observe higher short circuit currents in the
resulting solar cells as well as a much narrower performance spread when a large batch of
devices is considered. The highest power conversion efficiency of 14.3 % is found for devices
prepared from perovskite films immersed at 60 °C. The temperature of the conversion bath
greatly influences the orientation of the resulting perovskite crystals, which results in the
alignment of the long crystalline axis with the TiO2-covered FTO substrate, thus orienting the
(110) planes perpendicular to the substrate. Our results illustrate the great importance of the
solution deposition parameters during the formation of methylammonium lead iodide thin
films. We suggest that achieving highly oriented crystal domains is a key factor for the further

development of this promising family of materials for photovoltaic applications.

5.4 Experimental Section
Substrate preparation

Fluorine-doped tin oxide (FTO) coated glass (Pilkington, 7 Q o!) was patterned by etching
with Zn metal powder and 3 M HCI. Substrates were then cleaned sequentially in deionized
water, 2% hallmanex detergent in water, acetone and ethanol, dried with clean dry air between
solvents and finally treated for 5 minutes under an oxygen plasma. A TiOx layer was deposited
over the substrates by spincoating the precursor solution (described below) at 2000 rpm for

45 s. After spin-coating, the substrates were dried at 150 °C for 5 minutes on a hotplate and
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then sintered at 500 °C for 60 minutes in a furnace to achieve full crystallization into the anatase
phase. The lead iodide (99 %, Sigma-Aldrich) layer was deposited via spincoating from a range
of solution concentrations in anhydrous N,N-dimethylformamide (DMF) at different solution
and substrate temperatures, at a final spinning speed to achieve thicknesses between ~90 nm
and ~330 nm. The deposition parameters and associated thicknesses are summarized in Table
1. For all variations, 100 uL of the Pbl; solution in DMF was first dispersed on the substrate
and spin-coated for 10 s, and then placed immediately on a hotplate at the appropriate
temperature without allowing the films to fully dry. Heating of the substrates to 50-60 °C on a

hotplate immediately before spincoating was found essential to achieve visually smooth films.

Electron extraction layer solution

A 0.013 M HCI solution in 2-propanol (IPA) (2.53 mL of IPA (Sigma-Aldrich) and 35 pL of
2 M HCI (Sigma-Aldrich)) was slowly added dropwise under rigorous stirring to a 0.23 M
titanium isopropoxide solution in IPA (369 pL titanium isopropoxide in 2.53 mL IPA). The

solution looked clear at all times, and was immediately discarded if cloudy.

Conversion procedure

To fully convert the lead iodide films into the perovskite phase, immersion solutions including
methylammonium halide precursors in anhydrous IPA were used at different temperatures.
Typically 40 mL of a 9.5 mg/mL of MAI and 0.5 mg/mL methylammonium chloride (MACI)
mixture in [PA was used for a batch of 64 devices. The reaction vessel was a square petri dish
with a lid that was not completely closed to allow monitoring of the solution temperature via a
thermometer. The solution was never allowed to overheat and was maintained within 2 °C of
the intended temperature. To fully convert the lead iodide films into the perovskite phase, the
immersion time was tuned according to the solution temperature. After immersion, the samples
were rinsed in IPA and dried quickly and evenly with a strong blast of dry air or nitrogen.
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Hole-transporting layer

The hole-transporting layer was deposited by spin-coating 75 pL of a 75 mg/mL 2,2°,7,7 -
tetrakis-(N,N-di-p-methoxyphenylamine)9,9 -spirobiflourene (spiro-OMeTAD) solution in
chlorobenzene (anhydrous, Sigma-Aldrich), with 30 uL per 1 mL of the spiro solution of a
170 mg/mL solution of lithium bis(triflouromethanesulfonyl)imide in acetonitrile, and
additionally 10 pL per 1 mL of the spiro solution of 4-tertbutylpyridine. The solution was
dynamically spin-coated at 1000 rpm for 45 s with a second step at 2000 rpm for 3 s to remove
the excess solution from the corners of the substrate. The substrates were left overnight in a
desiccator in air to allow the oxidation of spiro-OMeTAD.[>*) To complete the devices, 25 nm
thick gold electrodes were thermally evaporated under high vacuum conditions (<10¢ mbar)

through a metal aperture. The final device area was 0.0825 cm?.
X-Ray Diffraction

To obtain the XRD patterns, a Bruker D8 discover X-ray diffractometer was used. The
perovskite films were deposited as described above with a lead iodide layer thickness 0of 230 nm
on a non-porous TiO2- and FTO-coated glass. After immersion of the Pbly films in the
conversion solution, the films were coated with a 10 mg/mL solution of PMMA in anhydrous

chlorobenzene via spin-coating at 1000 rpm for 45 s and a second step at 2000 rpm for 3 s.
UV-Vis-Spectroscopy

The samples used for X-ray diffraction were also characterized with UV-vis-spectroscopy using

a Perkin Elmer UV Vis/NIR Lambda 1050 spectrophotometer in an integrating sphere.

SEM Images
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A scanning electron microscope (JSM-6500F) was used to acquire SEM images. Standard
device substrates, i.e. TiO2- and FTO-coated glass, were coated with the perovskite layer as
described above, and then fixed with silver paint on an aluminum holder. The silver paint was
allowed to dry for 3 hours in the desiccator. The samples were prepared 3 to 18 hours before
the measurement and were always stored in a desiccator with <20 rel% humidity to avoid

decomposition of the moisture sensitive material.
Device Characterization

Photovoltaic device performance was measured in ambient air under illumination from a
AM1.5G solar simulator, which was calibrated to 100 mW/cm? with a Fraunhofer ISE certified
silicon cell. JV curves were measured at a 0.5 Vs™! scan rate from past open circuit to short

circuit at least 24 h after device fabrication to allow oxygen doping of the hole transporter./?’]
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6 Photopolymerized Fullerene Cqo as Electron Selective Contact for

Perovskite Solar Cells

6.1 Introduction

Ever since the discovery of the spherical Cso molecule fullerene by Kroto and even more after
the discovery of a multi-gram synthesis route, it has drawn much attention to its unique
chemical and electrical properties.!':2! It was early noticed that the electronic band structure of
this molecule resembles that of a semiconductor and that it is therefore a suitable material for
electronic applications, such as transistors and solar cells.*! For example, fullerenes are of great
interest in solar cell research, and the fullerene chemistry has been intensively studied to

optimize its solubility and conductivity properties to work well in organic photovoltaics. 4]

Apart from organic solar cells, fullerene chemistry has inspired polymer chemists to prepare
cross-linked structures that exhibit the typical fullerene properties. A most interesting class
among these polymers is that of all-Ceo polymers, since they consist exclusively of fullerene

and do not need any linking molecules.> °!

All-fullerene polymers have been prepared with different synthetic approaches. Regardless of
where the activation energy for the reaction comes from — be it high temperature, pressure or
direct activation with light — the reaction always follows the same 2+2 cyclo-addition

pathway.[>- -1

Lately, the fascinating properties of Cso and its derivatives have been combined with another
type of material that has inspired a burst of interesting research — the class of organic-inorganic
metal halide perovskites. The most widely used methylammonium lead triiodide (MAPbI3) and

its close relative formamidinium lead triiodide (FAPbI3) have recently achieved power
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11, 12

conversion efficiencies of around 20 %, [': 12 and are therefore becoming strong competitors

for already established thin film solar technologies like polycrystalline silicon or GaAs.

Although the perovskite solar cells themselves are already very efficient, the solar energy
utilization could be even higher by teaming them up with conventional thin film solar cell
technologies in a tandem configuration.'> 41 To be employed in this type of solar cell, however,
the processing temperatures of the perovskite cell need to be below the degradation temperature
of the bottom cell. This renders unusable crystalline TiO2 blocking layers, which have to be
sintered at 500 °C. Instead, an n-type material processible at low temperatures and ideally from

solution is desirable to prepare perovskite solar cells in a tandem configuration.

Recently it has been demonstrated that a layer of fullerene Cso molecules can work as efficient
n-type blocking layer for perovskite solar cells.['”! To achieve the high efficiencies reported, it
was necessary to apply a two-step vapor deposition method, which is quite demanding in both
time and energy consumption. This route was necessary to avoid dissolution of the fullerene

layer upon solvent-based deposition of the sequential solar cell layers.

Here we present the utilization of a photochemical crosslinking reaction to stabilize the
fullerene layer for the preparation of the photoactive perovskite layer via sequential solution
deposition. Furthermore, we investigate the influence of the photopolymerization on the
HOMO and LUMO energy levels of the material with in-situ measurements. These energy
levels have a strong influence on the obtainable open-circuit voltage and therefore the efficiency
of the solar cells. We prepared cells employing both polymerized and unpolymerized fullerene

contact layers and compare the photovoltaic properties for the different samples.

We managed to prepare solution processed TiO»x-free perovskite solar cells employing a

fullerene Cso n-type contact layer with high power conversion efficiencies approaching 10 %.
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6.2 Results and discussion

To achieve highly efficient solar cells, the energy levels of the active material and the electron
and hole selective layer need to be well matched to ensure facile charge transport through the

16-18

whole solar cell stack.l'®!81 It is known that the polymerization of fullerene molecules affects

the electronic structure and is thus a means to adjust and fine-tune the energy levels according

to the used photoactive material.l'!

To study the effect of photo-polymerization on the electronic structure of fullerene, thin films
of Cso were prepared on glassy carbon electrodes. These films were characterized according to
their energy levels by means of cyclic voltammetry. For the measurement they were immersed
ina 0.1 M solution of BusNBFj in acetonitrile serving as electrolyte®®! and in-situ polymerized
by illumination with a 365 nm high power LED. The schematic setup is depicted in Figure 1 a.

The polymerization follows a 2+2 cyclo addition depicted in Figure 6-1 b.

a) v b)

_—

——+—1 |Sample § [—l Ptdmesh
(work-e}
High-power UV LED (cqunter-e)

Ag wire (ref-e)

Quartz-cuvette with electrolyte
(BuyNBF, in ACN)

Figure 6-1: Schematic set-up for the in-situ polymerization and CV measurements (a) and fullerene
dimerization mechanism via 2+2 cyclo-addition (b)

The sample was illuminated for 2 minutes and then a CV measurement between -1.5 and 0.75 V
vs. Ag/AgCl was performed. This procedure was repeated for 8 hours. The resulting curves for
certain times of polymerization are depicted in Figure 6-2. It is apparent that the energy of the
lowest unoccupied molecular orbital (LUMO) is strongly influenced by the illumination time,

i.e. the degree of polymerization. For fullerene Cso the polymerization is finished after 120
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minutes, as judged from the constant reduction potential of about -0.9 V. This corresponds to a
decrease in the reduction potential of about 250 mV compared to the initial value of -0.65 V.
The obtained LUMO potentials were determined as the mid-peak potential, i.e. the average of
the reduction and re-oxidation potential.?!l It is worth noting that the LUMO energy measured
here differs by about 0.1 V from other reported values. This is most likely due to effects caused

by the solvent and the supporting electrolyte.*?
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Figure 6-2: Cyclic voltammogram of in-situ polymerized fullerene Ceo.

In addition to the LUMO levels of the polymerized compounds, UV-Vis measurements were
performed to determine the optically active transitions of the material (Figure 6-3). The band-
gap transition from the LUMO to the HOMO level is symmetry forbidden for Cso molecules.
Only transitions starting from the second highest occupied orbital (HOMO-1) or ending in the

second lowest unoccupied orbital (LUMO++1) are allowed.[*) The transitions in the UV-Visible
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spectrum in Figure 6-3 can be attributed to the HOMO -> LUMO+1, the HOMO-1 -> LUMO

(both 2.7 eV) and the HOMO-1 -> LUMO+1 (3.7 eV) transition.

0.25
CGO
HOMO-1 — LUMO+1
0.20 - 3.7eV —— C_,-pol-12h
| —— C,,-pol-72h

HOMO — LUMO+1
HOMO-1 — LUMO

/ 2.7 eV

0.15

0.10

Absorption [OD]

0.05

0.00 .

| |
500 600 700

Wavelength [nm]

|
400

Figure 6-3: UV-Visible absorption spectrum of pristine and photo-polymerized Ceo films. The
polymerization can be observed in the broadening of the peak at 3.7 eV or 340 nm.

Upon polymerization, the energy levels of the individual orbitals change and due to a random
and unsymmetrical polymerization reaction, the energy levels broaden inhomogeneously,
which can be seen in the UV-Vis spectrum by the less defined transition at about 3.7 eV (or
340 nm). A similar behavior and change in energy levels has been reported before.['! In
combination with photoluminescence measurements, the transition shifts have been attributed
to an increase in bandgap energy of about 100 meV.!"”! The absolute value for the band-gap
energy has been estimated to be approximately 1.8 eV by a Tauc-plot of the absorption

spectrum, which is in good agreement with values reported in the literature.!** In combination

101



6.2. Results and discussion

with our results from the electrochemical measurements, we can propose a schematic energy

diagram for pristine and photo-polymerized Cso as depicted in Figure 6-4.

pristine  polym.

33V | UMO+1

<-E vs. Vac

Figure 6-4: Proposed energy diagram for pristine and photopolymerized fullerene Cqo.

The diagram shows all energy levels from HOMO-1 to LUMO+1 for pristine and photo-
polymerized Cgo films. The LUMO energy of Ceo is lowered by 0.25 eV as determined via
cyclic voltammetry, while the HOMO energy is lowered by 0.35 eV, leading to the observed

increase in band-gap energy of 0.1 eV.

Apart from influencing the electronic structure of the molecules, photopolymerization also
leads to a reduced solubility and increased stability of the Ceo fullerene films. Although

dimethylformamide is a relatively poor solvent for Ceo,*”!

it can still dissolve parts of the layer
during spincoating of the perovskite precursors and thus cause an increase of shunting paths
between the perovskite and the FTO substrate and therefore a decrease in efficiency. This can
be avoided by photo-polymerizing the Ceo layer before deposition of the consecutive layers.
Figure 6-5 shows the UV-Vis absorption spectra of DMF solutions that were incubated with
either a polymerized or an unpolymerized Ceo film of the same size and thickness for 5 minutes.

As can be seen in the lower absorbance for the polymerized sample, less of the fullerene

material is dissolved by the DMF as compared to the unpolymerized film. This enables the
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fabrication of fully solution processed solar cells and renders the 2-step processing including

an evaporation step unnecessary.!’!
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Figure 6-5: UV-Vis absorption spectra of DMF solutions incubated with a polymerized or an unpolymerized
Coo film.

To investigate the suitability of Ceo as n-type compact layer for perovskite solar cells and the
influence of the photo-polymerization on the efficiency of complete solar cells were assembled.
An approximately 20 nm thin layer of fullerene Ceo was deposited on the conductive FTO
substrate via spincoating and, if applicable, polymerized. The perovskite MAPbI; was
consecutively deposited via a sequential solution deposition.!*®) The cell was completed by
spincoating the hole transport layer spiro-OMETAD and evaporating a gold electrode. Detailed

information about the preparation is provided in the experimental section. Figure 6-6 shows the
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general setup of the cells, where the perovskite layer is sandwiched between the n-type Ceso

layer and the p-type hole conductor Spiro-OMeTAD.

Au

Spiro
] Cso

FTO
glass

Figure 6-6: Standard solar cell layout, where the perovskite light absorber is sandwiched between a spiro
hole conductor layer and a Ceo electron selective contact.

The JV curves of the best performing solar cells employing pristine Cso or a photo-polymerized

film are shown in Figure 6-7. The inset summarizes the photovoltaic parameters.

15

———————

pristine C_,
— photopol. C_,

10

1k Efficiency V. Fill Factor
pristineC;,  13.8mA/cm®*  8.66% 1.02V 062
polymerized 14.03 mA/cm*  7.98% 10V 056

Current Density [mA/cm?]
(9]}
|
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Figure 6-7: JV curves of the best performing solar cells employing a pristine or photo-polymerized Ceo
electron selective contact. The inset shows the measured values for the short circuit current (Jsc), the
efficiency 1, the open circuit voltage (Voc) and the fill factor.

The LUMO level of pristine Ceo (-3.85 €V) is well-aligned with the conduction band of the
perovskite (-3.9 eV) so that no unnecessary loss in voltage is expected to occur here. The change
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in the LUMO energy to -4.1 eV induced by the photopolymerization should improve the
electron injection efficiency from the perovskite to the n-type layer since the offset between the
respective LUMO levels is increased. Although this could have an unfavorable influence on the

resulting open circuit voltage, the measured value remains constant upon polymerization.

Not only the open-circuit voltage, but all measured solar cell characteristics are almost identical
for both samples. The small differences may well be attributed to sample-to-sample variations.
It is, however, possible to find a difference between the two types of solar cells when looking
at all measured samples and not just the best ones. It was apparent that about 85 % of the photo-
polymerized samples achieved photovoltaic efficiencies above 5 %, while only about half of
the samples with pristine Ceo layers were even working cells. This can be attributed to the
increased robustness of the photo-polymerized layers towards the solvents used during the solar
cell fabrication. In particular DMF, although it is a relatively poor solvent for Ceo, can dissolve

small parts of the pristine films resulting in a damaged solar cell.

Apart from applying this photopolymerized electron selective contact in MAPbIs-based solar
cells, it may be suitable for other perovskite materials as well. The low lying LUMO energy of
the polymerized Ceo layer can be beneficial for the preparation of solar cells with smaller
bandgaps than MAPbI;. Devices employing, for example, FAPbI3 (ELumo = -4.2 eV)?” or
MASnI; (ELumo=-4.17 eV)?®! should not be working efficiently with a pure fullerene contact
layer because the electron transfer to the fullerene layer is inhibited. This behavior has been
demonstrated for FAPbI;/PCBM bilayers where the PCBM does not quench the
photoluminescence of the FAPbl; completely.””] The energy levels of possible perovskite
materials and electron and hole conductors are depicted in Figure 6-8. By utilizing the
polymerized fullerene layer these materials could be incorporated in efficient solar cells without

the need for high temperature treated TiO> contact layers.

105



6.3. Conclusion

pol. G, C,, MAPDI, FAPbI, MASNI, spiro
-1 eV ulm
-2 eV
-3 eV = I
4 gV =p= —
-5 eV uu

-6 eV ==
-7eV
-8 eV

Figure 6-8: Comparison of the energy levels of various n-type, perovskite and p-type layers.

6.3 Conclusion

We have investigated the effect of photo-induced 2+2-cyclo addition of fullerene Ceo films on
solar cell behavior. Not only does the polymerization increase the resistivity of the fullerene
layer to solvents used in the solar cell fabrication process, it also enables the tuning of the energy
levels of Ceo in a certain range. We have proposed energy diagrams for pristine and polymerized
fullerene samples derived from in-situ cyclic voltammetry and UV/Vis absorption
spectroscopy. We observed a stronger decrease for the HOMO energy level than for the LUMO
level, leading to a widening of the band-gap by 0.1 eV. The prepared solar cells showed the
same maximum efficiency for pristine and polymerized samples. When evaluating the
percentage of cells yielding high power conversion efficiencies in each batch, 85 % of the
polymerized cells work, while only 50 % of the pristine samples achieve reasonable

efficiencies. Concluding, we illustrated the applicability of photo-polymerized fullerene as n-
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type electron collecting layer for perovskite materials with lower lying LUMO energy levels

than the conventionally used MAPbI3, like FAPbI; or MASnI;.

6.4 Experimental Section

Preparation of the methylammonium salts: methylammonium iodide was prepared following a
recipe published earlier.”?”! In short, 24 mL of methylamine solution (33 % in ethanol) was
diluted with 100 mL of absolute ethanol. To this solution, a 10 mL aqueous solution of
hydriodic acid (57 wt%) was added under constant stirring. After a reaction time of one hour at
room temperature, the solvents were removed by rotary evaporation. The obtained white solid

was washed with dry diethyl ether and finally recrystallized from ethanol.

To prepare the hydrochloride salt of methylamine, the hydriodic acid solution was replaced by
15 mL of concentrated hydrochloric acid (37 % in water). The purification procedure was the

same as described above.

Solar cell preparation: Fluorine doped tin oxide (FTO) coated glass sheets (7 Q/o, Pilkington)

were etched with zinc powder and HCI1 (2 M) to obtain the required electrode pattern. The sheets
were then washed with soap (2% Hellmanex in water), de-ionized water, acetone, and methanol
and finally treated under oxygen plasma for 5 minutes to remove the last traces of organic

residues.

A 20 nm thin layer of fullerene Ceo was deposited by spincoating a 20 mg/mL solution in 1,2-
dichlorobenzene at 2000 RPM for 45 seconds. If applicable, the polymerization was performed
by illuminating the samples with a handheld UV-lamp (Herolab GmbH, 365 nm, 50uW/cm?)

in a nitrogen filled glove-box over night.
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A ~200 nm layer of lead iodide was deposited via spincoating from a 1 M Pbl, solution in N,/N-
dimethylformamide (DMF) at 3000 rpm for 15 s. The films were immersed in a bath of 40 mL
of MAI/MACI (9.5 mg/mL and 0.5 mg/mL, respectively) and heated to 60 °C for 5 minutes.
Once the conversion was finished, the films were washed with clean, anhydrous isopropanol

and dried under a nitrogen stream.

After drying, the films were covered with a 400 nm layer of Spiro-OMeTAD (Borun Chemicals,
99.1% purity) “spiro”. 96 mg of spiro were dissolved in 1 mL of chlorobenzene and mixed with
10 mL 4-tert-butylpyridine (#BP) and 30 uL of a 170 mgmL! bis(trifluoromethane)sulfonimide
lithium salt (LiTFSI) solution in acetonitrile. This solution was spincoated at 1500 rpm for
45 seconds. Before evaporating the gold electrodes, Spiro-OMeTAD was allowed to oxidize in

air over night at room temperature and 15-20% rel. humidity.
Characterization details:

Cyclic voltammetry was performed with a p-Autolab 3. A thin film of fullerene Cg¢o was
deposited on a glassy carbon substrate and immersed in a 0.1 M solution of BusNBF4 in
acetonitrile as working electrode. The electrochemical cell was also equipped with a platinum
mesh acting as counter electrode and an Ag/AgCl reference electrode. CV was performed in
the range of -1.5 to 0.7 V at a scan rate of 50 mV/s. The samples were in situ polymerized by
illumination with a 365 nm high power LED (Thorlabs, 365 nm, 150 uW/cm?). [llumination for

2 minutes and subsequent CV measurements were alternated for 8 hours.

J-V curves were recorded with a Keithley 2400 sourcemeter under simulated AM 1.5 sunlight,
calibrated to 100 mW cm 2 with a Fraunhofer ISE certified silicon cell. The active area of the

solar cells was defined with a square metal aperture mask of 0.0831 cm?.

Steady-state absorption spectra were acquired with a Lambda 1050 UV/Vis spectrophotometer

(Perkin Elmer) using an integrating sphere.
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7 Preparation of Single-Phase Films of CH3:NH3;Pb(I1xBrx)s with Sharp
Optical Band Edges

This chapter is based on the following publication:

Aditya Sadhanala, Felix Deschler, Tudor H. Thomas, Sian E. Dutton, Karl C. Goedel, Fabian
C. Hanusch, May L. Lai, Ullrich Steiner, Thomas Bein, Pablo Docampo, David Cahen, Richard

H. Friend, The Journal of Physical Chemistry Letters 2014, 5, 2501.

Initial experiments, sample preparation and basic material characterization have been
performed by P. Docampo and F. Hanusch. PDS measurements have been performed by A.

Sadhanala. TA measurements have been performed by F. Deschler

7.1 Introduction

Solution processable optoelectronic devices offer costeffective, large-scale manufacturing
capability. Hybrid organic-inorganic perovskite (CH3NH3Pbl3—«Cly) solar cells!'*! now show
photovoltaic (PV) performance approaching 18%,°land high charge-carrier mobilities.!®!
Perovskite films have also shown promising photoluminescence quantum efficiencies (PLQEs)
of more than 70% and lasing, making them a promising candidate for cost-effective and efficient
LEDs and lasing applications.!”> 8 Despite the rapid progress in the past few years, relatively
little is known about the properties required for efficient perovskite PV systems or why
perovskite works so well in PVs while simultaneously demonstrating high PLQE. It has recently
been demonstrated by Noh et al. that the bandgap of the perovskite can be tuned by varying the

9,10

halide (i.e., bromide, iodide) composition of the perovskite precursor solution.!”> '% High open-

circuit voltages have been demonstrated by using the higher bandgap tribromide-based

perovskite.[!! 121
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The control of bandgap with mixed halide systems is attractive, but it is important to establish
whether these form solid solutions, with monotonic variation of lattice constants and bandgap,
or if there is compositional inhomogeneity, which may introduce a range of local bandgaps and
reduce PV performance. To address this question, we use photothermal deflection spectroscopy
(PDS) and photoluminescence measurements that are able to detect low levels of subgap states
in the system CH3NH3Pb(I;«Brx); (0 £ x £ 1). We correlate our findings with the structural
information obtained by X-ray diffraction (XRD) measurements. We find that films of mixed
trihalide perovskites initially form a system with two absorption and luminescence features.
Following our fabrication protocol, these convert to a homogeneous intermixed system with
only one species within the detection limits of the techniques used in this work. The ability to
engineer a single bandgap in these mixed compositions is important for the development of
solar cells. We demonstrate a bromide-iodide lead perovskite film (CH3NH3Pbl; 2Br; ) with an
optical bandgap of 1.94 eV, which is optimal for tandem cell applications with c-Si cells. Our
findings also show that pure trihalide perovskites have a remarkably low energetic disorder,
which is, to our knowledge, by far the lowest reported for any low temperature solution-

processable material.['> 4]

7.2 Results and Discussion

PDS is an ultrasensitive absorption measurement technique that detects heating of the sample
due to the nonradiative relaxation of absorbed light and is insensitive to reflection and
scattering. PDS can be used to characterize energetic disorder as the exponential decay of the
absorption below the bandgap with a characteristic energy, the Urbach energy (Eu), and has
been used to study the perovskite materials system.!'¥ The Urbach energy is given by A(E)

eP®), where A is the absorbance and E is the excitation energy in electronvolts. In Figure 7-1,
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the linear fit to the Urbach tail in the PDS data for the pure triiodide perovskite is shown, which
yields an Urbach energy of ~15 meV that is similar to that obtained by De Wolf et al.['* This
value is about twice the typical value for single-crystal GaAs and half that of polycrystalline

CIGS.[13:15]
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Figure 7-1: Normalized absorption spectra of CH:NH3PbIs obtained by UV-Vis and PDS techniques along-
with the linear fit (dotted line) of the Urbach tail (in the PDS spectra) to obtain the Urbach energy (~15
meV). Absorbance was normalized at the band edge ~ 1.7 eV.

We prepared perovskite thin films by spin-coating from a precursor solution composed of 1:1
organic to inorganic ratios (CH3NHsI to Pbl> and CH3NH3Br to PbBr») under a N atmosphere
in a glovebox. Solutions with varying iodide to bromide concentration were prepared by mixing
the respective pure triitodide (CH3NH3Pbls) and tribromide (CH3NH3PbBr3) precursor solution
in the respective ratios. Energy-dispersive X-ray spectroscopy (EDX) measurements show that
the ratios of bromide to iodide in the film are the same as those in the solution (see Figure 7-2

and Table 7-1)
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Figure 7-2: EDX measurements of 1:1 molar methylammonium halide-lead halide films of various Iodide-
bromide ratios as indicated in iodide%

Table 7-1: Elemental composition of 1:1 molar methylammonium halide-lead halide films of various lodide-
bromide ratios as indicated in iodide%

% 1 in 20 40 60 80
solution
% Br in 80 60 40 20
solution
%I in film 17 36 53 71
%Br in 83 64 47 29
film

By increasing the concentration of the pure triiodide perovskite in the tribromide perovskite in
solution from 0 to 100%, we tune the bandgap of the resulting perovskite between the extremes
of pure triiodide and tribromide perovskites from 2.23 to 1.57 eV (Figure 7-3a,c). We detect
the absorption edge of the pure triiodide lead perovskite CH3NH3Pbl; down to the detection

limit of the PDS setup without observing a leveling off, which indicates a very clean bandgap
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and sharp band edge. This very clean gap is preserved as bromide is added up to 20% bromide

(80% iodide) content.
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Figure 7-3: (a,c) PDS measurements for 1:1 molar methylammonium lead-halide thin films with different
iodide-bromide ratios, as indicated, measured directly after fabrication (a) and 21 days later (c). (b) Change
in PDS spectrum for films measured on the same day after annealing and after 21 days. Inset shows the
corresponding change in the PL spectra. (d) PL spectra of 1:1 molar methylammonium lead-halide thin
films with different iodide-bromide ratios, as indicated, measured after 21 days. Excitation for PL was
performed with a pulsed laser system at 3.1 eV photon energy with fluence ~1 uJ/em?and 100 fs pulse length.
PL spectra have been normalized to the peak emission.

For the pure tribromide perovskite, CH;NH3PbBr3, a sharp band edge with additional levels of
sub-bandgap absorption is found, which indicates a population of sub-bandgap states. The
absorption edge for films with 20% iodide shows a broad absorption tail below the band edge
and significant sub-bandgap absorption below ~1.8 eV. We interpret this as increased disorder
in these films and a significant population of sub-bandgap states. Notably, for iodide-bromide

mixtures with 40 and 60% iodide content, the films show a clear shoulder in the subgap

absorption (Figure 7-3b). We interpret this as the initial formation of two species in these films.
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Photoluminescence (PL) measurements of the bromide-iodide lead perovskite films with 40
and 60% iodide content show two emission peaks Figure 7-3b inset). Time-resolved PL
measurements (Figure 7-4a,b) show that the higher energy emission band decays more rapidly
than the lower energy band. These findings suggest that the initially formed mixed-halide
perovskite films, having 40 and 60% iodide content, comprise two species. We note, in
particular, that for the 40% iodide films the second phase emits around 1.68 eV from a
significantly lower energy than the 1.94 eV emissive feature, and this represents a potential loss

mechanism for PV devices.
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Figure 7-4: Plot of PL intensity versus time and emission wavelength for 1:1 molar methylammonium
halide-lead-halide films with an iodide content of 40 (a,c) and 60% (b,d) fresh samples and remeasured
after 21 days. Inset in panels a and b shows the Kinetics of the respective PL peaks at the stated energies.
Excitation for PL was performed with a pulsed laser system at 3.1 eV photon energy with fluence ~1 pJ/cm?
and 100 fs pulse length.

Surprisingly, we found that the PDS absorption and PL spectra changed after the films were

stored under an inert nitrogen atmosphere at room temperature (these changes were complete

within 3 weeks and showed no significant further evolution at 13 weeks) (Figure 7-3b). A
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similar effect was observed in fresh films prepared from solutions that had been kept at room
temperature for several days (see Figure 7-5). The most striking changes in the PDS spectra in
these aged films, which we term here “single-phase” films, is the sharpening of the band edges

and the loss of the extra absorption shoulder in the subgap.
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Figure 7-5: PDS spectra of samples on glass prepared from 1:1 molar methylammonium halide-lead halide
fresh solution with different iodine-bromine ratios as indicated by the iodide content in the films, with
different aging of films and the fresh films prepared from 7 day old solution.

In detail, in the as-formed films with low iodide contents (20 and 40%), made from fresh
solutions, we find additional subbandgap absorption and broadened band edges. However, there
is no longer a second phase detectable within the resolution of the PDS setup if the films are
allowed to age or are made from aged solutions. For all other iodide contents (0, 80, 90, and
100%), the PDS absorption spectra show sharp band edges and little differences compared with
the films measured directly after preparation. The steady-state PL spectra of the “single phase”
films (Figure 7-3d) show single transitions with a monotonic shift in peak position with

increasing iodide content from pure tribromide perovskite (2.23 eV) to pure triiodide perovskite
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(1.57 eV). This finding supports our observation of a clean bandgap in these films. The
photoluminescence kinetics (Figure 7-6d) show single bimolecular decays for the pure iodide
and bromide films and also for iodide-rich films down to 60% iodide, as reported previously for
the iodide material.’® Films with 20 and 40% iodide content both show fast kinetics. These
findings also point toward one photoactive species from which emission arises in the

bromide-iodide lead perovskite films.
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Figure 7-6: (a) Intensity-normalized X-ray diffraction patterns of 1:1 molar methylammonium lead-halide
thin films with different iodide-bromide ratios, as indicated. The evolution of the position of the (002): and
(110)¢ [(100)c] and the (004)c and (220): [(200)] peaks as a function of composition are shown in the upper
and lower insets, respectively. (b) Variation of PL peak positions (closed circles) and normalized lattice
parameters a/v2 (open squares) and c/2 (closed squares) determined from XRD measurements for films with
different iodide content. (¢) Comparison of the change in fwhm of the PL emission peak and the Urbach
energy calculated from PDS measurements for the same films measured after 21 days. (d) Plot of normalized
PL intensity versus time for same films. Excitation for PL was performed with a pulsed laser system at 3.1
eV photon energy with fluence ~1 pJ/cm? and 100 fs pulse length.

Time-resolved PL spectra of “single-phase” films also show one emissive species Figure

7-4c¢,d).
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Figure 7-6¢ shows the full width at half-maximum (fwhm) of the PL peaks together with the
Urbach energy calculated from PDS measurements. Both parameters follow similar trends,
peaking below 50% iodide content. We take this observation as an indication that absorption
and emission arise from similar states. We find that the pure tribromide perovskite films and
films with 100 to 80% of iodide content show the lowest fwhm and the lowest Urbach energies.
This indicates very low disorder and sharp band edges in the films with higher iodide content
compared with the ones with lower iodide content. Also, the larger fwhm and Urbach energies
for films with 20 and 40% than for those with higher iodide content correlate with shorter
lifetimes observed in transient PL (Figure 7-6d). However, when we compare the PL peak
positions with the PDS absorption data, we find that the emission peaks for all films lie at the
energy where the absorption has dropped to ~15% of its maximum band edge value. (See Figure

7-7)
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Figure 7-7: PDS measurements for film samples on glass prepared from 1:1 organic-inorganic films with
different iodide-bromide ratios as indicated, measured 21d after fabrication. The vertical lines indicate the
PL emission peaks for the respective iodide contents.

First, this indicates that impurity levels at lower energy do not play a significant role in the
radiative recombination of excited states. Therefore, they do not represent a major radiative
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form of energetic loss channel due to energy relaxation down to the lower lying states within
the subgap. Moreover, the lower subgap absorption detected for “single-phase” films suggests
a lower density of states that recombine through nonradiative relaxation, which again indicates

a cleaner material system.

Powder X-ray diffraction measurements were carried out on “single phase” films over the entire
composition range (Figure 7-6a). A systematic shift in the patterns to lower scattering angles is
observed as the concentration of iodide increases, indicating an expansion of the unit cell with
increasing iodide fraction. Because of preferential alignment in the films, a complete structural
analysis was not possible. The symmetry and lattice parameters were modeled using a Le Bail

analysis!'® in the Fullprof suite of programmes (see Figure 7-8).[!"]
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Figure 7-8: Observed X-ray diffraction pattern (red crosses) and calculated Le Bail intensity (black line)
for CH3:NH3PbBrisli2 at room temperature. The difference (blue line) is below, tick marks indicating the
reflection positions for CH3NH3PbBri.sli.2 perovskite (upper) and the CH3:NH3X (middle) and PbX: (lower)
[X=L,Br| impurity phases are also shown.
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The characteristic perovskite peak at 20 = 30° (Figure 7-6a, inset) shows a significant
broadening of the (200). reflection in all films containing iodide. We ascribe this to a tetragonal
distortion and the emergence of two unique reflections, (002);and (110); a similar although less
pronounced splitting is also observed in the (100). reflection with iodide present (Figure 7-6a,
inset). Therefore, with the exception of the pure bromide film, all films were modeled using a
tetragonal unit cell with 14cm symmetry, as has previously been reported for CH3NH3PbI3.!8]
The pure bromide film was modeled using a higher symmetry Pm3m cubic structure.!'8 In all
films, unreacted starting materials of CH3NH3X and PbX; were detected in addition to the main
perovskite phase. The unit cell of the tetragonal phase, a; and c;, can be related to that of the
cubic cell, ac, by ar= V2ac and c; = 2a.. When the cell parameters of the tetragonal cell are
normalized, a¢/V2, ¢v/2, to allow for direct comparison to the cubic perovskite structure, a linear
increase in the size of the normalized unit cell with increasing iodide fraction is observed
(Figure 7-6b). This is consistent with both the larger ionic radii of iodide (r = 2.2 A) with respect
to bromide (r = 1.96 A) and Vegard’s law for a continuous solid solution. The degree of
tetragonal distortion, ((ct —vV2at)/ ((av'V2) + (ct/2))), also increases with iodide concentration
reaching a maximum value of 0.9% in CH3NH;3Pbl;. An additional broadening of reflections in
the mixed halide films is observed (Figure 7-6a, inset), which cannot be described as resulting
only from changes in the symmetry. We attribute this to strain broadening. Strain of this type
could be due to quenching of a higher temperature (cubic) symmetry phase or could arise from

an inhomogeneous halide distribution beyond random site occupancy.

In Figure 7-6b, we compare the extracted normalized lattice parameters with the optically
determined PL peak positions. Both lattice parameters and PL peak energies follow a linear
trend with iodide fraction. These observations support our finding that there is a single solid
solution across the full composition range that can be obtained using a straightforward
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fabrication protocol. This protocol requires “aging” of either the starting solution or the as-

prepared films. The underlying reason for the observed effect is currently under investigation.

7.3 Conclusion

Our demonstration of remarkably clean bromide/iodide solid solutions in this organometallic
halide PV system brings this remarkable family of materials in line with classic semiconductor

systems such as MBE-grown III-Vs including AlGaAs.

7.4 Experimental Section
Details of film preparation

Detailed information about the perovskite synthesis and solution preparation can be found
elsewhere [°!. All the perovskite films were spun on quartz glass substrates at 2000 RPM for 45
s and then annealed at 100°C for 45 min. All the samples were coated with PMMA using a 10
mg/ml chlorobenzene solution spun at 1500 RPM for 60 s. This was done to prevent degradation

of the films in air.
Details of XRD measurements

X-ray diffraction measurements were made on thin film samples of CH;NH3Pb(l1,Bry)s;, 0 < x <
3, on a Bruker D8 discover diffractometer with Cu K radiation, A = 1.5403 A. Samples were
measured using a Bragg-Brentano geometry over 10 <2 O< 60° with a step size of 2 ©=0.01°.
Due to preferential alignment in the films a complete structural analysis was not possible.
Instead, the symmetry and lattice parameters were modelled using a Le Bail analysis in the
Fullprof suite of programmes. Backgrounds fit were performed using a refined interpolation of

points and the peak shape modelled using a pseudo-Voigt function.
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Details of PDS measurements

PDS is a scatter-free surface sensitive absorption measurement capable of measuring 5-6 orders
of magnitude weaker absorbance than the band edge absorption. For the measurements, a
monochromatic pump light beam is shined on the sample (film on Quartz substrate), which on
absorption produces a thermal gradient near the sample surface via nonradiative relaxation
induced heating. This results in a refractive index gradient in the area surrounding the sample
surface. This refractive index gradient is further enhanced by immersing the sample in an inert
liquid FC-72 Fluorinert® (3M Company) which has a high refractive index change per unit
change in temperature. A fixed wavelength CW laser probe beam is passed through this
refractive index gradient producing a deflection proportional to the absorbed light at that
particular wavelength, which is detected by a photo-diode and lock-in amplifier combination.
Scanning through different wavelengths gives us the complete absorption spectra. Because this
technique makes use of the non-radiative relaxation processes in the sample, it is immune to

optical effects like interference and scattering. Figure 7-9shows a schematic of the PDS setup.

I monochromatic
|Iight (pump beam)
'

position sensing detector
CW laser

(probe beam)
N y

deflection medium

Figure 7-9: Schematic of PDS set-up.

Details of photoluminescence and lifetime measurements
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Time-resolved photoluminescence measurements were taken with a gated intensified CCD
camera system (Andor iStar DH740 CCI-010) connected to a grating spectrometer (Andor
SR3031). Excitation was performed with femtosecond laser pulses which were generated by a
homebuilt setup by second order generation (SHG) in a BBO crystal from the fundamental
output (pulse energy 1.55 eV, pulse length 50 fs) of a Ti:Sapphire laser system (Spectra Physics
Soltstice). The laser pulses generated from the SHG had a photon energy of 3.1 eV, pulse length
~100 fs and fluence 2 pJ/cm?. Temporal resolution of the PL emission was obtained by
measuring the PL from the sample by stepping the iCCD gate delay for different delays with
respect to the excitation. The typical gate width was 1.5 ns. Time integrated steady state spectra
were obtained by temporally averaging the emission in the detection software (exposure time

0.2's, 5 pus gate width).
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8 Efficient Planar Heterojunction Perovskite Solar Cells Based on

Formamidinium Lead Bromide

This chapter is based on the following publication:

Fabian C. Hanusch, Erwin Wiesenmayer, Erich Mankel, Andreas Binek, Philipp Angloher,
Christina Fraunhofer, Nadja Giesbrecht, Johann M. Feckl, Wolfram Jaegermann, Dirk
Johrendt, Thomas Bein and Pablo Docampo, The Journal of Physical Chemistry Letters.,
2014, 5, 2791-2795.

8.1 Introduction

Solar cells based on alkylammonium lead halide perovskites have recently garnered a large
amount of interest in the photovoltaics community.['! This class of materials exhibits a very
high absorption coefficient of more than 10* cm 2 above their bandgap energy range and
extremely long lifetimes of the charge carriers,>>) making them comparable to established
inorganic solar cell materials. One possible application of these materials is in tandem solar
cells with a conventional Si or CIGS bottom cell, where the latter established technologies could
be improved by as much as 30 % in this configuration at almost no extra cost.[l Moreover,
building-integrated photovoltaics can also benefit from absorber materials displaying different

colors, i.e. band gaps.

Recently, Eperon et al. reported on the substitution of iodide with bromide for a
formamidinium-based system.l”) They observed a band gap of 2.23 eV for the resulting
FAPbBr3; material, which makes it a more suitable candidate for tandem applications than either
MAPDBr; or MAPbI;.1® Although high efficiency MAPbBrs-based solar cells have been
reported by Ryu et al.,!® their device architecture includes a high-temperature sintered titania
layer, which makes them unsuitable for tandem and flexible applications. As our results show,

a striking advantage of the FAPbBr; system is that it can be processed in a planar heterojunction
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configuration, without a mesoporous scaffold for charge extraction. In this material, the lifetime
of photoexcited species, measured via TCSPC, is long enough to enable diffusion to the charge
selective contacts and therefore efficient charge separation. The fabricated devices exhibit over
6.5 mA short circuit currents (Jsc), a 1.35 V open circuit voltage (Voc) and an overall efficiency
approaching 7 %. This comparably high efficiency, in combination with its facile, low

temperature processability makes FAPbBr3; an ideal candidate for wide bandgap photovoltaics.

The structure of alkylammonium lead halide perovskites can be readily adjusted to tune the
material’s absorption and electronic properties. For example, elemental substitution of the
halide can vary the material’s bandgap in a range of 1.55 to 2.35 eV, extend the photoexcited
species lifetime!> 1% and enhance charge transport through the layer.['> !l The choice of the
organic cation can also strongly impact the structural parameters and therefore the performance

in photovoltaic devices.[”> 1]

8.2 Results and Discussion

Here we focus on the cation exchange of methylammonium by formamidinium in lead bromide
systems, resulting in the FAPbBrs; perovskite structure. This material is very similar to
MAPbBBr3;, which has been widely investigated over the last years, as both compounds crystalize

in the pseudocubic perovskite structure Pm-3m. 11131

Figure 8-1 shows the wide angle powder X-ray diffraction patterns for both materials. We have
performed Rietveld analysis on these powder diffraction patterns and obtained the crystal

structures shown in

Figure 8-1b. As previously reported for the MAPbBr3 structure, the lead atoms are coordinated
octahedrally by bromide with the organic cation sitting in the voids between the octahedra.

However, due to its larger size, the FA cation spaces the PbBrs octahedra further. This increases
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the lattice constant from 5.92 A for MAPbBr3 to 5.99 A for FAPbBr3. The PbBrg octahedra
share one corner with their nearest neighbor, where the Pb-Br-Pb bond angle deviates from the
ideal value of 180° by about 15°. This displacement is visible in the crystal structure, where for
each bromide ion two of the four possible positions are shown. The tilting of the rigid PbBrs
building blocks leads to a higher degree of space filling and therefore to a higher stability of the

whole structure.!' 1%
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Figure 8-1: Wide angle XRD pattern of MAPbBr; and FAPbBr; (a) and refined crystal structures obtained
from the XRD patterns (b). The rotation of the organic cations in the center of the unit cell is illustrated by
12 different positions for the nitrogen atoms.

While the lead and bromide ions form the stable backbone of the structure, the MA or FA ions
can rotate in the center of the unit cell.l') The position of the carbon and nitrogen atoms cannot
be precisely determined, since the cation is rotating freely along and perpendicular to the C-N
axis.['3] For the FAPbBr3 the rotation center lies in the carbon atom, which is fixed in the center
of the unit cell. The nitrogen atoms are distributed around the center in a distance of about
117 pm. The results of the Rietveld refinement, including the refined atom positions and fit

parameters, are summarized in Table 8-1 and Table 8-2.
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Table 8-1: Results of the Rietveld refinement of MAPbBTrs3.

MAPbBr3
space group Pm-3m (No.221)
Z 1
lattice parameter [A] 5.923 (1)
volume [A] 207.8 (1)
atomic parameters X y Z occ
Pb la 0 0 0 1
Br 12h 0 0.0724 (2) 0.5 0.25
C 12 04143 (4) 0.4143(4) 0.5 0.0833
N 12 0.5857(4) 0.5857(4) 0.5 0.0833
Uiso [pm?] Pb 301 (2)
Br 241 4)
C/N not refined
Rwp / Rp 2.747/2.036
%’/ Rrage 1.930/2.916
Table 8-2: Results of the Rietveld refinement of FAPbBrs.
FAPbBr13
space group Pm-3m (N0.221)
7 1
lattice parameter [A] 5.992 (1)
volume [A%] 215.2(1)
atomic parameters x y 4 occ
Pb la 0 0 0 1
Br 12h 0 0.0617 (3) 0.5 0.25
C 1b 0.5 0.5 0.5 1
N 12 0.3633 (5) 0.3633 (5) 0.5
Usiso [pm?] Pb 403 (3)
Br 286 (6)
C/N not refined
Rwp /Ry 3.198/2.287
2%/ Rirage 2.115/2.342
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The SEM micrographs in Figure 8-2a and b show the high surface coverage of the prepared
perovskite layers. The top-view images show a dense layer with no gaps and occasional larger
crystals, which appear lighter in the micrograph. The same can be seen from the cross section
images in Figure 8-2c¢, where the perovskite layer uniformly coats the FTO substrate, without
any dips or pinholes. It has been shown previously that a high degree of film coverage is
beneficial for light absorption of the perovskite layers and is a requirement for efficiently

working solar cells.!”> 18]

We have recently demonstrated that in the case of the
methylammonium lead iodide perovskite, a high surface coverage can be achieved with a
solution deposition-conversion technique.!'”) Here, the prepared MAPbBr; and FAPbBr; films
consist of crystallites ranging from several tens to hundreds of nanometers in size. After the

conversion, the film thickness is approximately 400 nm, as can be estimated from the cross

section images in Figure 2c, and complete surface coverage is achieved.

B st - >l

7 g0ld electrode
ISpm}OMeIAD
IFAF’bBr3

compact TiO,
JFTO

Figure 8-2: SEM top view micrographs of MAPbBr; (a) and FAPbBr; (b) films. Below: cross section of a
FAPDBTrs3 film on a compact TiO: blocking layer, covered with Spiro-OMeTAD and a gold electrode(c).
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We have prepared solar cells based on these materials according to a previously reported
layout.['” In short, FTO-coated glass slides were covered with a non-porous TiO> layer as the
electron selective contact. Over this layer, the MAPbBr3 or FAPbBr3 layer was deposited via a
deposition/conversion approach.[!®2% Firstly, a PbBr; film was deposited via spin-coating and
was then immersed in MABr or FABr solutions in 2-propanol, respectively. The state-of-the-
art p-type hole transporter spiro-OMeTAD was then deposited by spin-coating from
chlorobenzene and the whole device was contacted with thermally evaporated gold electrodes
under high vacuum. A scheme of the solar cell layout and the energy levels of the used materials
are displayed in Figure 8-3a and b. The energy levels of FAPbBr; were obtained through
ultraviolet photoelectron spectroscopy (UPS). The obtained spectra are depicted in Figure 8-4.

The current voltage curves obtained for both types of materials are displayed in Figure 8-3c.
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Figure 8-3: Schematic display of the prepared solar cell layout (a) and energy levels for all layers (b). The
HOMO and LUMO levels for FAPbBr: were determined by ultraviolet photoelectron spectroscopy (UPS).
J-V curves under AM 1.5 solar irradiation conditions for both MAPbBYr; (red) and FAPbBr; (black) -based
solar cells (c). The inset table summarizes the photovoltaic parameters (short circuit current, Jsc (mAcm?);

open circuit voltage, Voc (V); fill factor, FF; power conversion efficiency, 7, series resistance, Rs (Ohm cm?)
and shunt resistance, Rsy (Ohm cm?)).

The MAPDbBr3; solar cells show a very high open circuit voltage of 1.5 V, matching previously
reported record values. Both, the short circuit current and fill factor, however, are low,
compared to the theoretical maximum, resulting in a power conversion efficiency of only 0.4 %.

The FAPbBr3 devices, on the other hand, exhibit high short circuit currents of over 6.5 mA and
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a fill factor exceeding 70 %. Additionally the FAPbBr3 devices exhibit lower series resistance
compared to the MAPbBr3; devices and also highly efficient MAPDbIz prepared in a similar way
in our laboratory.!'”! This compensates for the slightly lower voltage of 1.35 V and results in an
overall power conversion efficiency of 6.5 %. Statistics on a batch of 36 solar cells are depicted
in Figure S4. We can attribute the lower voltage to the narrower band gap of the FAPbBr3 of
2.26 eV compared to 2.34 eV for the MA compound. We note here that the open circuit voltage
of the devices is limited to a large extent by the use of spiro-OMeTAD, which exhibits a HOMO
level of 5.1 eV. This energy level is optimum for the MAPbI; perovskite, but in the systems
presented here, this results in a rather large voltage loss. Hence, before high voltage perovskite
solar cells can be achieved, new hole transporting materials need to be developed. A step in this
direction was presented in recent work by Ryu et al., where high performance devices based on
the MAPbBr3 perovskite were prepared by employing various triarylamine polymers.!®!

However, the voltages in that study were still low and further progress is required.
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Figure 8-4: XPS spectra obtained for FAPbBrs. The graph on the left describes the Fermi level Er relative
to vacuum. The images on the right show the energetic position of the valence band relative to the Fermi
level Er.

In order to understand the differences in short circuit current, the light absorption of both
materials was studied. The UV-Vis absorbance spectrum for FAPbBr3 in Figure 8-5a shows a
very steep increase of absorbance at the band edge and an excitonic feature centered on 532 nm.
The absorption band onset and the photoluminescence signal at 550 nm are overlapping,
indicating that there is no significant vibronic relaxation and therefore no sub-band gap states
in the material.”*) The optical band gap of the prepared structure is estimated to be 2.26 eV by
a Tauc plot (Figure 8-6). For the MAPbBr3 system the absorption onset and PL are shifted
10 nm to shorter wavelengths as compared with the MA system. Both materials show
comparable absorption coefficients for energies higher than the band gap, and both prepared
films absorb over 90 % of the incident light. We calculated the maximum achievable short
circuit current for solar cells prepared from both materials by integrating the absorption spectra

with the AM1.5G solar spectrum to be 9.0 mA ¢cm™ for FA based films and 7.5 mA c¢cm for
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the MA system. Therefore, the substantial differences in short circuit current in the devices

cannot be explained by light absorption differences.
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Figure 8-5: (a) UV-Vis absorption in transmission and PL emission spectra for 400 nm thick FAPbBr3;
(black) and MAPDbBr3 (red) films. (b) Photoluminescence (PL) decay curves for FAPbBrs; and MAPbBTrs.
The samples were illuminated at 510 nm with a pump fluence of ~0.3 pJem?; the emission was monitored
at the maximum of the PL emission at 548 nm for FAPbBr3 and at 540 nm for MAPbBrs;.

It is possible that the device photocurrent in MAPbBr; is limited by insufficient charge
collection. It has recently been shown that measurements of photoluminescence (PL) dynamics
yield important information about the diffusion length of the photoexcited species in the
devices, with longer PL lifetimes indirectly indicating longer charge diffusion lengths.!> 3 We
show such data in Figure 8-5b. The FAPbBr; films show an unusually long decay lifetime te of
about 200 ns, much slower than the lifetime exhibited by MAPbBr; films (17 ns). Stranks et al.
attribute a comparable lifetime for the MAPbI;xClx perovskite to a free diffusion length of
electrons and holes of more than 1 um.!? In contrast, the MAPbBr3 variant exhibits a similar
lifetime to that of the non-Cl treated MAPbI; perovskite, and therefore diffusion lengths closer
to ~100 nm.%3 It is not clear at this point why the FA-based perovskite exhibits longer diffusion
lengths than the MA variant, as both crystallize in the same crystal phase and only minor
differences in the size of the unit cell exist. While differences in the nature and behavior of the

cations, be it limited cation rotation or a smaller dipole moment,'*! could certainly play a role.

It has also been shown recently that processing conditions, %! crystal quality and orientation
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can significantly influence the electronic properties of the final devices.!*?! More experiments

to clarify this aspect are currently under way.
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Figure 8-6: Tauc plot for FAPbBr; and MAPbBrs. The estimated band gaps are 2.26 ¢V and 2.34 eV,
respectively.

Our results are consistent with the recent report by Ryu et al., who showed high short circuit
currents for devices based on the MAPbBr3 material.!’® In their study, the short diffusion length
of the MA-based perovskite was overcome by the use of a mesoporous TiO> scaffold. In this
case, due to the interpenetrating nature of the titania framework and the perovskite material,
efficient charge collection was possible as charges only need to travel the pore diameter
(typically under 30 nm) in order to be collected.>*) In our study, however, the MAPbBr;
perovskite was deposited in a planar configuration and therefore the photoexcited species must
travel the whole thickness of the film (>400 nm) in order to be collected. Since the diffusion
length is shorter than the thickness of the film, we can conclude that poor charge collection
limits the photocurrent in this system. This is not the case for the FA-based perovskite, which
works efficiently even without a high temperature sintered titania scaffold. This is particularly

important in order to integrate the perovskite technology into tandem devices with inorganic
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bottom cells or flexible applications, neither of which can sustain heating processes above
150 C. Additionally, the FA-based perovskites show favorable chemical stability, where the
photovoltaic performance of the devices improved by over 50% after storage in the dark in a
desiccator for over 72 hours. Additionally, we have performed thermogravimetric
measurements on both MA- and FA-based perovskites as shown in Figure 8-7. We can clearly
observe a shift of +50 degrees for the decomposition onset, clearly indicating that the FA
perovskite is more thermally stable than both MAPbBr; and MAPbIs. Since solar cells under
real working conditions will usually heat up to over 60 degrees during the course of the day,>*]

high thermal stability is likely to extend the long-term stability of perovskite solar cells

fabricated from formamidinium variants.
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Figure 8-7: Thermogravimetric analysis (TGA) of MA and FAPbBrs. For comparison we include the TGA
for the literature known methylammonium lead iodide perovskite.
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8.3 Conclusion

We have studied the novel wide bandgap perovskite material FAPbBr3; and fully characterized
its crystal structure as well as optical and electronic properties. We have shown that FAPbBr3
can achieve for the first time high power conversion efficiencies of up to 7 % in a planar
heterojunction architecture, without the need for a mesoporous scaffold. Our results show that
devices fabricated from MAPbBT3 in the same configuration are charge collection limited, while
the formamidinium variant exhibits diffusion lengths that are orders of magnitude longer, and
therefore is able to achieve a high charge collection efficiency. Additionally, we have
performed thermogravimetric analysis and find that the FA variant exhibits a shift of +50
degrees in the decomposition onset, showcasing the higher stability of this system. This renders
the FAPbBr3 system suitable as the absorber for flexible photovoltaic applications as well as
the top cell in a tandem configuration with a commercially available silicon or CIGS bottom

cell.

8.4 Experimental Section

Preparation of the precursors

Methylammonium bromide was prepared by adapting a recipe published earlier.**! In short,
24 mL of methylamine solution (33 % in ethanol) was diluted with 100 mL of absolute ethanol
in a 250 mL roundbottom flask. To this solution, 8 mL of an aqueous solution of hydrobromic
acid (48 wt%) was added under constant stirring. After a reaction time of one hour at room
temperature, the solvents were removed by rotary evaporation. The obtained white solid was

washed with dry diethyl ether and finally recrystallized from ethanol.

Formamidinium bromide was synthesized following a known procedure.l” Formamidinium

acetate was dissolved in a double molar excess of aqueous HBr (48 wt%), and stirred at 50 °C
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for 60 minutes. The solvent and remaining HBr was removed by rotary evaporation to obtain a
slightly yellow powder. Washing with dry diethyl ether and recrystallization from ethanol led

to the white, crystalline product.
Solar cell preparation

Fluorine doped tin oxide (FTO) coated glass sheets (15 €/sq, Dyesol Italy) were patterned by
etching with zinc powder and 3 M HCI. They were subsequently cleaned with a 2 % Hellmanex
solution and rinsed with de-ionized water, acetone and ethanol. Directly before applying the
blocking layer, last organic residues were removed by an oxygen plasma treatment for 5
minutes. The dense TiO2 layer was prepared from a sol-gel precursor solution by spin-coating
onto the substrates and calcining at 500 °C in air.l'” For the sol-gel solution a 27.2 mM solution
of HCI in 2-propanol was added dropwise to a vigorously stirred 0.43 mM solution of titanium
isopropoxide in 2-propanol. The solution stayed clear during the addition and was discarded

otherwise.

An approximately 250 nm thick layer of PbBr, was prepared by spin-coating 75 pL of a 1 M
PbBr; solution in dry N,N-Dimethylformamide (DMF) onto the TiO> covered substrates at
2000 RPM for 15 seconds. To obtain smooth, homogeneous layers it was important to heat
both, the PbBr2 solution and the substrate, to 60 °C before spin-coating and to perform the

deposition dynamically with hot solution onto the hot substrate.

The lead bromide layer was transformed into either the MAPbBr3 or FAPbBr3; perovskite by
immersing it into a 20 mM solution of either MABr or FABTr in isopropanol respectively. For
the MAPbBr3; perovskite, the PbBr, coated substrates were immersed into 40 mL of the

solution, which was heated to 60 °C for 5 minutes. For FAPbBr3 the solution had to be heated
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to 70 °C and the immersion was performed for 30 minutes. After taking the films out of the

solution, they were rinsed in an isopropanol bath and carefully dried in a nitrogen stream.

Afterwards, the films were covered with a 400 nm layer of Spiro-OMeTAD (Borun Chemicals,
99.1 % purity) “spiro”. 75 mg of spiro were dissolved in 1 mL of chlorobenzene and mixed
with 10 mL  4-fert-Butylpyridine (tBP) and 30pL of a 170 mgmL™'
bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) solution in acetonitrile. This solution
was spin-coated dynamically at 800 RPM for 45 seconds. In a second step the sample rotation
was accelerated to 2000 RPM for 5 seconds to allow the solvent to dry completely. Before
evaporating the gold electrodes, Spiro-OMeTAD was left to oxidize in air over night at room

temperature and 15 — 20 % rel. humidity.
PL sample preparation

Perovskite samples for steady state and time resolved PL measurements were prepared as
described for the solar cell preparation. In this case non-conductive glass substrates were used
and the perovskite was covered with a poly(methyl methacrylate) (PMMA) layer to prevent
degradation by ambient moisture. The layer was deposited by spin coating 75 pL of a

10 mg mL™! solution of PMMA in chlorobenzene at 1000 RPM for 45 seconds.
Characterization details:

J-V curves were recorded with a Keithley 2400 sourcemeter under simulated AM 1.5 sunlight,
calibrated to 100 mW cm 2 with a Fraunhofer ISE certified silicon cell. The active area of the

solar cells was defined with a square metal aperture mask of 0.0831 cm?.

Steady-state absorption spectra were acquired with a Lambda 1050 UV/Vis spectrophotometer

(Perkin Elmer) using an integrating sphere.
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Steady state and time resolved PL measurements were performed with a Fluotime 300
Spectrofluorometer (Picoquant GmbH). The excitation wavelength was fixed at 510 nm. The
emission for time resolved measurements was monitored at the maximum intensity of the steady

state photo emission.

Scanning electron microscopy (SEM) images were obtained using a Jeol JSM-6500F

microscope equipped with a secondary electron detector.

Samples for powder XRD measurements were obtained by preparing perovskite films on glass
substrates following the procedure described for solar cells and removing them from the glass.
The measurements were performed on a Huber Imaging Plate Guinier Diffractometer G670
(Cu-Ki-radiation). Rietveld refinement was performed using the Bruker TOPAS package.*”!
The refinements are based on a structure published by Mashiyama et al.['! To describe the
rotation of methylammonium in MAPbBr3, the nitrogen and carbon atoms were displaced
around the center of the unit cell. For FAPbBTr3, the carbon atom was placed in the center of the
unit cell and the nitrogen atoms were dislocated around it. As a consequence of the fast rotation

of the organic cation, the Uiso of C and N was restrained in both cases.

The photoelectron spectroscopy experiments were performed using an Escalab 250
spectrometer equipped with a monochromatized Al anode X-ray source (hv = 1486.6 e¢V), and
a helium discharge lamp (hv = 21.2 eV) as excitation sources for X-ray photoelectron
spectroscopy (XPS) and UV photoelectron spectroscopy (UPS), respectively. The energetic
resolution determined by the 2o Gaussian broadening used to fit the Fermi edge of a freshly
sputter-cleaned silver sample measured at room temperature is 0.35 eV for XPS and 0.13 eV
for UPS. All spectra are referenced in binding energy to the Fermi level. The core level lines of

in-situ cleaned Au, Ag and Cu metal foils were used to calibrate the XPS binding energy scale.
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9 Bright Light-Emitting Diodes based on Organometal Halide Perovskite

This chapter is based on the following publication:

Zhi-Kuang Tan, Reza S. Moghaddam, Mai Ling Lai, Pablo Docampo, Ruben Higler, Felix
Deschler, Michael Price, Aditya Sadhanala, Luis M. Pazos, Dan Credgington, Fabian
Hanusch, Thomas Bein, Henry J. Snaith and Richard H. Friend, Nature Nanotechnology,
2014, 9, 687-92.

9.1 Introduction

Recent reports on earth-abundant organometal halide based perovskite for high efficiency
photovoltaics have demonstrated this class of materials to be excellent semiconductors for
optoelectronic devices.['"” Their primary advantages lie in the fact that they can be very easily
solution processed, require no high temperature heating steps, and they possess an optical
bandgap which is tunable in the visible to infrared regions,'® °! making them very attractive
materials for use in low-cost and large area optoelectronic applications. Previous works have
shown these perovskites to possess strong photoluminescent properties,!!® ') hence making
them potential candidates for use in light-emitting devices. There were previous attempts to

12141 However,

fabricate light-emitting devices using related perovskite materials.!
electroluminescence could only be achieved at liquid nitrogen temperatures, rendering those
devices impractical for applications. In this work, we demonstrate the first high brightness near-
infrared, green and red electroluminescence from solution-processed organometal halide
perovskites, using both a standard and an inverted device architecture. All electroluminescence
and device characteristics were measured in air at room temperature. We refer to electron
injection from the transparent conductive electrode as the standard structure and hole injection

from the transparent electrode as the inverted structure, following the convention in perovskite

and dye-sensitized photovoltaics.
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9.2 Results and Discussion

In our infrared PeLED, we use a simple 3-layered structure of TiO»/CH3NH3Pbl3.<xCI/F8,
sandwiched between indium tin oxide (ITO) and MoOs/Ag as cathode and anode respectively
(see Figure 9-1). We designed the perovskite to be placed between two large bandgap
semiconductors, in a double heterostructure architecture, so as to confine injected charges for
better light emission. A thin (25 nm) layer of TiO> was deposited using atomic layer deposition
(ALD) onto an ITO coated glass substrate. The TiO: serves as an efficient electron injector, as
well as a hole blocking layer for the perovskite device. A thin layer of perovskite precursor was
deposited on the TiO> by spin coating. Annealing at 100 °C converts the precursor into a 15 nm
CH3NH;3PblI3.«Cl perovskite thin film (see Figure 9-1b for perovskite structure). The perovskite
layer was designed to be thin in order to spatially confine electrons and holes for bimolecular
recombination. Given the small exciton binding energy in this class of materials,> !> 6] the
confinement of injected charges within a thin “well” enhances electron-hole capture and
improves radiative recombination. The perovskite film was capped with a 50 nm layer of F8
polymer by spin-coating from solution. The F8 polymer layer, with a deep ionization potential
and a shallow electron affinity, was chosen to form a type-I heterojunction with the perovskite
(see Figure 9-1c for energy level diagram). This allows holes to be confined within the
perovskite well and electrons to be blocked from exiting via the anode. A high work function
MoO3/Ag anode was used to provide ohmic hole injection into the F8 polymer.[!”) The
ionization potentials of the materials are estimated from values in the literature,'® ) and the

electron affinity values are estimated based on the optical bandgap of the materials.
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Figure 9-1: (a) Device architecture of CH3NH3PbI3xClx perovskite light-emitting diode (PeLED). (b) Single
unit-cell of an ABX3 perovskite crystal, where A is methylammonium, B is Pb and X is I, Br or ClL. (¢) Energy
level diagram of different layers of materials in the infrared PeLED, showing conduction and valence band
levels with respect to vacuum.

The optical absorption and emission spectra of the CH3NH3PbI;xClx perovskite thin film are
shown in Figure 9-2. Absorption onset occurs at approximately 780 nm, consistent with
previous reports.l!! The non-zero baseline in the absorption spectra can be attributed to light
scattering and interference effects, since we measure a clear absorption edge in photothermal
deflection spectroscopy (PDS), which is a technique immune to optical scattering artifacts (see
Figure 9-3). A strong near-infrared photoluminescence (PL), centered at 773 nm, was measured
when the perovskite thin film was excited with a 532 nm green cw-laser. Using the integrating
sphere method,?” we measured a relatively high photoluminescence quantum efficiency
(PLQE) of 26 %. The electroluminescence (EL) of the infrared PeLED is slightly blue shifted
from the PL, peaking at 754 nm. The emission band is narrow with a full width at half maximum
(FWHM) of 35 nm. No electroluminescence was observed from the F8 polymer, indicating that

F8 serves only as a hole transporting and an electron blocking layer, and does not participate in

light emission.
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Figure 9-2. Absorbance (left y-axis), electroluminescence and photoluminescence (right y-axis) spectra of
CH:NH:PbI: «Clx perovskite.
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Figure 9-3: Photothermal deflection spectroscopy (PDS) of CH3:NH3PbIz3-«Clx and CH3NH3PbBr3 perovskite
thin films on fused silica substrate, showing the clear absorption edges of the materials.

The current density vs. voltage characteristics and the corresponding radiance of the infrared
PeLED is shown in Figure 9-4a. A clear turn-on of light emission was observed at 1.5 V, close
to the photon emission energy. A radiance of 6.8 W sr’! m? was achieved at a driving voltage

of 6.2 V, where the corresponding current density was 605 mA cm™. The highest external
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quantum efficiency (EQE) of 0.23 % was achieved at 494 mA cm™, calculated assuming a
Lambertian emission profile. This gives an internal quantum efficiency (IQE) of 1.0 %,
calculated using the relation IQE = 2n? EQE.?!l We selected the refractive index of glass (n =
1.5) to estimate IQE because we consider light to be emitted isotropically into the glass
substrate, given the thinness (<< 1) of our emissive perovskite layer. The EQE in our devices
rises with increasing voltage and current density, indicating that a high density of charges is

required for efficient radiative recombination.

To investigate the reasons for the decline in radiance and efficiency at higher current densities,
we turned to pulse voltage measurements where a bias as high as 14 V was applied to drive
currents up to 1500 mA cm™ (see Figure 9-4b). Using 14 V square voltage pulses at a width of
1 ms and frequency of 100 Hz, we achieved a two-times higher radiance of 13.1 W sr' m? ata
current density of 1467 mA cm™. This indicates that the device degradation and efficiency drop-
off are driven by heating at high current densities since a higher radiance could be achieved

when the device is given time to cool in between the pulses.
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Figure 9-4. (a) Top graph: Combined radiance (black line) and current density (red line) vs. voltage
characteristics of the infrared PeLED. Bottom graph: External quantum efficiency vs. voltage of PeLED.
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(b) Radiance vs. current density of PeLED under steady state and pulse measurement conditions. For pulse
measurement, 1 ms square voltage pulses were applied at a frequency of 100 Hz. (c) Photoluminescence
quantum efficiency (PLQE) (black line) of TiO2/CH3NH3PbI3.«Cly/F8 film as a function of absorbed (~15%)
photon flux. Internal quantum efficiency (IQE) (right axis) of PeLED is plotted against current density and
extrapolated as comparison to PLQE. Red line represents device in steady state measurement and grey line
represents device in pulse measurement.

Interestingly, we observed during our pulse experiments that the radiance and quantum
efficiency of the PeLED increase across the duration of the voltage pulse, while the current

density remains approximately constant (see Figure 9-5).
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Figure 9-5: Plots of radiance, current density and external quantum efficiency vs. time (or pulse width) for
the CH3:NH:PbI:<Clx PeLED at a driving voltage of 7 V. In the single pulse width experiment, 25 ms square
voltage pulses with a period of 250 ms were applied and the radiance and current density were monitored
over the duration of the 25 ms pulse. For the multiple pulse width experiment, square pulses with widths
ranging from 50 ps to 25 ms were applied to the device, all with periods of 10X pulse width. Both
experiments show that radiance and EQE increase with the pulse width while current density remains
approximately constant.
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We show, in Figure 9-6, that this increase in light-emitting efficiency is related to the history
of electric field polarization across the device. In our experiments, a device which is pre-
polarized with an external bias emits at a higher radiance and efficiency. Over the duration of
the voltage pulse, the perovskite device becomes increasingly polarized, hence giving higher

electroluminescence with longer pulse durations.
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Figure 9-6: In this experiment, a fixed +5 V square voltage pulse with a width of 5 ms and a frequency of 20
Hz was applied to the CH3NH3PbIs<Clx PeLED. The background voltage was varied from (a) 0 to +4 V and
from (b) 0 to -6 V, and the resulting changes in radiance, current density and EQE were monitored over the
duration of the pulse. The profiles of the applied voltage are presented in the top-most graph.

This polarization effect is also reflected in the hysteretic current-voltage characteristics of the

PeLED, as shown in Figure 9-7. A potential sweep from forward bias to reverse bias (i.e. larger

polarization history to smaller polarization) leads to higher radiance and EQE, compared to a
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sweep from reverse to forward bias. We postulate that a high polarization voltage drives the
ionic traps out of the bulk emissive layer, therefore suppressing non-radiative trap-mediated

recombination and enhancing the radiative bimolecular recombination.
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Figure 9-7: Hysteresis effects in radiance, current density and external quantum efficiency during current-
voltage measurements. When the device is swept from -4 V (reverse bias) to +4 V (forward bias), the
radiance and EQE are lower but the current density is higher, as compared to a voltage sweep from +4 V
to -4 V. This is due to the polarization history of the device during the voltage sweep where a history of
higher polarization (i.e. +4 V decreasing to -4 V) leads to higher radiance and EQE and a smaller current
density, consistent with observations in the pulse experiments.

In our experiments, we observe an increase in EL quantum efficiency with both increasing
voltage and increasing current density (see Figure 9-4a and c). In order to investigate the
relation of radiative recombination with respect to charge (or excitation) density, we measured

photoluminescence quantum efficiency (PLQE) as a function of laser excitation flux (see Figure

9-4c). We used a thin film structure of TiO2/CH3NH3Pbl3.«Cl/F8 that is identical to our devices
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for measurement. The PLQE rises with laser photon flux in a trend that is similar to the rise of
device quantum efficiency with current density, confirming that high charge densities are
essential for efficient radiative recombination. In Figure 9-4c, we compare IQE vs. current
density in the same plot as PLQE vs. absorbed photon flux and find good agreement between
the quantum efficiencies obtained via laser excitation and electrical injection. The extrapolation
of the IQE suggests that higher electroluminescence quantum efficiency may be achievable at
higher current densities. We note that the quantum efficiency of the pulsed device also exhibits
the same linear increase with current density, although efficiencies are lower compared to the
steady state measurements due to the relatively short 1 ms pulse width used (see Figure 9-5).
The lower device EL quantum efficiencies compared to PLQE suggest non-radiative losses by
electrical injection, which may be reduced by the optimization of device fabrication process if

these losses are predominantly due to high leakage currents.

We have previously demonstrated that radiative recombination in CH3NH3Pbl3.<Clx perovskites
is bimolecular in nature.!'” The need for high excitation densities for efficient radiative
recombination suggests the presence of a competing non-radiative pathway. Since bimolecular
recombination kinetics follow an n® relationship (where n = excitation density), a radiative
bimolecular pathway can dominate at higher charge densities. With the fluxes produced in our
devices, charge densities are relatively low and the competing non-radiative channels dominate,

giving rise to a modest EL quantum efficiency.

It is interesting to note that a PLQE of 10 % can be achieved in a TiO2/CH3NH3Pbl3.xClx/F8
film structure. This is compared to a PLQE of 26 % for a pristine perovskite film of equivalent
thickness (15 nm) at an equivalent laser excitation flux. This confirms the formation of a charge
confining well structure in our devices, where excitations are only slightly quenched at the
heterojunctions, despite an emissive layer thickness of only 15 nm. To further demonstrate the

effectiveness of our thin well structure, we fabricated devices using thicker perovskite films

153



9.2. Results and Discussion

(see Figure 9-8). The radiance and quantum efficiency of the devices decrease markedly at
larger perovskite thicknesses, demonstrating the need for spatial confinement of charges to
ensure a high rate of electron-hole capture and radiative recombination. In addition,

reabsorption losses are likely to be lower in the thinner films.
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Figure 9-8: Combined plots of radiance vs. voltage (solid lines) and EQE vs. voltage (dash lines) of
CH:NH3PbI3«Clx PeLED devices with different perovskite layer thicknesses. Both the radiance and the
efficiency of the devices decrease at larger perovskite thicknesses. We note that these perovskite films are
annealed for a longer time (30 min) to ensure the complete formation of perovskites for the thicker layers.
Our findings so far suggest that higher charge densities, higher polarization and thinner
emission layers are possible routes towards enhancing the electroluminescence efficiency.
However, we note that the surface coverage of the CH3NH;3PbI3.xClx perovskite is incomplete

(~30 % voids) in such thin layers (see Figure 9-9), causing possible contact between the TiO>

and F8 layers.
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Figure 9-9: Atomic Force Microscopy (AFM) image of the CH3:NH3PbI:.<Clx perovskite thin film, showing
incomplete film coverage over a TiO2 coated substrate. Approximately 30 % of the layer is composed of
voids.

In order to investigate the effects of electrical shunts at TiO2/F8 interfaces, we fabricated a
TiO2/F8 device without the thin perovskite interlayer. We find the current density of the
TiO2/F8 device to be several times higher than the perovskite device at forward bias (see Figure
9-10), indicating that there are possible current losses at the TiO2/F8 interface that do not
contribute to electroluminescence. Optimization of thin film formation and morphology
towards complete perovskite coverage is therefore expected to enhance device radiance and
quantum efficiency. We further note that the EL photon flux from the F8-only device is 3 orders

of magnitude lower than the perovskite device, confirming that the F8 layer does not participate

in light emission but serves only as a hole transport and electron blocking layer.
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Figure 9-10: Combined photon flux per steradian (dash lines) and current density (solid lines) vs. voltage
characteristics of TiO2/F8 and TiO2/ CH3NH3PbI:xClx /F8 devices. TiO2/F8 device gives higher current
density compared to the perovskite device. Electroluminescence in TiO2/F8 device is negligible.

In an effort to optimize our device efficiencies and to minimize luminescence quenching at the
TiOz/perovskite interface, we inserted an ultra-thin (1 nm) layer of Al2O3 in between the TiO2
and the perovskite layers using atomic layer deposition. With this minor modification, we
achieved a two-fold enhanced radiance of 13.2 W sr’! m™ at a lower current density of 363 mA
cm (see Figure 9-11). Consequently, the device EQE and IQE increased by more than 3 times
to 0.76 % and 3.4 % respectively. This level of performance is comparable or better than some
of the best colloidal quantum dot infrared light-emitting devices.!”” 2*] This enhancement in

luminescent efficiency is likely due to the surface-induced nano-structuring of the perovskite

layer!?* and the suppression of luminescence quenching at the TiO2/perovskite interface.
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Figure 9-11. Top graph: Combined radiance (black line) and current density (red line) vs. voltage
characteristics of a modified 1TO/TiO2/Al:O3(1nm)/CH3NH3PbI:«Cl/F8/Mo00O3/Ag infrared PeLED.
Bottom graph: External quantum efficiency vs. voltage of modified infrared PeLED.

In order to demonstrate the application of organometal halide perovskite as visible light
emitters, we utilized the larger bandgap CH3NH3PbBr; as a green emitter in our PeLED devices.
Since a larger bandgap makes it more difficult to achieve electron injection from TiO> into the
perovskite conduction band, we turned to an inverted device structure with an
ITO/PEDOT:PSS/CH3NH3PbBr3/F8/Ca/Ag architecture. PEDOT:PSS and calcium were
utilized as ohmic hole and electron injectors respectively. The F8 polymer (50 nm) serves as a
spacer layer for electron transport and to prevent emission quenching near the Ca metal
interface. In order to spatially confine injected charges for efficient radiative recombination, we
fabricated CH3NH3PbBr; to a thickness of 20 nm). As shown in Figure 9-12a, bright green
electroluminescence was achieved at 517 nm. The CH3NH3PbBr3 perovskite PL is slightly red-

shifted from the EL, peaking at 524 nm with a PLQE of 7 % when excited with a 405 nm blue

cw-laser. The device turns on at 3.3 V and reaches a maximum luminance of 364 ¢cd m™ at a
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current density of 123 mA cm, as shown in Figure 9-12b. This gives an efficiency of 0.3 cd
Al, or an EQE of 0.1 % and IQE of 0.4 % assuming a Lambertian emission profile. Similar to
the infrared device, the EL quantum efficiency increases with injection current density (see
Figure 9-12¢), demonstrating a need for high charge densities to achieve efficient radiative
recombination. We also demonstrate red electroluminescence at 630 nm using a CH;NH3PbBr:l
mixed halide perovskite in the same device architecture, showing the versatility and wide

bandgap tunability of these organometal halide perovskite materials.
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Figure 9-12. (a) Electroluminescence, photoluminescence and absorbance spectra of CH3;NH3PbBr;
perovskite on PEDOT:PSS covered substrate. Image shows bright uniform greenm and red
electroluminescence from ITO/PEDOT:PSS/CH3:NH3PbBr3/F8/Ca/Ag and
ITO/PEDOT:PSS/CH3sNH3PbBr:1/F8/Ca/Ag PeLED respectively. (b) Top graph: Combined luminance
(black line) and current density (red line) vs. voltage characteristics of green PeLED. Bottom graph:
External quantum efficiency vs. voltage of green PeLED. (c) External quantum efficiency vs. current density
of green PeLED.

9.3 Conclusion

Our demonstration of bright visible and infrared electroluminescence from organometal halide
based perovskite shows great promise in the development of this class of materials for large
area optoelectronic or electrically-pumped lasing applications. Furthermore, our work
exemplifies the fact that an efficient solar cell material is generally also a good light emitter, as

given by the Shockley-Queisser detailed balance limit calculations.*> 2! It is interesting that

158



9. Bright Light-Emitting Diodes based on Organometal Halide Perovskite

bright electroluminescence could be achieved using a simple thin emitter realized by solution
processing. Given the versatility and low-cost processability of these organometal halide

perovskite materials, they may quickly find their way into the displays and lighting industry.

9.4 Experimental Section

F8 polymer was provided by Cambridge Display Technology (CDT) and was used as received.

All other chemicals were purchased from Sigma-Aldrich and were used as received.

CH3NH;3PbI5.<Cl; Perovskite Synthesis.

Methylammonium iodide (CH3NH;3I) was prepared by adding 33 wt % methylamine solution
in ethanol (24 mL) and 57 wt % hydroiodic acid in water (10 mL) to 100 mL of absolute ethanol.
The reaction mixture was stirred at room temperature in a nitrogen atmosphere. The solvent
was removed by rotary evaporation until white crystals started to appear. The product was
collected using Biichner funnel filtration and was dried overnight under vacuum at 80 °C. The
mixed halide perovskite precursor solution was prepared by mixing CH3NH3I and PbCl in a

3:1 molar ratio in anhydrous N,N-dimethylformamide to give a concentration of 5 wt %.

CH3NH3PbBr3 Perovskite Synthesis.

Methylammonium bromide (CH3NH3Br) was prepared by adding 33 wt % methylamine
solution in ethanol (24 mL) and 48 wt % hydrobromic acid in water (8.5 mL) to 100 mL of
absolute ethanol. The reaction mixture was stirred at room temperature. The solvent was
removed by rotary evaporation. The obtained white crystals were washed with anhydrous
diethyl ether and recrystallized in ethanol. The perovskite precursor solution was prepared by
mixing CH3NH3Br and PbBr; in a 3:1 molar ratio in anhydrous N,N-dimethylformamide to

give a concentration of 5 wt %. For the CH3NH3PbBr2I mixed-halide precursor solution, we
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mixed the individual CH3NH3PbBr; and CH3NH3Pbls precursor solutions in a molar ratio of

2:1 to give an overall concentration of 5 wt %.

Infrared PeLED Fabrication.

ITO coated glass substrates were cleaned successively with acetone and isopropanol. TiO> (25
nm) was grown onto the cleaned substrates at 225 °C with atomic layer deposition (ALD), using
titanium tetrachloride (TiCls) and water as precursors. The substrates were transferred into a
nitrogen filled glovebox for further fabrication. The CH3NH3PbI;..Cl; perovskite precursor
solution was spin coated onto the TiO> at 3000 rpm for 60 seconds, and annealed at 100 °C for
5 minutes to give a thin perovskite film with an average thickness of ~15 nm, as determined by
atomic force microscopy (AFM). A solution of F8 in chlorobenzene (10 mg/mL) was spin
coated onto the perovskite layer at 3000 rpm for 60 seconds to give a 50 nm film. MoOs (5 nm)
and Ag (100 nm) were successively deposited by vacuum thermal evaporation. Devices were

tested in air without encapsulation.

Green PeLED Fabrication.

ITO coated glass substrates were cleaned successively with acetone and isopropanol, followed
by 10 minutes oxygen plasma treatment. PEDOT:PSS (Clevios P VP A1 4083) was spin coated
onto the substrate at 6000 rpm for 30 seconds, and annealed at 140 °C for 30 minutes in a
nitrogen atmosphere. The CH3NH3PbBr3; perovskite precursor solution was spin coated onto
PEDOT:PSS at 3000 rpm for 30 seconds and annealed at 100 °C for 15 minutes to give a
perovskite film thickness of ~20 nm. A solution of F8 in chlorobenzene (10 mg/mL) was spin
coated onto the perovskite layer at 3000 rpm for 30 seconds to give a 50 nm film. Ca (20 nm)
and Ag (100 nm) were successively deposited by vacuum thermal evaporation. Devices were

tested in air without encapsulation.

PeLED Characterization.
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Current vs. voltage characteristics were measured using a Keithley 2400 Source Measure Unit
(SMU). Photon flux was measured simultaneously using a calibrated silicon photodiode
centered over the light-emitting pixel. Radiance in W sr'! m? and luminance in cd m? were
calculated based on the emission function of the PeLED, and on the known spectral response
of the silicon photodiode. External quantum efficiency was calculated, assuming a Lambertian
emission profile. Electroluminescence spectra were measured using a Labsphere CDS-610

spectrometer.
PLQE Measurement.

The PLQE of the thin film samples was measured using an integrating sphere method, as
reported in the literature.*”) A continuous wave 532 nm green diode laser with an excitation
power of 10 — 100 mW and a focused beam spot of ~0.3 mm? was used to photo-excite the
samples. Emission was measured using an Andor iDus DU490A InGaAs detector. During
measurements, the samples were kept at room temperature under a constant stream of nitrogen.
Samples were prepared in the structure TiO2/CH3NH3Pbl3.xClx/F8 on top of a spectrosil fused

silica substrate, similar to the PeLED device structure.
Pulse LED Measurement.

A square voltage pulse with a pulse width of 1 ms and frequency of 100 Hz was applied to the
device using a HP8116A Pulse/Function generator. A dual-channel Agilent Technologies
DS06032A oscilloscope, set to 50 QQ impedance, was connected in series to the device and the
function generator to determine the current through the device. The electroluminescence was
monitored using a calibrated Si photodiode, connected to the 2" channel of the oscilloscope (1

MQ) via a Thorlabs PDA200C photodiode amplifier.
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10 Conclusion

This thesis focused on the preparation of hybrid organic-inorganic perovskites and their
application in solution processed thin film solar cells. In the beginning, a new 2-step deposition
approach for a facile, efficient and low-temperature synthesis of thin film perovskite materials
is introduced. In the first step, a thin layer of the lead precursor is deposited on the substrate
and converted into the perovskite phase by immersion into a solution of the other structural

components in the second step.

This preparation pathway produced films with 100 % surface coverage and the fabricated solar
cells achieved 15 % efficiency. It was observed that the temperature of the immersion bath has
a critical influence on the orientation of the individual perovskite crystals on the surface.
Depending on the crystal orientation the efficiencies varied, while the highest efficiency was
achieved with an orientation of the long axis of the tetragonal unit cell perpendicular to the

surface.

Although the perovskite synthesis was already performed at low temperatures, the electron
selective contact still required a high temperature sintering step. It was possible to substitute
this layer with a solution processed fullerene layer, while still maintaining reasonable
efficiencies of around 10 %. It was, however, necessary to photopolymerize the fullerene layer
to obtain a high degree of reproducibility. The polymerization reaction reduces the solubility of
the fullerene in the following steps and therefore prevents the formation of pinholes in the

electron selective contact.

Furthermore, the band-gap tunability of MAPDI; by substituting part of the iodide with bromide

was investigated. A change in band-gap energy from 1.5 eV (pure iodide) to 2.25 eV (pure
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bromide) was observed. Independent of the degree of substitution, pure phases of the mixed

halide perovskites are formed, as proven by photothermal deflection spectroscopy (PDS).

The pure bromide perovskite MAPbBr3;, however, is not suitable for the fabrication of planar
heterojunction solar cells. The diffusion length of the electrons and holes does not suffice to
ensure efficient charge extraction. It was possible to increase the diffusion length by substituting
the MA cation with formamidinium. The resulting perovskite FAPbBr3 is structurally and
energetically very similar to MAPbBr3. Due to the increased lifetime of the photoexcited
species, however, the efficiency of the resulting solar cells is improved from about 1 % for

MAPDBBr3 to 7 % for the FA-based compound.

In the end, a different application of perovskite materials is presented. When the
semiconducting material is prepared as a thin film between two charge injection layers, the
excess electrons and holes recombine and light is emitted. This has been shown for MAPbBr3
and a mixture of bromide and iodide perovskite. The observed light emission was green and

red, respectively.

Although the almost exponential increase in solar cell efficiencies for the demonstrated
perovskite materials is very impressive, they are still far from being industrially produced and
employed in large installations. One important reason relates to the toxicity of lead, especially
since it is soluble in water. To make perovskite-based solar cells more attractive, alternative
structures using non-toxic metal cations have to be found. First results suggest that tin-based

perovskites could be an attractive alternative, already achieving efficiencies around 6 %.

The efficiencies of the best lead-based perovskite solar cells are already getting close to the
maximum theoretically achievable efficiency. One attractive way of bypassing this limit is the

combination of perovskite absorbers with conventional photovoltaic technologies in tandem
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10. Conclusion

structures. Calculations show that the use of state-of-the-art perovskite cells on a silicon or

CIGS bottom cell could potentially lead to efficiencies of up to 30 %.

There will still be much research necessary in the next years to overcome the problems
presented by perovskite solar cells. However, looking at the 4 years of research invested so far
in perovskites compared to almost 50 years of silicon solar cell research and the achieved
efficiencies for both technologies, there are good reasons to be optimistic and curious about the

future developments.
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