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INTRODUCTION

NERGY, ever since the dawn of the industrial revolution our world has been striving

for more and more of it. As we develop new technologies we also create new needs,
some useful some not. In either case, these ever-growing needs push us to produce at
an exponentially growing rate. To sustain this production our world mostly has relied on
fossil energy. As a consequence in under a century, we used more fossil energy than the
previous millennia of human history.
As our need for energy increased, humans turned from biomass fuels (namely wood,
plants...) to more energy-dense materials such as coal, oil. In fact, the main limitation
of the use of biomass fuels is that they do not produce a lot of energy, with an energy
density around 10° MJ m™ 12 and take time and space to renew. !! To sustain our way
of life we would have probably ended up cutting trees at a rate too intense to allow for
the regeneration of the forests. %)
In contrast, fossil energy is a lot more energy-dense, however, its use appears to be al-
most as shortsighted as the use of biomass energy as it takes millions of years to re-
new. 2l While being convenient at the present time we are draining the Earth of its nat-
ural resources, created over millennia, such as the future generations will most likely not
be able to rely on them as our reserves will eventually fade.
In a cruel turn of fate, this may not even be the main issue. In fact, the use of fossil energy
leads to the production of greenhouse gases which ultimately affect the climate and lead
to global warming. ¥ While variations in the global temperature are not unprecedented
in Earth history it is the first time that the change happens this fast. Even optimistic pre-
dictions estimate that if we keep going the temperature will increase by 2 to 4°C within
the next 50-100 years. % It appears obvious that while the ecosystems were able to adapt
to temperature variations over centuries such a fast change can only lead to a natural
disaster.
The use of nuclear power could be a solution as it produces a massive amount of energy
and remains to date the most energy-dense production method. However, the risk of
such energy production may not fully outweigh the benefits. Historical disasters such
as Chernobyl and Fukushima have already shown the dramatic consequence of an ac-
cident involving radioactive materials on human activity and ecosystems. Besides, the
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storage of nuclear waste and the dismantling of aging nuclear power plants also remains
amajor issue.

Renewable energies then appear as the only viable long term solution to cut greenhouse
gas emissions and have acceptable risks. However, it is not all sunshine and rainbows
as there are three major obstacles to reach clean energy production: efficient and cheap
production, transport and storage.

In fact, most of the renewable energy sources, such as wind and solar, all suffer from one
main issue: they are intermittent. Because they are intermittent, they cannot provide
energy 24/7 as we would need, hence, we cannot solely rely on them. They need to be
combined with other methods of production to compensate for the downtime or effi-
cient and cheap storage.

While the transport and storage of the energy remain major issues to a 100% clean en-
ergy production there is still alot of room for improvement in our current situation. As of
2017, the proportion of the global energy production is still dominated mostly by fossil
energies with 85% of our yearly consumption and only 4% from renewable sources 20%
out of which are generated by solar energy, the rest being produced by nuclear and other
energies. (67!

Solar energy is one of the most abundant and promising renewable energy sources
and can be converted in various ways from photoelectrochemical cells for hydrogen pro-
duction via water splitting to photovoltaic applications. The focus of this thesis will be
on the latter.

Photovoltaic solar cells, as implied by the name coming from the Greek "phos" meaning
light and "volt" for the unit of the electromotive force, directly convert sunlight into elec-
tricity. The current solar cell market is dominated by crystalline silicon solar cells that
represent over 90% of the production. ®°! While the cost of solar cells has dropped con-
sequently over the past decade!®, it is yet to become an important part of our power grid
and further investments are still necessary to reach a greener energy production. 810
One of the best ways to reduce the cost and payback time of solar cells is to improve
the efficiency of the module. The best silicon cells efficiency now reach 26.7% in the
labs® and 17-21% for commercial modules.® These numbers represent ~80% and
~64% of the maximum theoretical efficiency'?! (=32%) for an ideal material with the
same bandgap. While there is still some room for improvement from the lab to the pro-
duction line, we are getting close to the best of what silicon can do on its own.

One of the most promising ways to further improve the efficiency of silicon solar cells is
to combine it with another cheap material in a tandem or multi-junction configuration
by stacking two or more solar cells on top of each other. Perovskite materials appeared
as the front runner for this application.

While improving the efficiency of current modules is important, the emergence of new
applications will be critical to increase the portion of our energy production that comes
from solar. The use of semitransparent and/or flexible modules could also help opening-
up new ways of producing our energy and reducing our fossil energy consumption. For
this kind of application, silicon may not be the best option. In fact, even if it has been
demonstrated that silicon-based semitransparent solar cells are possible!'® as well as
flexible ones ' it requires extra steps which may increase the production price.

For this kind of application organic and perovskite materials could be the solution as



both can be used to make semitransparent and/or flexible modules. >23! Besides, both
technologies can be solution-processed and printed over large area.

This thesis explores the device physics of organic and perovskite-based solar cells to
bring more understanding on the processes limiting their performance. It starts with an
introduction of some fundamental background on organic and perovskite semiconduc-
tors and what makes them special materials. Then the device model used throughout
this thesis is introduced as well as the relevant physical processes that are included in
the model to simulate both organic and perovskite materials. This work is divided into
two parts corresponding to the two studied technologies, the first part on organic solar
cells (OSCs) and the second part on perovskite solar cells (PSCs).

Starting with organic solar cells, chapter 2 discusses the exciton diffusion length in
new high performing non-fullerene acceptors (NFA). The exciton diffusion length is a
crucial property to ensure charge separation in low dielectric constant organic semicon-
ductor blends. The exciton diffusion length was measured on 9 acceptors using both
electrical and optical measurements and showed that NFAs exhibit largely improved ex-
citon diffusion length up to 45 nm compared to the 10 nm reported for fullerene ac-
ceptors (FA). This chapter also provides some insight on the influence of the chemical
structure of the non-fullerene acceptors on the exciton diffusion length and especially
the influence of end-groups.

After discussing the exciton dynamic and its importance for the generation of
free charges, the extraction dynamics of the said charges in OSCs are investigated in
chapter 3. More specifically the influence of dispersion on the extraction time under
steady-state operating conditions. In fact, the accuracy and relevance of the values
obtained when characterizing the transport of organic semiconductors using classical
methods were called into question as they usually underestimate the influence of
non-thermalized charges. Here, we combine experiments and simulations to show that
non-thermalized carriers only have a small influence on the extraction under operating
conditions.

In the second part of this thesis, the properties of perovskite materials and their ap-
plication to solar cells are discussed. In a typical perovskite solar cell, the perovskite
layer is usually multi-crystalline, while the understanding of the properties of the multi-
crystalline film is of utmost importance, the understanding of the intrinsic properties
of perovskite semiconductor is also a key to improve the device efficiency. One of the
most common techniques used to investigate the intrinsic properties of perovskite ma-
terials is the measurement of single-carrier devices made of perovskite single crystal, the
so-called space-charge-limited measurements. Chapter 4 presents a perspective on the
pitfalls of using such a technique on perovskite materials and especially how the ionic
movement can drastically influence the outputs and lead to ill-based conclusions on the
defect density extracted from these measurements. An alternative method to get reliable
measurements that are less affected by ionic motion is also proposed.

To build an efficient solar cell the perovskite layer is usually stacked between two
charge transport layers (TLs). In chapter 5 the effect of the transport properties of the
TLs on the device efficiency is examined. Two new figures of merits are introduced to
help the optimization of the TLs in terms of thickness and/or conductivity. The results
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are supported by both experimental results on solution and vacuum processed PSCs as
well as extensive simulations.

Finally, in chapter 6 the use of simulation trained machine learning as a tool for the
identification of the dominant recombination process in PSCs is presented. The ma-
chine learning toolbox provides a good platform to quickly identify the dominant loss
without having to perform any kind of fitting procedure of the experimental data and
could be used in combination with high-throughput experimentation. This chapter also
provides an in-depth analysis of the light intensity dependence of the open-circuit volt-
age (Voc) and how it relates to the dominant recombination process. It also shows that
the analysis of such a measurement needs to be made with care as transport and doping
properties of the different layers also influence the results.

1.1. ORGANIC SEMICONDUCTORS FOR SOLAR CELL APPLICA-
TIONS

Organic compounds are defined as carbon-based materials, while they were originally
derived from living organisms they are now also produced in the lab. While most or-
ganic compounds are insulating a class of these materials shows semiconducting prop-
erties. This change in conducting properties arises from a different bonding between
the atoms. For organic insulators, the main bonding between the carbon atoms is the
results of o-bonds. However, if the carbon is only surrounded by three atoms an out
of plane m-bond will be formed as a result of the overlap of two 2p, orbitals forming a
double-bond. If three or more of these orbitals overlap the electrons in the 7-bonds are
delocalized over the length of the so-called conjugation. The conjugation is defined by
a system with overlapping p-orbitals with delocalized electrons in a molecule. This con-
jugation usually stabilizes the systems which end up in a reduction of the bandgap (Ej)
and also allows for carrier transport of the delocalized electrons in the m-bonds which
gives rise to semiconducting properties in conjugated organic molecules and polymers.
The filled n-bonds and the empty n*-bonds will form the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) respectively. The en-
ergy difference between the HOMO and LUMO will define the bandgap of the semicon-
ductor and are usually treated as the valence (Ey) and conduction (E¢) band in a tradi-
tional semiconductor. 2425

Traditional inorganic semiconductors are usually made of giant covalent ordered struc-
tures where the electrons are delocalized over the whole system. However, organic semi-
conductor molecules are linked by weak Van-der-Waals forces and tend to be a lot more
disordered hence the carriers are not delocalized over the whole systems. Because of
these properties, the charges tend to be a lot more localized in organic than in tradi-
tional inorganic semiconductors. [2°!

This spatial localization of the charges and the energetic and spatial disorder inherent to
organic systems give rise to two unfortunate properties. First, a low dielectric constant
which leads to the formation of Frenkel exciton, a coulombically bound electron-hole
pair, upon light absorption and not directly free charges as in inorganic semiconductors
that tend to have larger dielectric constants. Secondly, the charge transport is usually not

4
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described as band-like transport where the charge can move freely. Instead, the charge
carriers are mostly localized on one molecule or one segment of a molecule or polymer

and need to "hop" from one site to the other. The following sections describe these two

processes: (1) exciton and free charge generation and (2) charge transport. (2%

b) EA

—m —

| o/ _ _ A v

> >

>
DoS Energy,Position

Figure 1.1: Schematic (a) of the processes leading to the charge separation in OSCs with (1) photon absorption,
(2) exciton diffusion, (3) exciton dissociation and (4) free charge transport. Charge relaxation and transport (b)
through a gaussian density of states (DoS) with first (I) a fast relaxation toward the bottom of the DoS and then
(IT) an isoenergetic transport (hopping) around the transport energy (dashed line).

1.1.1. EXCITON AND FREE CHARGE GENERATION IN ORGANIC SEMICON-
DUCTORS

As discussed previously, the low dielectric of organic semiconductors leads to the forma-
tion of strongly bound electron-hole pairs called excitons upon light absorption. 26-29
To overcome the Coulomb interaction and split the exciton into free charges two or more
materials are usually blended to form a so-called bulk heterojunction (BHJ). Historically,
the BHJ were composed of two materials, 1301 one electron donor and one electron ac-
ceptor, the idea being that the offset between the energy level of the donor and acceptor
would promote the exciton dissociation at the D/A interface.

A schematic picture of the process leading to the exciton dissociation is presented in
figure 1.1.a. First, upon the absorption of a photon an exciton is created (1), here rep-
resented in the donor but the same process can happen if the exciton is created in the
acceptor. Then the exciton can migrate (2) through the material and either dissociate
into free charges or recombine. The average distance traveled by an exciton before it re-
combines defines the exciton diffusion length Lp. The Lp will be discussed in chapter 2
for several acceptors including FA and NFA.

Step (3) represents the exciton dissociation at the D/A interface, this separation can be
driven by different factors. The driving force governing the exciton dissociation is not
yet clear in OSCs and is likely to be system dependent. The formation of a so-called
charge transfer (CT) state at the D/A interface has often been invoked to explain the ex-
citon dissociation, especially in fullerene-based OSCs. [31-34] However, the formation of
CT-states with a lower energy than the singlet is not always necessary for efficient charge
generation. In fact, recently reported NFA-based OSCs have shown that efficient charge
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generation can be achieved without the presence of an energetic offset between the sin-
glet and CT-states. 13537

In either case, a complete understanding of the exciton dissociation mechanism is yet
to be achieved while several processes have been proposed 3!~ there is no consensus
and general theory to explain that phenomenon for all systems.

Finally, step (4) refers to the free charge transport through the material that will be dis-
cussed in the next section.

1.1.2. CHARGE TRANSPORT

The charge transport mechanism in organic semiconductors is different from that of typ-
ical inorganic semiconductors. As mentioned previously the weak bonding between the
molecules or polymers component of the materials combined with the "large" degree of
disorder (compared to inorganic semiconductors) both spatial and energetic does not
allow for band-like transport of charges. Instead, charges are localized to discrete energy
sites with a Gaussian energy distribution, as pictured in figure 1.1.b. In order to move
in the material charge carriers need to "hop" from one site to the other. Several mod-
els have been introduced to describe this phenomenon including Miller-Abrahams 42!
and Marcus *3! formalisms. Both models estimate the transfer rate between two sites
depending on their energy difference, distance or overlap and reorganization energy.

In general, two regimes can be distinguished (I) a fast relaxation to the bottom of the
density of states (DoS) until thermal equilibrium with the lattice is reached, this phe-
nomenon is called thermalization of the charges.**! Followed by an isoenergetic hop-
ping transport around the transport energy.

While the regime (1) is energetically favorable and leads to fast charge transport, i.e. high
mobilities, the regime (II) is not and leads to significantly reduced mobilities. This phe-
nomenon is one of the bottlenecks of OSCs as low mobilities, obviously, have a detri-
mental effect of the device efficiency and limit the thickness of the organic layer to a few
tens to hundreds of nm.

Chapter 3 will discuss the influence of those two regimes on the charge carrier extraction
in OSCs under operating conditions.

1.1.3. STATE-OF-THE-ART ORGANIC SOLAR CELLS

In the early days of OSCs, the active layer was made of a bilayer with the donor and
acceptor stacked on each other. However, because of the limited diffusion length of
the excitons and the low surface of contact area between the donor and the acceptor,
the efficiency of those devices were limited to values around 1%. %! To overcome this
issue BHJ were introduced ¢! and nowadays standard configuration for state-of-the-art
OSCs consist of a BH]J stacked between two TLs, ideally selective for one type of carrier,
and two electrodes, as shown in figure 1.2.a. After a short stagnation period between
2011-2016 in terms of single-junction OSC efficiency to around 11%, see figure 1.2.b,
the performance of OSCs is on the rise again with the accession of new highly efficient
acceptors. With the highest efficiency to date over 18% *”! OSCs are well on their way to
reach the 20% milestone. [4%!
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While there have been numerous studies on the stability of OSCs it remains a critical
challenge. The wide variety of materials that can be used OSCs as well as the diversity
of solvent, additive and processing conditions makes the analysis of the driving force
for the degradation a very complex problem. Several suggestions have been made to
explain the degradation in OSCs but no general rules can be made and the degradation
mechanism is highly system-dependent. 4%-5%!
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Figure 1.2: (a) Schematic of conventional and inverted device architecture of typical OSCs. (b) Evolution of the
OSCs best efficiency overtime for single and multi-junction, taken from Ref. 11,30,47,60-73. The dashed grey
line correspond to the beginning of this PhD project. (c) Commercial applications for OSCs by Heliatek®, [72]
ASCA®-Armor!7! and OpPVIUS® 73] (from left to right).

The upscaling to larger area!®®747%l and industrially compatible deposition tech-
niques[">77-8! also represents major challenges. Nonetheless, companies such as
ASCA®-Armor ™, OPVIUS® "3 and Heliatek® ["?! have already demonstrated that it
is possible to produce large area and customizable products with OSCs as seen in
figure 1.2.c. These examples show us well how versatile OSC technology could be, it can
be made transparent, light-weight flexible, with tunable shape and colors which allows
it to be used for building integration, urban design applications as well as for special
products such as a solar charger for small batteries and even for more artistic products.
In addition, for some of these applications a 15-20 years lifetime would most likely not
even be required placing OSCs as a competitive option.

Organic semiconductors are also often used as TLs in perovskite solar cells but this will
be discussed in the next section.
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1.2. PEROVSKITE SEMICONDUCTORS FOR SOLAR CELL APPLI-
CATIONS
1.2.1. PEROVSKITE STRUCTURE AND PROPERTIES

The designation 'perovskite’ corresponds to a class of material with a crystal structure
ABX3, in which A and B are cations and X represents an anion, see figure 1.3.a. Each
unit cell of ABX3 crystal comprises of corner-sharing BXg octahedra, with the A cation
occupying the cuboctahedral cavity. It owes its name to the crystal structure of the
CaTiOj3 that was named after Lev Perovski.
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Figure 1.3: (a) General crystal structure of inorganic and hybrid organic-inorganic perovskite. (b) Example of
the hysteresis effect between the forward (FW) and backward (BW) direction JV-scan in presence of moving
ions. Accumulation of ions at the perovskite/TL interface (c) during FW scan compared to the BW scan creates
areduction of the field leading to almost flat band conditions under short-circuit conditions (d). This effect is
responsible for the hysteresis observed in (b).

The A-site cation, in the most common perovskites used for solar cell application, is
typically a monovalent organic (such as CH3NH3* (MA) or (NH,),CH* (FA)) or inorganic
(such as Cs* or K*) cations. The B- site cation usually consists of a divalent cation
such as Pb?* and Sn?* and the X-site is occupied by a halide anion (such as CI-, Br’, I').
Perovskites used as absorber materials in solar cells are based on metal halide perovskite
and can be purely inorganic, such as CsPbls, or 'hybrid’ with both organic and inorganic
components such as MAPbI;.

The first report of metal halide perovskite dates back to the late 70s®? and nearly
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30 years after its discovery it was used for the first time as an absorber for solar cell
application. 83 While it was first developed to be used as a sensitizer in dye-sensitized
solar cells, ®3! the real breakthrough of perovskite started in 2012 with the first reports of
all-solid-state PSCs 8485 which quickly broke the record of dye-sensitized solar cells.
Metal halide perovskites are particularly suited for solar cell applications. They benefit
from outstanding optoelectronic properties with high absorption coefficient ®%! thanks
to there direct or only slightly indirect bandgap ®"°?) which can also be tuned using
mixed composition®® and high carrier mobilities.®®°! In addition, the low exciton
binding energy and high dielectric constant!87:92-9% allows for the generation of free
charges upon the absorption of a photon.

However, PSCs are still limited by non-radiative recombination especially at grain
boundaries and at the interface with the TLs, 698! as will be discussed in chapter 5 & 6.
In addition to the recombination losses, perovskite materials are prone to ionic motion
which in term can also limit the performance and stability of PSCs. 99104

1.2.2. ION MIGRATION

The ionic conduction in perovskite-type halides was reported already in the 80s. 10%
However, the influence of ion migration and its influence on current-voltage (JV) char-
acteristics was only noted in PSCs in 2014 when the hysteresis—different JVs depending
on the scan direction and voltage scan rate —in the JV curves was first reported. °¥! Fig-
ure 1.3.b shows an example of hysteresis for two JVs with different scan directions and
moving ions. Since the first report of hysteresis in PSCs this process has been thoroughly
studied and it is now widely admitted that moving ions are the main responsible for this
effect, [99-104,106-110]

While there are numerous simulation studies either based on first-principles !11~114 or
DD [102106,115-117] that aimed to access the nature of these moving ions and their proper-
ties (diffusion coefficient, activation energy and density) '°”! it appears to be very chal-
lenging to confirm those numbers experimentally as it is difficult to decorrelate the in-
fluence of each moving charge. [197-110]

The hysteresis is due to the change in the ionic distribution throughout the perovskite
layer. When the JV-curve is measured rapidly from 0 V to open-circuit the ions do not
have enough time to move and keep their original position or only move a little and ac-
cumulate at the perovskite/TL interfaces because of the built-in field, see figure 1.3.c.
This creates a reduced the field leading to almost flat band conditions and can even a
small energetic barrier, see figure 1.3.d, forcing the charges to move by diffusion. How-
ever, when the device is pre-bias at V > V¢ the ions are mostly in the bulk of the per-
ovskite and therefore the charges can now drift toward the right electrode. This results in
the different JV-characteristics observed between the FW and BW scan. Thus when re-
porting JV-curves of PCSs the two scan directions need to be shown to ensure a faithful
report of the actual device efficiency. '8!

In the next chapters, the simulated JV-curves will always refer to stabilized JVs unless
stated otherwise.
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Figure 1.4: (a) Schematic of typical PSCs device architectures. (b) Evolution of the PSCs best efficiency over-
time for single and multi-junction, taken from Ref. 11,60,119-121. The dashed grey line corresponds to the
beginning of this PhD project. (c) Commercial applications for PSCs by Solliance® 122, Wonder Solar® 1231,
Saule technology® (124] and OxfordPV® 121 (from top to bottom and left to right).

1.2.3. STATE-OF-THE-ART PEROVSKITE SOLAR CELLS

Historically, perovskites were used as sensitizers in dye-sensitized solar cells, ®3! but
then evolved in all-solid-state PSCs. The first structures reported mainly consisted
of mesoporous structure, see figure 1.4.a, using TiO, as ETL and Spiro-OMeTAD as
HTL. #*8%Later on planar nip and pin structure, see figure 1.4.a, were also introduced.
The mesoporous structure still holds the record for the highest efficiency in single-cell
configuration with 25.2% 6%, see figure 1.4.b, but the planar structure has been catching
up quickly in recent years and are now only a couple of percent behind. 125126

In just about 10 years of development, organic-inorganic perovskite solar cells have
already caught up with the classical inorganic technologies overpassing the best thin-
film (CIGS, CdTe) and multi-crystalline silicon solar cells while getting close to the best
monocrystalline silicon cells at 26.7%. [11,60] However, this is not the end of the road as
recent models predict a practical efficiency limit of above 30% even for single-junction
perovskite cells.1>”128] To reach such efficiencies further optimization of the charge
transport layers (TLs) and reduction of nonradiative defect recombination at the inter-
faces and/or grain boundaries are still necessary.

PSCs present several advantages compared to typical inorganic solar cells. Just like
OSCs they can be solution-processed, made semi-transparent and process on flexible
substrates. Moreover, perovskites are highly relevant for a range of tandem applications,
promising even higher performances, for example, all-perovskite tandem cells reached

10



1.3. CHARGE CARRIER RECOMBINATION PROCESSES

24.8%,12% tandem cells with CIGS 23.3% !13%! and even more promising in combination
with silicon up 29.1% ['112!) has been reported even 30.2% !'3!! in bifacial configuration.
Nonetheless, reaching high efficiency is not the only challenge that perovskite mate-
rials will have to face before being commercial products. First in terms of stability, if
perovskites are meant to be used in combination with silicon they will need to reach a
similar stability regime, i.e. around 20 years. While tremendous progress has been made
in term of stability with devices being stable over 1000 hours the mechanisms driving
the degradation are yet to be fully revealed and ways to properly characterize and report
stability of PSCs is still under heavy discussions. '8132! Secondly, the highest efficiency
PCSs are unfortunately all lead-based and the toxicity of the lead compounds could be
a major obstacle toward the commercialization of perovskite-based solar cells. '3 In
Europe, for example, the Restriction of Hazardous Substances (RoHS) legislation !'34!
restricts the amount of lead that can be used in commercial products to < 1000 ppm.
And while companies like Saule technologies have already reported modules that satisfy
this requirement'3 the question of the impact of lead in perovskite-based materials
remains. A recent study!'*® has shown that "lead from halide perovskite is more dan-
gerous than other sources of the lead contamination already present in the ground as it
is ten times more bioavailable". Which really questions whether the use of lead-based
perovskite would be a good approach. The development of tin-based perovskites, which
are less-bioavailable according to the same study!'*3 could be a viable alternative but
still have a long way to go to catch up in terms of efficiency. Another alternative could
be the use of clever encapsulation that can capture the lead potentially leaking from
damage solar cells as demonstrated recently. 13!

Nevertheless, the issue of the lead toxicity will need to be addressed whether by smart
engineering of the PSCs panels or/and by stronger governmental policies on the amount
oflead and on how to dispose of damaged or aging modules.

1.3. CHARGE CARRIER RECOMBINATION PROCESSES

The main recombination processes in both organic and perovskite semiconductors are
mainly related to two distinct mechanisms: (1) band-to-band/bimolecular recombina-
tion and (2) trap-assisted recombination. In this thesis, we will neglect Auger recombi-
nation as it unlikely to influence organic and perovskite solar cell performances under 1
sun illumination intensity. 137139

1.3.1. BAND-TO-BAND/BIMOLECULAR RECOMBINATION

Band-to-band/bimolecular recombination corresponds to the direct recombination of a
free electron from the conduction band (LUMO) with a free hole from the valence band
(HOMO), see figure 1.5.a. The band-to-band denomination will be used when referring
to perovskite and bimolecular when referring to organic semiconductors. This type of
recombination is usually accompanied by the emission of a photon with the same energy
as the bandgap and is, hence, also called radiative recombination. However, this is not
always the case, especially, in organic semiconductors, as that energy can be dispersed
by other pathways that are nonradiative. [140-142!
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The band-to-band/bimolecular recombination rate (Rp) is given by
Rg=y (np—n?), (1.1

where n and p are electron and hole densities respectively, y is the bimolecular recom-
bination rate constant and #; is the intrinsic carrier concentration.
In OCSs, vy is often written according to the reduced Langevin formula:

Y=Ypre XYL =7YpreX g (,Un“‘lJp) (1.2)

with y e the reduction factor for the Langevin law 143! that was introduced for the re-
combination ofions in a gas. y . typically varies between 107*-1and y between 101! -
10710 cm? 571, 1441451 Owing to the low mobility and dielectric constant of organic semi-
conductors, bimolecular recombination is often found to be the dominant recombina-
tion process in 0SCs, 140144 even though in new systems with NFAs this may not always
be true.

Perovskites, however, with their larger mobility and dielectric constant, do not suffer as
much from band-to-band recombination, see figure 1.5.b. y values typically range be-
tween 107! - 1079 cm? 5711467150 The low band-to-band recombination rate in PSCs
may be explained by lattice distortion leading to a spatial separation of electrons and
holes decreasing the probability of charge carriers to recombine. ['4”! Instead, the recom-
bination is mostly dominated by nonradiative recombination. [°6-98106]

1.3.2. TRAP-ASSISTED RECOMBINATION

Trap-assisted recombination consists of the recombination of an electron and a hole via
alocalized state within the bandgap, see figure 1.5.c. Under steady-state conditions, the
trap-assisted recombination rate is usually described by the Shockley-Read-Hall (SRH)
equation '51:1%2 such as:

CnCp2r

R = np — n;® R 1.3
SRH = G (n+ n) + Cp(p+ p1) (np = ni%) (1.3)

where 27 is the trap density, n; and p; are constants which depend on the trap energy
level (E¢rqp), and C, and C,, are the capture coefficients for electrons and holes respec-
tively. n; and p; are defined as followed:

Ec- Etrap

Etrap —Ev )
—_— 1.4
KaT (1.4)

) and plzN,,exp(— ko T

ny = Ncexp (—
with kp the Boltzmann’s constant, T the absolute temperature, N, and N, the effective
density of states for the conduction and valence band respectively. In the remainder of
this thesis we will consider in the simulations that N, = N, and only use the notation
N¢. The nature and origin of the trap in OSCs remain obscure. Several potential sources
for the trap states have been suggested such as impurities either from remaining from
synthesis or due to the processing condition (atmosphere, solvent, additives...), struc-
tural defects of the polymer or molecules,self-trapping and presence of water but there

12
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Figure 1.5: (a) Bimolecular recombination process in a donor-acceptor blend as in OSC with charges being
confined to their own domains. (b) Radiative band-to-band recombination as in classical semiconductor with
the emission of a photon. (c) Trap-assisted recombination at an electron trapping center and the creation of
an energetic barrier upon filling of the trap state. (b) The localization of typical recombination centers in PSCs
with traps states mainly localized at grain boundaries (GB) or at the interfaces with the TLs.

is no consensus in the literature as of their real nature, [141:142:153,154]

In PSCs the traps usually originate from either vacancies in the crystal lattice, break
in the crystal such as grain boundaries or at the interface with the TLs, see fig-
ure 1.5.d. MBS 4155 Birs-principle calculation studies have also shown that defect
tend to migrate out of the bulk and toward the grain boundaries (GB) and interfaces
leaving low trap densities within the bulk. 111113114155 Which was confirmed by pho-
toluminescence (PL) measurements, where grains typically show bright emission and
grain boundaries are comparatively dark, i.e. more trap-assisted nonradiative recom-
bination. 156157 Similar results were found at the interface between the perovskite and
the TLs where the PL is significantly quenched at the interface. 96971581

1.4. DRIFT-DIFFUSION EQUATIONS AS A DEVICE MODEL FOR
ORGANIC AND PEROVSKITE SOLAR CELLS

The device model used throughout this thesis (in chapter 3-6) is based on 1D drift-
diffusion equations. The so-called drift-diffusion simulations consist of three main sets
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of equations. The Poisson equation:

3( ( )GV(X))—— (p(x) — n(x) + Ci(x) (1.5)
ax " ax )T 7AW SR '

with x is the position in the device,” V the electrostatic potential, n and p the elec-
tron and hole concentrations, and € the permittivity. C; can represent any other type
of charges in the systems such as: (i) doping with N; and N}, being the ionized p-type
and n-type doping respectively, (ii) ions with X, and X, the cation and anion densities
and (iii) the charged traps 7. and X7 for hole and electron traps. Such as the Poisson
equation may be written as:

0 (oV) + _ b e
F e =—q(p-n+Nj)—-N,;+Xc—Xa+2Z7—-27) (1.6)
The current continuity equations:
0
o0x
ol (1.7)
—=q(G—-R
o 4¢ )

with J,, , the electron and hole currents, G and R the generation and recombination rate
respectively. The movement of these free charges is governed either by diffusion due to a
gradient in carrier density or by drift following the electric field such as the electron and

hole currents can be written as: 159
ov on
Tn=aniingy +aDn5y (1.8)
ov op .
Jp= _qpﬂpa - c]D,L,a

with u, , the charge carrier mobilities and Dy, ,, carrier diffusion coefficients. The carrier
diffusion coefficients can be written following Einstein equation such as: !5

Dn,p =,un,pVT (1.9)

with Vr = kg T/ q the thermal voltage (Vr = 25.69 mV at 25°C - 298.15 K).

For the simulation we chose to place the cathode at x = 0 and the anode at x = L as
a convention, L being the total thickness of the device. If necessary, additional layers
with different properties (mobility, doping, dielectric constant...) can be added to the
simulation to reproduce, for example, a typical solar cell stack as shown in figure 1.5.d.
In order to numerically solve the system of equation presented above we need to specify
the boundary conditions for the carrier densities:

E, —
n(O):NCexp(—ﬁ) n(L)=Ncexp(—g—¢p)
VT T
(1.10)
~ Eg—n ~ bp
p0) = Nyexp|- p(L)=Nyexp|——
1% Vr

*Note that for notation convenience the x dependence of the variables will be dropped in the remainder of this
thesis. However, in a multilayer stack not only densities values are meant to vary with x but also values such
as mobilities and dielectric constant...
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and the potential at the contacts:
q(V(L) = V(0) + Vapp) = We — W, (1.11)

with ¢, and ¢, the electron and hole injection barrier at the cathode and anode, V),
being the externally applied voltage and W, and W, the anode and cathode work func-
tions respectively. The built-in potential is then given by V},; = (W, — W,)/q. Note that
the Eg in equation 1.10 may not necessarily be the same if there are different layers in
contact with the cathode and the anode.

The generation rate of charge G, in equation 1.7, is usually obtained by measuring the
complex refractive index of all the layers and performing transfer matrix modeling. 16"
As for the recombination rate R, it is typically expressed by adding the contribution
from the band-to-band/bimolecular recombination and SRH recombination from equa-
tions 1.1 and 1.3. More details on the numerical methods used to solve this system of
equations can be found in Ref. 106,159,161-163.
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LONG-RANGE EXCITON DIFFUSION IN
MOLECULAR NON-FULLERENE ACCEPTORS

The short exciton diffusion length associated with most classical organic semiconductors
used in organic photovoltaics (5-20 nm) imposes severe limits on the maximum size of the
donor and acceptor domains within the photoactive layer of the cell. Identifying materials
that are able to transport excitons over longer distances can help advancing our under-
standing and lead to solar cells with higher efficiency. Here, we determine the exciton dif-
fusion length in a wide range of non-fullerene acceptor (NFA) molecules using thickness-
dependent external quantum efficiency measurements of bilayer solar cells. All NFAs ex-
hibit surprisingly long exciton diffusion lengths in the range of 20 to 47 nm, which is con-
sistent with ultrafast spectroscopy measurements. With the aid of quantum-chemical cal-
culations, we are able to rationalize the exciton dynamics and draw basic design rules on
the influence of the chemical structure and the importance of the end-group substituent
on the crystal packing of NFAs.

Parts of this chapter have been published in Nature Communications 2020, 11, 5220.
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2.1. INTRODUCTION

FTER a few years of stagnation in terms of efficiency, organic solar cells (OSCs) are

back in the spotlight thanks to the advent of new non-fullerene acceptor (NFA)
molecules. 3! NFAs have brought OSCs’ power conversion efficiency (PCE) to new
heights with records set between 16-18.2% for single-junction*'% and 15-17.3% for
tandem cells.!''"'*) While recent progress has been impressive, the aforementioned
levels of performance are still below the predicted efficiency limit of 20% and 25% for
single-junction and tandem cells, respectively.'>!6! Recent efforts towards increasing
the PCE of OSCs have been motivated by research on new materials with improved
charge carrier mobility and broader spectral absorption. >3 However, it is important
that exciton formation, dissociation and subsequent charge collection efficiencies are
all simultaneously maximized, yielding to the highest possible photocurrent.
In OSCs, successful absorption of a photon generates an exciton, a coulombically bound
electron-hole pair.!'”) Thermal dissociation of excitons within a low dielectric medium
such as an organic semiconductor is highly improbable. To efficiently generate free
charges, two semiconductors with suitable energetics, an electron donor and electron
acceptor are intermixed, forming a so-called bulk-heterojunction (BHJ) cell. One of
the prerequisites for efficient exciton harvesting is the fast exciton diffusion to the
donor-acceptor interface, where it splits into free charges. The diffusion constant and
the exciton lifetime set the optimal size of the donor and acceptor domains within the
BH]J. Up until now, most of the work on exciton diffusion length (Lp) in OSCs has been
focused on electron-donor (p-type) materials!'®! with very few reports on molecular
NFAs. 1920] Recent work has shown that fused-ring acceptors such as indacenodithio-
phene end-capped with 1,1-dicyanomethylene-3-indanone (IDIC) exhibit long exciton
diffusion length and diffusion constant of at least 0.02 cm? 7. [! This is consistent with
the large domain sizes of 20-50 nm often reported for high-efficiency NFA-based BH]J
cells. B21-24] 1t is not yet fully understood why the exciton diffusion length in NFAs, such
as IDIC, is significantly higher than in amorphous and other polycrystalline organic
semiconductors (typically 5 to 20 nm). 18!
In this chapter, we present a study on the exciton diffusion length (Lp) in a wide range
of NFAs!!325-291 (chemical names of all materials can be found in the molecules,
polymers and materials list) using thickness-dependent external quantum efficiency
(EQE) measurements of bilayer solar cells and cross-checking the obtained values using
transient absorption (TA) spectroscopy. We focused on best-in-class acceptor-donor-
acceptor (A-D-A) NFAs comprising ITIC with different end-groups ranging from methyl
(IT-M) to chlorine (IT-2Cl) and fluorine (IT-4F), including the current PCE world record
holder Y6. The measured Lp is found to vary amongst all NFAs studied, with IT-4F
exhibiting the longest diffusion length of 45 nm. This value is >4 times higher than
the =10 nm reported for the prototypical fullerene-based acceptor PC7;BM. To eluci-
date the origin of the long Lp, our collaborators combined crystallographic data with
quantum-chemical calculations for each molecule. The simulations predict distinctly
large excitonic couplings due to aligned transition dipole moments in the crystal, rela-
tively small reorganization energies due to the stiff conjugated core, and quadrupolar
symmetry of the excitation —i.e. small energetic disorder—the combination of which
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leads to the large exciton diffusion lengths observed. Key relationships between Lp and
the chemical structure of the NFA are identified, leading to important design guidelines
for future generation NFAs.

Chapter key findings:

e CuSCN acts as a good quenching interface to measure Lp for NFAs.

e Bilayer EQE vs thickness and singlet-singlet annihilation give similar Lp
values.

* The exciton diffusion length in non-fullerene acceptors is strongly related
to the stiffness of the conjugated core.

e New synthetic guidelines for longer exciton diffusion length.

2.2. NON-FULLERENE ACCEPTORS SERIES AND MATERIALS
PROPERTIES
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Figure 2.1: Materials, absorption, and energy levels of organic acceptors. (a) Chemical structure of the accep-
tors investigated in this study. Full names are provided in the materials list. (b) Absorption spectra and (c)
HOMO/LUMO and optical gap (Eg) of the materials studied.

Figure 2.1.a illustrates the chemical structures of the acceptor materials studied,
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while fig. 2.1.b shows their absorption spectra together with that of the hole-transport
layer copper thiocyanate (CuSCN). The latter is a known wide bandgap (>3.4 eV)
inorganic p-type semiconductor absorbing only in the ultraviolet (UV) region. 303!
With the exception of SF-PDI,, all NFAs absorb across the visible (Vis) all the way to the
near-infrared, while exhibiting higher absorption coefficients than PC;BM. Figure 2.1.c
depicts the HOMO, LUMO and bandgap of the acceptors and the carrier-transport
layers. 132!

2.3. EXCITON DIFFUSION LENGTH MEASUREMENTS USING
PHOTOCURRENT TECHNIQUE.

Figure 2.2.a illustrates the structure of a planar CuSCN/acceptor heterojunction solar
cell used to study the Lp. The use of CuSCN allows for efficient extraction of the pho-
togenerated holes while simultaneously blocking electrons, effectively acting as exciton
quencher for the organic absorber. Note that, efficient exciton quenchers for n-type or-
ganic semiconductor are scarce and CuSCN/n-type semiconductor platform for exciton
diffusion studies has not been reported before. In the role of electron extracting layer, we
employed the wide bandgap Phen-NaDPO (DPO) ((2-(1,10-phenanthrolin-3-yl)naphth-
6-yl)diphenylphosphine oxide). *3! Adjusting the thickness of the organic semiconduc-
tor and measuring the OPV performance allows the study of Lp within the organic layer,
without the morphology-related complexities encountered in organic BHJs.*4 To esti-
mate Lp within the acceptor layer, we used a similar method to that described by Sieg-
mund et al. ®* The EQE of the bilayer cells is measured as a function of acceptor thick-
ness, and then the measured photocurrent is modelled using the exciton diffusion equa-
tion:

on __9°n 2

E—Dm+G(x,l')—l€le’l—kFRETi’l—Ofi’l 2.1
where, n is the singlet exciton density at position x in the absorber film, D is the dif-
fusion coefficient, G(x, ?) is the time-dependent exciton generation profile, kpy is the
radiative decay rate in absence of quencher sites, a is an exciton-exciton annihilation
rate constant, and krrpr denotes the rate of Forster resonance energy transfer (FRET)
in the presence of a neighboring material.
To accurately measure Lp of the NFAs with the bilayer cell, it is important to ensure
that: (i) the exciton dissociation happens only at a well-defined quencher-acceptor in-
terface; 3 (ii) the generation of exciton originates only from the acceptor; (iii) the pho-
tocurrent is not limited by the transport properties of the NFA layer. Figure 2.2.a shows
the schematic of the device and a representative cross-sectional transmission electron
microscopy (TEM) image of a CuSCN/NFA bilayer cell. Well-defined interfaces are vis-
ible across the device ensuring that requirement (i) is satisfied. Figure 2.2.b shows rep-
resentative J-V curves for the bilayer CuSCN/NFA cells. Devices with IT-4F show a maxi-
mum power conversion efficiency (PCE) of 2.65% and Jsc >5 mA cm™. The EQE spectra
of the devices (figure 2.2.c) reveal that charge generation occurs across the entire ac-
ceptors’ absorption spectra range while CuSCN does not contribute to the generation of
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Figure 2.2: Device performance and EQE spectra of the bilayer CuSCN/acceptor devices. (a) Schematic
of the device architecture and the cross-sectional transmission electron microscopy (TEM) image of a
CuSCN/acceptor bilayer solar cell. (b) Current density-voltage (J-V) characteristics of OPV cells measured
under simulated solar illumination. (c) Corresponding EQE spectra of the bilayer OPVs shown in b.

excitons (figure 2.1.b), hence satisfying requirement (ii). The requirement (iii) is also ful-
filled as the performance of the bilayer solar cells is not limited by the charge transport
of the acceptor materials as evident from the sufficiently high and ambipolar mobility
values extracted using thin-film transistors (TFTs) and time-resolved microwave con-
ductivity (TRMC) measurements see Ref. 32.

CuSCN is particularly suitable as an exciton quencher for this type of measurement since
Forster resonant energy transfer (FRET) from CuSCN to the acceptor layer is negligible
due to the very low fluorescence of CuSCN and the small overlap of its absorption with
the acceptors’ emission. 2! Exciton-exciton annihilation (a) is also negligible at the con-
sidered intensities. As a result, the dominant exciton harvesting mechanism within the
acceptor layer is exciton diffusion. Hence, equation 2.1 can be simplified under steady-
state conditions with kpy = % such as:

0° 1 G(x)

which can be solved for any generation assuming that the excitons are fully quenched
at the interface n(inter face) = 0. The EQE can then be calculated considering that the
photocurrent is only due to the exciton dissociation at the CuSCN/NFA interface:

Tphoto _qn:D on(x)
Jince Jine 0x

EQE = 2.3)

inter face

where Jphoto and Jinc are the generated photocurrent density and the incident light cur-
rent density, 7, the combination of the exciton splitting and extraction at the electrode
efficiencies. ®¥ There are four main factors that influence the magnitudes of Jphoto and
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EQE, namely the absorption coefficient, 1., D and Lp (appendix figure A.1.a & b). The
contribution of the absorption is included in the generation profile G(x, 1), evaluated
using transfer-matrix modeling. *®! However, 17, and D have no influence on the shape
of the EQE vs thickness curve, only on its absolute value. As a result, we can only
obtain the D x n, product and, as such, we will not discuss those values at this point.
Instead, we focus on fitting equations 2.2-2.3 to normalized EQE vs thickness data, as
it is mostly influenced by Lp hence allows reliable estimation of its magnitude. ®* The
fits assumed that geminate and nongeminate recombination losses are independent
of thickness which is valid in our case as confirmed by light-intensity and thickness
dependent of the J-V characteristics of IT-4F devices (appendix figure A.1.c & d). We
also coupled the results from solving Equation (2) with drift-diffusion simulation "
(appendix figure A.1.e & f) to demonstrate that the photocurrent measurement is not
limited by the mobility of the NFAs or the recombination. However, there could be cases
(extremely thick layers or very low mobility, for example) where recombination losses do
depend on thickness which can lead to incorrect values of the exciton diffusion length.

To estimate Lp, we measured the EQE spectra of the bilayer devices with different NFA

layer thicknesses, whilst maintaining the thickness of the CuSCN layer to =60 nm. As
shown in figure 2.3.a, the measured EQE (at A = 650 nm, see appendix figures A.2-A.10
for EQE at different 1) reaches a maximum value for acceptor thickness between 60 to
100 nm, which indicates long Lp values. Analysis of the data yields an exciton diffusion
length in IT-M and ITIC of Lp = 25-30 nm. Incorporating electron-deficient elements like
F or Cl into the end-capping groups, such as in the case of IT-2Cl and IT-4F acceptors,
results in an increase of Lp to 40-45 nm. For the rest of acceptors, Lp are summarized in
table 2.1. For the Y6 acceptor, with recently reported PCE values reaching in the range
15-18.2% when blended with best-in-class donor polymers, >°"%10 we calculate an Lp
value of 35 nm. Additionally, we obtained Lp = 10 nm for PC7;BM, which is close to
that of Cyg (7.4 nm) but significantly smaller than that of Cgg (18.5 nm) obtained using a
photocurrent method. 3!
The fits reproduce well the experimental data (appendix figures A.2-A.10) and the values
of Lp are estimated based on the sensitivity of the fit over a range of thickness between
10-150 nm for at least four different excitation wavelengths. The accuracy of these fits
depends on the experimental uncertainties of the EQE, the layer thicknesses, and the
values of the complex refractive index. The variation in refractive index may explain the
deviation from the fit for thin NFA layers. 1341 We find that decent fits can be obtained,
for most of the NFAs, when varying Lp within a margin of =5-10 nm, see appendix
figures A.2-A.10.

The photocurrent-based measurements of Lp was independently validated using the
singlet-singlet annihilation (SSA) method."”! The details on the latter technique will
not be discussed in this thesis. In a few words, it consists on using ultrafast transient
absorption (TA) spectroscopy to measure exciton lifetimes as a function of excitation
density. The measurement is carried out on neat films and does not require exciton
quenching interfaces. When exciton annihilation occurs in the film, the exciton decay is
accelerated with increasing excitation fluence. The exciton decay can be globally fit to a
rate equation accounting for exciton annihilation and first order recombination of the
excitons from which Lp and D can be calculated. [19:32:38]
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Figure 2.3: Exciton diffusion length estimated from the measurements of EQE spectra of CuSCN/NFA bilayer
devices of different thicknesses (a) and SSA measurements (b). The EQE spectra of CuSCN/NFA bilayer de-
vices measured using an excitation wavelength of A = 650 nm (600 nm for ITIC) and the singlet-singlet exciton
annihilation decay in NFAs neat films with an excitation wavelength of 700 nm (750 nm for IT-4F). Fluence
dependent singlet exciton decays of the neat films fitted to the exciton annihilation model, see Refs. 19,32 for
more details. The exciton decays of the NFAs diluted in a polystyrene (PS) matrix are also superimposed in
this figure. The experimental data (circles) are fitted (solid lines) for all NFA thicknesses. (c) Comparison of
diffusion lengths reported from 2005 onwards for various types of donor and acceptor materials relevant to
organic photovoltaics. Publication details can be found in Ref. 32.

A remarkable agreement between the Lp values obtained from SSA analyses (fig-
ure 2.3.b) with those derived from the photocurrent measurements (Table 2.1), is
evident. Notably, the Lp value of 47 nm measured for IT-4F using SSA analyses is
very close to Lp = 45 nm inferred from the photocurrent method (figure 2.3). The SSA
analyses also yield D = 0.064 cm? s™' which is two times higher than IT-M and ITIC. The
similarity in the exciton diffusion values measured between thin films and bilayer solar
cells suggests that the values in table 2.1 represent the intrinsic Lp. In figure 2.3.c we
compare the exciton diffusion values reported in the literature with those extracted here.
Evidently, the NFAs studied here exhibit the highest Lp amongst the OSCs materials.
Longer Lp have only been reported in conjugated polymer nanofiber (>200 nm), 9
small molecule J-aggregates (96 nm), “! or organic single-crystals (> 1 um). 4142
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Table 2.1: Summary of diffusion length (Lp) values for all NFA materials studied.

Acceptor Lpgoeg mm) Lpra(mm) D (cm?s™h

PC7;1BM 10 - -
EH-IDTBR 15 - -
SE-PDI, 20 - -
IDIC 24 17 0.011
ITIC 25 28 0.027
IT-M 30 33 0.03
Y6 35 38 0.055
IT-2Cl1 40 40 0.043
IT-4F 45 47 0.064

*

Lp obtained using photocurrent and transient absorption (TA) tech-
niques. Diffusion constant (D) inferred from the TA measurements
and was calculated by assuming the annihilation radius of singlet
excitons to be 1 nm.

2.4. SYNTHETIC GUIDELINES TO INCREASE EXCITON DIFFU-
SION LENGTH FROM QUANTUM-CHEMICAL CALCULA-
TIONS

Understanding the exciton dynamic is one of the key challenges in the pursuit of high-
efficiency OSCs. While there have been numerous reports on small molecule and poly-
mer donors as well as on fullerene derivatives (figure 2.3.c), there are few reports on NFAs
and even no reports that correlate the main chemical structure and the end-group sub-
stituents with the exciton diffusion length and diffusion coefficient. Therefore, the link
between the molecular structure and packing of the NFAs on the diffusion constant and
the exciton diffusion length is investigated and some general synthetic design rules for
future NFAs are drawn.

Our collaborators used quantum-chemical calculations to estimate the reorganization
energy and the exciton transfer rate of NFAs depending on their structure and pack-
ing. The details on the quantum-chemical calculations are beyond the scope of this
thesis and will not be discussed here, but can be found in Ref. 32. Here, the transfer
rate (v) can be expressed depending on the molecular reorganization energy (A) such as

2
V= ‘% 1/ # exp (%) following the classical Marcus rate (V is the electronic coupling

element), despite all imperfections, this formula can be used for qualitative analysis of
exciton transport. [43!

Substituting the obtained reorganization energies into the Marcus rate and assuming a
constant electronic coupling element, we obtain a reasonable correlation between the
reorganization energies and Lp (figure 2.4.a). There are, however, a few outliers, in par-
ticular, the ITIC family has similar reorganization energies but different Lp. To explain
this the excitonic coupling V was calculated. Figure 2.4.c shows the calculated exciton
transfer rates plotted versus the measured Lp where a clear correlation can be seen.
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Figure 2.4: Quantum-chemical calculations of reorganization energy and the exciton transfer rate of NFAs. (a)
The correlation of the measured diffusion length and the reorganization energy, with a fixed intramolecular
excitonic coupling. The line corresponds to the Marcus rate. (b) Correlation between the measured exciton
diffusion length and calculated exciton transfer rate. The line is the guide to the eye.

Therefore, the significant boost to the rate can be attributed to the stiffening of the con-
jugated core, from EH-IDTBR to ITIC to Y6, which reduces the activation barrier for the
exciton transfer. For a given reorganization energy, the rate is then further enhanced by
the crystalline packing, such as the one achieved in the crystal of IT-4E

Another interesting observation is that a large coupling between the donor and acceptor
blocks of the acceptor-donor-acceptor conjugated core leads to a quadrupolar-type ex-
citation, with both acceptor blocks having an excess electron upon excitation. #4=6! The
immediate implication is that the excited state does not have a dipole, but a quadrupole
moment. Hence, the interaction of the excited molecule with the fluctuating fields cre-
ated by the neighboring molecules in a film is of a quadrupole-quadrupole, not a dipole-
quadrupole type. This reduces both energetic disorder (larger diffusing length) and ex-
ternal reorganization energy (larger exciton transfer rates), all thanks to the conjugated
A-D-A molecular architecture. The quantum-chemical calculations combined with the
measurements of Lp on all the NFAs allows us to establish some general design rules
that can help guide the synthesis of new NFAs with even longer exciton diffusion length:

1. Increased stiffness of the conjugated core of NFAs allows for low reorganization
energies which allow for better exciton transfer.

2. Control of the end group substituent to improve the molecular packing allows for
dramatic improvement of Lp. Adding halogenated end-groups appears to be the
most promising approach.

3. Large coupling of the donor and acceptor blocks in A-D-A NFAs is necessary to
ensure quadrupole-quadrupole interaction between excited and the neighboring
molecules which reduces the energetic disorder and ultimately also benefits the
exciton transfer.
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2.5. CONCLUSIONS

The limited exciton diffusion length remains a bottleneck for high-efficiency organic
photovoltaics as it limits the domain size in the donor-acceptor blend. Thus, under-
standing the structure-property relationship(s) may lead to design rules that can aid
the synthesis of improved materials, ultimately leading to OPVs with improved perfor-
mance. By measuring the exciton diffusion length in a wide range of best-in-class non-
fullerene acceptor molecules in combination with quantum-chemical simulations, we
were able to identify key properties on a molecular level that explain the long diffusion
length (up to 47 nm) measured. This long-range exciton transport appears to underpin
the tremendous success of this new generation of NFAs in carrier photogeneration and
extraction leading to the record efficiencies reported recently. (©%1% Overall, our findings
can be rationalized to three design rules that can aid the synthesis of new materials with
long exciton diffusion lengths: (i) increase the stiffness of the conjugated core; (ii) engi-
neer the end-group substituents for favorable crystal packing; (iii) increase the coupling
between donor and acceptor blocks.
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CHARGE CARRIER EXTRACTION IN
ORGANIC SOLAR CELLS GOVERNED BY
STEADY-STATE MOBILITIES

Charge transport in OPV devices is often characterized by steady-state mobilities. How-
ever, the suitability of steady-state mobilities to describe charge transport has recently been
called into question, and it has been argued that dispersion plays a significant role. In this
chapter, the importance of the dispersion of charge carrier motion on the performance of
organic photovoltaic devices is investigated. An experiment to measure the charge extrac-
tion time under realistic operating conditions is set up. This experiment is applied to dif-
ferent blends and shows that extraction time is directly related to the geometrical average
of the steady-state mobilities. This demonstrates that under realistic operating conditions
the steady-state mobilities govern the charge extraction of OPV and gives a valuable in-
sight in device performance.

Parts of this chapter have been published in Advanced Energy Materials 2017, 7, 1701138 and Advanced Energy
Materials 2018, 8, 1803125.
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3. CHARGE CARRIER EXTRACTION IN ORGANIC SOLAR CELLS GOVERNED BY STEADY-STATE
MOBILITIES

3.1. INTRODUCTION

N the early 1990s, Sariciftci et al. described the first polymer:fullerene bulk het-
Ierojunction (BHJ) solar cell.'"! Since then organic photovoltaic (OPV) devices have
attracted a lot of attention in the scientific community. The ability of organic semicon-
ductors to be used in large-scale production and their high efficiency upon low light
intensity make them promising materials for harvesting solar energy. State-of-the-art
OPV devices now reach efficiencies up to 16-18.2% for single-junction > and 15-17.3%
for tandem cells. However, despite being studied for decades, the underlying physics of
OPVs is not yet fully understood and is still subject to debate.

In highly disordered materials, such as organic semiconductors, charge motion is based
on thermally activated hopping. 1% This charge transport mechanism is characterized
by lower electron and hole mobility values compared to inorganic semiconductors
where band-like transport takes place. The transport in OPV is often described by the
steady-state mobilities that can be obtained by a steady-state measurement, such as the
space-charge limited current (SCLC) technique. ['!~13!

However, time-of-flight (TOF) experiments and Monte Carlo (MC) simulations have
shown that if the degree of both energetic and positional disorder is high enough, the
fluctuations of the intersite distances create fast diffusion routes.!!*!% These routes
increase the mobility of carriers located in high energetic states leading to their ex-
traction before they have the time to thermalize, thus creating dispersion in current
extraction on a short time scale. '*1%! Although the relative importance of the dispersive
effect on OPV devices performance is conflicting in the literature, !6-18! reports have
suggested that it is necessary to consider the influence of the dispersion effect in current
extraction and that steady-state mobilities are not relevant to describe the transport
in OPV devices.'”!®! In their study, they set up a MC simulation and an optoelectrical
measurement based on a laser light pulse from which they measured the charge carrier
mobility on a time scale of 100 fs after the exciton generation.!”') In the first nanosec-
onds, they observed a charge carrier mobility orders of magnitude higher than the one
measured by steady-state measurements. This high mobility is due to the carriers being
excited on the upper part of the density of states (DoS) that are extracted before losing
their energy through thermalization.!!”!® The authors conclude that the steady-state
mobilities are not pertinent to make relevant statements on OPV performance and that
the thermalization loss plays a key role in the extraction.

On the other hand, van der Kaap and Koster used MC simulations to show that in organic
diodes the thermalization has a limited impact on the performance.!'® In addition,
other reports have also demonstrated that SCLC analysis can be successfully applied to
organic solar cells and gives valuable insight into materials transport properties. [1319-22]
In fact, many studies have shown that the power conversion efficiency (PCE) 131 and
fill factor (FF)[19-22l depend on the steady-state mobilities. Furthermore, it has also
been shown that drift-diffusion simulations, which assume a near-equilibrium state
and use steady-state mobilities as an input, successfully describe the characteristics of
organic transistors, light-emitting diodes, and solar cells. !92%23-25] Transient signals of
OPV devices have also been well reproduced by drift-diffusion simulation. For example,
Albrecht et al. have been able to fit the time-delayed collection field (TDCF) signal using
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3.2. DESCRIPTION OF THE EXPERIMENT AND MODEL

drift-diffusion simulations. Even though they also see that during the first 50 ns after the
charge generation a small effect of mobility relaxation has to be taken into account in
order to reproduce the transient signal, it still shows that those simulations are suitable
to describe the transient behavior of organic solar cells.?®! These studies raise the
question of what is the influence of the current dispersion in OPV devices and whether
steady-state mobilities can be used or not to characterize the transport and extraction
in organic semiconductor devices.

In this chapter, we demonstrate that there is no need to consider the effect of dispersion
and that steady-state mobilities are a suitable way to study the transport and extraction
in OPV devices under realistic operating conditions: real OPV device configuration, the
use of a multiple wavelength illumination light, and an intensity close to 1 sun. To that
purpose, we carried out a combination of transient experiments and simulations to
study the extraction in OPV devices. Several donor:acceptor blends have been tested,
scanning a wide range of polymers backbones, values and ratio of the mobilities and
efficiencies. This allows us to give a picture as broad as possible of what happens in
OPV devices, and it shows what happens with some of the best materials at the time
this study was performed.” Furthermore, these results are supported by transient
drift-diffusion simulations performed for a wide range of parameters.

Chapter key findings:

* While dispersion is a known phenomenon in disordered semiconductors,
it seems to play a limited role on the extraction in OPV devices under op-
erating conditions.

e The characterization of the mobility using steady-state techniques is suf-
ficient to discuss the transport and extraction in organic solar cells under
operating conditions.

3.2. DESCRIPTION OF THE EXPERIMENT AND MODEL

First, a transient experiment was set up to study the extraction of charges. The dynamics
of the charge carriers is studied by measuring the decay of the current density over time
between two light intensities for different applied voltages. For t < 0, the device is kept
under steady-state conditions at the higher light intensity, then at time zero the intensity
is slightly reduced. One should note that the bias voltage is kept constant during the re-
duction of the light. This will result in the extraction of the extra carriers Aq thus leading
to a decay in current to reach the steady-state conditions at the lower light intensity; see
figure 3.1. After the reduction of the light intensity, the charge carrier density will decay
to match the steady-state conditions at the lower light intensity. The excess charge car-
riers will move by drift and diffusion toward the electrodes to be extracted, leading to a

*Note that this study was performed in 2016-2017 when the OPV best performing single junction PCE was
~11%
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Figure 3.1: Drift-diffusion simulation results for balanced mobilities, pp = pp =1x 103 cm? v'1 571, The de-
crease of the generation rate, blue line, which is directly proportional to the reduction of the light intensity,
creates a decay of the current.

decay in current density. This decay of the extra charge carriers Ag can be represented

by the following equation:

0Aq
24— _fAg, 1
a7 fAq 3.1

where the charge carrier extraction rate f can be written as the sum of the drift and
diffusion rates, Pt and fPiffusion respectively, such as:?”)

f — fDiffusion +fDrift' (3.2)

Considering that the charge carriers travel on average half of the active layer thickness (L)
to be extracted at the electrode and neglecting space-charge effects so that the electrical
field can be written as Ver/ L with Vg the effective voltage drop across the device, the
drift term can be expressed as the inverse of the transit time: *”!

HE _ Z.UVeff

Drift
=2
f L 1?

) (3.3)

where p is the charge carrier mobility. In the same way, the diffusion contribution can
be estimated using the Einstein relation: >}

D ukpT
(L/122  ~ qI?’

fDiffusion -9 (3.4)

where k;, is the Boltzmann constant, T the temperature and g the elementary charge. 2"/
Thus, according to equation 3.3, when the applied voltage (V,) cancels the built-in elec-
tric field the effective voltage (Vo) and so the drift rate are zero. In this condition, the
extraction rate is minimum and only due to the diffusion rate, which does not depend
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3.3. DRIFT-DIFFUSION SIMULATION

on the applied voltage, see equation 3.4. Therefore the mobility can be easily calculated
by measuring the minimum of the extraction rate. In a first approximation, the decay
in current (Jgecay) can be considered as proportional to the decay of Ag. Thus solving
equation 3.1 gives:

]decay(x Joexp(—f1). (3.5)

The expression of the current decay, described above, shows that with a simple ex-
ponential fit of the current decay the extraction rate can be calculated. Hence, by
finding the voltage where the extraction rate is minimum, the mobility value can be
determined. The effect of the recombination is neglected in the expression of the
current in equation 3.5 because the recombination has a limited effect on the calculated
mobility for reasonable mobilities and recombination rate constant values. In fact, as
shown in appendix figure B.1, for very typical value of the bimolecular recombination
rate constant, see equations 1.1-1.2, the calculated mobility only vary by a factor = 2,
which is also similar to the experimental error when using the SCLC technique. The
change of any injection barriers also has a negligible effect on the calculated mobility as
shown in appendix figure B.2.

The advantage of this technique is that the device is maintained under conditions close
to realistic operating conditions with an illumination intensity always close to 1 sun and
under constant bias, as opposed to other transient techniques, such as TOE 14 time-
resolved electric-field-induced second harmonic generation (TREFISH)/TOE 78] and
transient photocurrent (TPC), ?®! which are based on pulsed light. Keeping the device
under illumination and bias close to the maximum power point ensures that the charge
carrier densities 2%2% and the electrical field, % which can influence the charge carrier
motion, will be similar to those observed in a working solar cell leading to a character-
ization of the transport properties closer to what happens under steady-state conditions.

3.3. DRIFT-DIFFUSION SIMULATION

Secondly, to validate the assumptions made above a transient 1D drift-diffusion simula-
tion was set up. In this simulation, the active layer of the BHJ solar cell is modeled using
an effective medium approximation that considers the BHJ as a one-phase semiconduc-
tor. The highest occupied molecular orbital (HOMO) of the effective semiconductor is
taken as the HOMO value of the donor, and the lowest unoccupied molecular orbital
(LUMO) of the effective semiconductor is taken as the LUMO value of the acceptor. The
model describes the movement of the charges by drift due to the electric field and dif-
fusion due to the gradient of charge carrier concentration, more details can be found in
ref. 31321 The simulations also account for bimolecular recombination within the ac-
tive layer, calculated using reduced Langevin law, *3! as it is commonly seen as the main
recombination pathway limiting the performance of high-efficiency OPV devices. 343!
One should also note that the drift-diffusion equations use the steady-state mobilities
as an input and do not include any effects of charge carrier dispersion. So the disper-
sion in photocurrent observed in other reports!'”!8! cannot be reproduced by the drift-
diffusion simulation. However, these simulations are suitable in our case as this study
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Figure 3.2: a)Simulated voltage dependence of the extraction rate for balanced mobilities, py = pp =1x 103

cm? Vvl s‘l, symbols, and minimum diffusion rate, red line, calculated with equation 3.4. b) Extraction rate for
different mobility ratios.

aims to show that steady-state mobilities are the relevant parameters for OPV devices.
In addition, if the drift-diffusion simulation can reproduce the experimental data, then
dispersion does not play a significant role.
The simulation was first performed considering balanced mobilities. As shown in fig-
ure 3.1, the exponential fit accurately reproduces the current decay. The fitting is per-
formed for different applied voltage and the extraction rate is calculated using Equa-
tion 3.5, see figure 3.2.a. The clear dependence of the extraction rate on applied volt-
age, as expected from Equations 3.2-3.4, is in fact observed. A minimum in extraction
rate can be noticed at a voltage Vpnin when the extraction is only due to diffusion, f =
fPiffusion " at this point equation 3.4 can be used to calculate the value of the mobility. In
the case of p; = up =1x 107" m? vV'! 57!, the calculated mobility is equal to 1.2 x 10~/ m?
V-1 571, thus the values obtained by the fit are close to the input steady-state mobilities.
The same simulation was done for several ratios of the mobilities, and as the ratio in-
creases the effect of the drift becomes less dominant and diffusion starts to play a more
important role, figure 3.2.b. This observation is in agreement with the space charge ef-
fect observed in OPV devices with unbalanced mobilities, as the space charge creates an
electrical field that shields the built-in field. '>19! As in classic TPG, it is not possible with
this experiment to dissociate the effect of the two carrier species. ?! However, as shown
in table 3.1, the mobilities calculated using equation 3.4 are close to the geometrical av-
erage of the electron and hole mobilities. To conclude these simulations show that the
simple model proposed previously is valid when there is no dispersion and that the mo-
bility can be calculated using this simple experiment. In the following, the geometrical
average of the steady-state mobilities will be used as a reference.

3.4. EXPERIMENTAL VALIDATION

Finally, to validate the hypothesis that the steady-state mobilities govern the extrac-
tion in OPV devices, the experiment presented previously was conducted for several
donor:acceptor blends. If the mobilities obtained by the experiment are the same
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Table 3.1: Calculated average mobility for different mobility ratios.

Un [cm2 Vs Hp [em?V'1sl] Ratio Average ua) [cm? Vs Average pb) [em?V'1ls!
1x1073 1x1073 1 1x103 1.2x1073
1x1073 1x107 10 3.2x10™* 4.7x10™*
1x103 1x107 100 1x10™ 2.6x10
a) Geometrical average: u = ,/li, i, ; b) Using equation 3.4
a) b)
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Figure 3.3: Extraction experiment results for a PTB7:PC71BM solar cell showing a) the current decay for differ-
ent applied voltage and b) the extraction rate, calculated with equation 3.5. These two results show the same
trend that the results obtained with the drift-diffusion simulation in figures 3.1-3.2

as the one obtained with the SCLC technique, it would mean that the steady-state
mobilities are in fact relevant to characterize the extraction and transport in the case of
OPV devices. Solar cells, made of polythieno[3,4-b]-thiophene-co-benzodithiophene
(PTB7) mixed with [6,6]-phenyl-C71-butyric acid methyl ester (PC73BM), successfully
illustrate the behavior presented previously, see figure 3.3. In fact, a clear minimum of
the extraction rate at V,; = 0.7 V and a well-defined effect of the drift are observed, as
expected from equation 3.3. The decay of the current (see figure 3.3.b) also fits well with
the model described above, showing an exponential decay. The measured mobility, u =
4x107* em? V'! 571, is coherent with the geometrical average of the mobilities obtained
from the SCLC measurement, p = 3.2 x 104 cm? V! 571,29 Ag the aim of this study is
to show that these results can be broadened to other organic materials this experiment
has been conducted on other blends. PC;;BM and PCg;BM have been used as acceptor
blended with different donor polymers: MEH-PPV, P3HT, PTB7, PDPP5T, PBDTT-FTTE,
PBDTTT-C, see full names in the materials list. These polymers have been chosen so
that the resulting blends cover a wide range of mobility values from 107 to 10~3 cm? V-!
s mobility ratio from 1 to 100, and efficiency from 2 to 3% in the case of P3HT:PCg; BM
to 8-9% for PBDTT-FTTE:PC7;BM cell, see table 3.2 and appendix figure B.3-B.4. The
tested blends give similar results as shown previously for PTB7:PC;;BM blends, see
appendix figure B.5. The extracted mobility is in fact always close to the geometrical
average of the measured SCLC mobilities, see table 3.2 and appendix figure B.3. One can
also note that the obtained values are the same if a larger reduction of the light intensity
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is performed. In fact, even when studying the most extreme case, which is light to dark
transition, the lifetime obtained are the same, see appendix figure B.6. It also means
that the extracted mobility reflects the behavior of all the charge carriers.

To gauge whether our experimental data are influenced by RC-time issues, the experi-
ment was repeated (by Dr. Martin Stolterfoht at University of Potsdam) with different
load resistors for measuring the current, a much smaller device area (1 mm?), and a
faster time constant of the LED switching (=50 ns). B7 In other words, a faster setup
was used. The resulting extraction rates at Vi, are very similar to the rates obtained in
our lab: a load resistor of 50 Q (as used in our lab) or 100 Q give very similar mobilities
5-5.9x10"% cm? V! gl (expected = 3 x 107% cm? V! s'1). We even performed an
extra experiment at short-circuit for the PTB7:P;;BM device (see appendix figure B.7.a)
at the short-circuit condition, where the RC-time should have the biggest impact as
the extraction is faster. We find that there is very little difference in the extraction rate
depending on the load resistance when it is smaller than 200 Q. We also performed
additional drift-diffusion simulations which include the load resistor and different de-
vice areas characteristic for typical measurement conditions, see appendix figure B.7.b.
The parameters were chosen such that they are representative for PTB7:PC7;BM solar
cells (see appendix table B.1 for details). These simulations reveal a negligible effect of
the RC time on the extraction rate at Vp,jp, meaning that measurements at Vi, provide
accurate values of the charge carrier mobility.

Table 3.2: Extraction rate for different donor:acceptor blends

Blend wn lem? V7 sy, [em? V7 s71] Average p® [cm? V' s7!] Extracted P [em? V' s7!] Half-life time [us]
MEH-PPV:PCg;BM 1x10%9 2.5%x107%9 1.6x10° 1.9x10° 2.8
P3HT:PCs,BM 1.9x103" 3.7x105"" 2.7x10 3.4x10* 1.0
PTB7:PC;;BM 3.5x104" 3x104" 3.2x10% 4.0x10*4 0.48
PDPP5T:PC;,BM 3.1x103" 2.9x103" 3.0x10° 1.3x103 0.58
PBDTT-FTTE:PC;;BM  1.3x107%9 3.3x1049 6.5x10* 8.8x10™ 0.45
PBDTTT-C:PC;;BM 2.1x10™9 8x109 1.3x10* 6.0x10* 0.97

a) Geometrical average: u =/l [i,; b) Using equation 3.4; ¢) appendix figure B.3.

In addition, the integration of the current decay makes it possible to measure the
half-life time that shows that =1 us is needed to extract 50% of the carriers; see Table 3.2.
The microsecond time scale is far from the nanosecond time scale that has been re-
ported by other groups in the case of extraction dominated by dispersion. [!”18 These
two findings confirm that charge carrier thermalization has a limited effect on the de-
vice extraction when the devices are tested under realistic operating conditions. It is
also in agreement with the conclusion of van der Kaap and Koster on organic diodes,
where they have demonstrated that the steady-state mobility is only slightly enhanced,
when the relaxation of high energetic charge carriers is taken into account, compared to
the value in thermal equilibrium. !
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> >
DoS, Position DoS, Position

Figure 3.4: Different dynamics of charge carrier extraction depending on the illumination: a) fast transport
of carriers generated in an empty DoS (by a light pulse in the dark) as they have more states availables at low
energies since the DoS is empty; b) fast relaxation of the charge carrier (I) followed by a transport by hopping
when reaching the bottom of the DoS which is filled (blue area) due to the constant illumination (II).

3.5. DISCUSSION

One could ask why the results obtained here differ from the conclusions obtained in
other papers and why here the thermal relaxation of the "hot" carriers appears to make
a limited contribution to the extraction. It can be explained by the fact that the testing
conditions greatly influence the results and that care should be taken when choosing the
conditions under which the transport will be characterized. For example the tempera-
ture, the fact to be under constant illumination and the background charge carrier den-
sities have an influence on the relative importance of the "hot" carrier relaxation. 1418
In preceding experiments and simulations, ['”"18 the characterization of the transport is
based on pulsed light on a device otherwise in the dark, that is, in the situation where
the DoS is empty, see figure 3.4.a. Thus, the charge carriers generated by the light pulse
never have the chance to reach a steady-state-like condition as they can go through the
DoS without reaching a point where they will have to move through hopping close to the
equilibrium level, see figure 3.4.b (2).® This can explain the high charge carrier mo-
bilities and strong dispersion effect observed by these reports. However, as shown in
figure 3.4.b, when the device is under steady-state condition the bottom of the DoS is
filled hence the relaxation time of the charge carrier is much faster, as shown by van der
Kaap and Koster in Ref. 16. After they relax the charge carriers have to move by hopping
around the equilibrium level *®! leading to the mobility commonly observed in steady-
state measurement. The case described in figure 3.4.b is more likely to describe what we
observed in our experiment. One should note that the drawing depicted in figure 3.4 is
not intended to represent a specific shape of the DoS. In a disordered system, the DoS
will be smeared out (e.g., exponential, Gaussian) which will induce some form of disper-
sion as hot carriers can relax in the DoS. In both the exponential DoS and the Gaussian
case, the mobility depends on the filling of the DoS. ??3%! However, the typical density of
carriers in a solar cell under illumination is low (as compared to field-effect transistors,
for example) typically between 10'° and 10'® cm™3, B! which means that the effect of il-
lumination on mobility is not strong. However, charges that are photogenerated high up
in the DoS will still thermalize and cause dispersion. In the present chapter, we show that
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this thermalization is so rapid that it does not affect the extraction from an organic solar
cell. To summarize, if one wants to make any statements on the transport and extraction
in OPV devices, one must take care to choose operating conditions such that they reflect
the real states of a working solar cell. Moreover, Blakesley and Neher have shown that a
high amount of disorder is detrimental to the open-circuit voltage and would limit the
efficiency. ®® So designing highly disordered materials, that would benefit from the ef-
fect of the dispersion for faster extraction, is not the best road to achieve high efficiency
as it would lead to devices with a low open-circuit voltage.

3.6. CONCLUSION

In conclusion, we have shown that the dispersion of the current plays a limited role in the
charge carrier extraction in OPV devices. This result is supported by experimental data,
for several donor:acceptor blends, which constantly show mobilities and half-life time
on the same order of magnitude as those expected for the mobilities measured using the
classic SCLC technique. In addition, the good agreement between drift-diffusion simu-
lation and experimental results also shows that steady-state mobilities are sufficient to
characterize the transport and extraction in OPV devices. Thus, steady-state mobilities
that are found by SCLC technique give a valuable insight into the performance of OPV
materials.
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PITFALLS OF SPACE-CHARGE-LIMITED
CURRENT TECHNIQUE FOR PEROVSKITES

Space-charge-limited current (SCLC) measurements have been widely used to study the
charge carrier mobility and trap density in semiconductors. While such measurements
have proven to be valuable to investigate the properties of amorphous silicon and organic
semiconductors, their applicability to metal halide perovskites is not straightforward, due
to the mixed ionic and electronic nature of these materials.

Here, we present a description of the pitfalls of SCLC measurements for perovskite semi-
conductors, with a main focus on the effect which mobile ions have upon this electrical
characterization technique. We show, using drift-diffusion simulations, that the presence
of ions strongly affects the measurement and that the usual analysis and interpretation
of the values extracted from SCLC needs to be refined. In particular, we highlight that the
trap density and mobility cannot be directly quantified using classical methods. We also
discuss the advantages of pulsed-SCLC measurements to obtain reliable data with mini-
mized influence of the ionic motion and the degradation of the perovskite under voltage
stress. We then show that fitting the pulsed-SCLC measurement using drift-diffusion mod-
eling is a reliable method to extract mobility, trap and ion densities simultaneously. As a
proof of concept we obtain a trap density of 1.3x 10'3 cm3, ion density of 1.1 x 10'3 cm™
and a mobility of 13 cm?V-'s! for MAPDBrs3 single-crystal.

Parts of this chapter have been published in ACS Energy Letters 2020, 5, 376-384 & ACS Energy Letters 2021, 6,
1087-1094.
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4.1. INTRODUCTION

NE of the most common techniques to investigate the intrinsic transport properties
O as well as the trap density of a semiconductor is the so-called space-charge-limited
current (SCLC) measurement. Due to the apparent simplicity of the measurement, it
has been used extensively in the literature to study organic semiconductors, inorganic
and hybrid organic-inorganic metal halide perovskites.!!~'®! In fact, the measurement
"only" consists of measuring a dark current-voltage (JV) characteristic of a single-carrier
device, i.e. a device where the contacts on both sides of a semiconductor are aligned to
the conduction (valence) band in such a way that only electrons (holes) are injected.
One of the main advantages of this technique above other techniques such as charge
carrier extraction by linearly increasing voltage, optical-pump-THz-probe photocon-
ductivity and microwave conductivity, lies in the fact the electron and hole mobility and
trap density can be probed independently.'41% In addition, the device configuration
is similar to the one used in solar cells and other "sandwich structure" optoelectronic
devices, where the vertical transport is probed, as opposed to the lateral transport that
can be measured using field-effect transistors measurements. ['°!
The widespread use of SCLC measurements in the field of organic semiconductors likely
contributed to its rapid adoption by the perovskite community. As a result, a large num-
ber of very influential publications have used this technique to quantify the transport
and trapping properties in both single crystals and thin films. *~'3! However, the analysis
of SCLC measurement data is sometimes oversimplified since the assumptions required
to extract reliable values are often overlooked and not fully met, which leads to an over-
or underestimation of the extracted values.
In this chapter, we investigate the applicability of SCLC measurement for perovskites
using drift-diffusion (DD) modeling, and we show how we can correctly extract impor-
tant parameters from the simulations. To the best of our knowledge, this is the first
report on extracting both ion and trap density from SCLC measurements, in addition to
accurately determining the charge carrier mobility.

Chapter key findings:

e Classical SCLC analysis of perovskite single-carrier devices need to be
adapted to account for mobile ions.

¢ The point assigned to the trap-filled limit voltage in perovskite device is ac-
tually related to the space-charge in the device and not just the trap density
as shown in many papers.

¢ Pulsed-SCLC provides a more reliable measurement to control the influ-
ence of the ions on the JV-curve.

e Fitting pulsed-SCLC with a drift-diffusion simulation enables to quantify
not only the net charge but also the mobility, trap- and ion densities.
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4.2. TYPICAL PITFALLS OF THE SCLC ANALYSIS

Ideally, SCLC measurements consist of a dark JV-curve measurement of a single-carrier
device with symmetric ohmic contacts on either side of a semiconductor, as depicted
in figure 4.1 (a). When the JV-curve is plotted on a log-log scale, several regimes can

be identified; firstly a low voltage regime with a slope (gllggg(({,))) of 1, followed by a

regime with a high slope (> 2) due to trap filling (if any), and finally, at high voltage, the
so-called SCLC regime with a slope of 2. These three regimes are shown in figure 4.1 (b
& c). Note that space charge effect also influences the trap-filled-limited (TFL) regime.
Already several pitfalls of SCLC measurements arise from the simple characterization
of these regimes, which have been reported in the literature: (i) the use of non-ohmic
and/or asymmetric contacts can lead to slope > 2 regimes and needs to be accounted
for while performing the SCLC analysis "', (ii) the interpretation of the low voltage
regime vary depending on several factors such as diffusion and, intrinsic-, trap- or
dopant densities 1”2, (iii) the fitting and accuracy of the Mott-Gurney equation 2?2
for the quadratic regime at high voltages and (iv) the fitting Mark-Helfrich equation
for the interpretation of the TFL regime.!'"?>-2% Besides these pitfalls, perovskite
materials—good electronic and ionic conductors—bring some new challenges of their
own as the contributions of electronic and ionic species influence the current.

Before discussing the influence of ions on SCLC measurements, we first discuss the
ideal case where no ions are present as it is not always clear in the literature what values
can be extracted and how.

SCLC measurements are one of the most common approaches to extract the mobility
and trap density values of semiconductors and have been widely used in the perovskite
literature. 611261 As discussed in numerous papers!'"21?2l the mobility value can be
extracted from the quadratic regime of the JV-curve by fitting the Mott-Gurney equation:

9 (V-Vgp)?
J= 3 €y B , 4.1)
where J is the current density, V and Vp; the applied and built-in voltage, € the dielectric
constant, L the thickness, u the mobility. While some slightly different formulas were
proposed to account for the presence of trapping,'”! equation (4.1) remains the most
commonly used formula in the literature.

As previously mentioned, the trap density can be extracted from the plot of the JV-curve
on a log-log scale. The most common approach is to calculate the trap density from the
so-called trap-filled-limit voltage ['"':

anLZ
2€

Vi1 = , 4.2)
with g the elementary charge. Even though this formula can be easily derived under the
assumption that the amount of traps is larger than the number of free charges, it is not
yet clarified which point of the JV-curve should be chosen as V;¢;. Most reports choose
the voltage of the crossing point between the low voltage tangent with a slope of 1 and
the trap-filled-limited regime tangent with a slope larger than 2, as shown in figure 4.1
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Figure 4.1: (a) Ideal device structure for SCLC measurement with symmetric ohmic contact and no injection
barrier. (b) Simulated JV-curve of an electron-only device with a 100 pm thick perovskite between two perfect
electrodes as in (a) varying the trap density. The dashed lines correspond to the different tangents with a
slope of 1, 2 and >2, the color points in red, blue and magenta correspond to construction of V1, V;;, ¢ and
V2. (c) Evolution of the slopes of the JV-curves with voltage. (d) Evaluation of the accuracy of the trap density
estimation depending on the voltage point taken as V; ¢;. The parameters used in the simulations can be found
in table C.1.

(b), which we call V1. However, others use the crossing point between the tangent space-
charge-limited regime at high voltages and the trap-filled-limited regime, which we call
v2.[27 Lastly, one may consider the inflection point (V;,, ) as aviable option for the V¢,
value.

In order to assess which voltage (V1, V2, or V;;,5) yields the most accurate estimate of the
trap density, we simulated JV-curves by varying the trap densities for a fixed thickness of
100 um and extracted the values of V1, V;,r and V2 and calculated the corresponding
trap densities using equation 4.2. Figure 4.1 (d) shows that using V1 to calculate Vs,
gives the worst estimation of trap density and can lead to errors of almost one order of
magnitude in the estimated trap density. The error is largest when the trap density is
low and the transition between the two regimes is shallow, i.e. when the slope of the
TFL regime is low. As shown, V2 gives the most accurate value for the trap density and
should be used instead. This is not so surprising as the transition from the TFL to the
SCLC regime happens when all traps are filled and the free charge carrier density be-
comes larger than the number of traps, see figure C.1-C.3.

We also note that, for a given thickness, trap densities can only be resolved by SCLC
measurements if the density of traps exceeds a certain threshold. In fact, the TFL regime
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only appears if n; > n at low voltage. Hence, the minimum trap density leading to a TFL
regime is given by the charge density ng; ¢ at low voltage (where the current is domi-
nated by diffusion) in the absence of traps and dopants.'%2% The minimum density of
traps that is noticeable is thus given by
B L kT €

N min = Naiff =47 ?ﬁ (4.3)
Assuming that the relative dielectric constant of perovskites is typically 25 and that the
experiment is performed at 295 K, equation 4.3 implies that to resolve a trap density of
10" cm the thickness of the perovskite layer needs to be at least 100 um thick. For a
trap density of 10'® cm™3, 400 nm is sufficient to resolve the TFL regime. Thus, to observe
a TFL regime, high-quality perovskites require a very thick film in the SCLC experiment.
However, since V;y, is inversely proportional to L?, it is possible to encounter difficulties
as we have to measure at high voltages to reach the quadratic SCLC regime if the per-
ovskite thickness is increased.
These important findings question the way SCLC measurements are reported in the liter-
ature. In the absence of a TFL regime, we note that the trap density is lower than n; i,
depending on the thickness of the measured sample, rather than claiming the absence
of traps.

4.3. INFLUENCE OF IONS ON SCLC MEASUREMENTS

One of the peculiar properties inherent to perovskite materials is the fact that they are
both electronic and ionic conductors. As widely reported in the perovskite solar cells
literature the movement of ions can have a dramatic impact on the JV-curves of per-
ovskite solar cells and cause hysteresis. 283! Surprisingly, the influence of ions on the
JV-curves of SCLC measurements has been largely overlooked and there are, to the best
of our knowledge, few reports of the difference between forward (FW) and backward
(BW) scan for SCLC measurement. FW(BW) scan is the measurement of a JV-curve from
low (high) to high (low) voltages. A recent exception is the paper by Duijnstee et al. 3%
The JV-curve from the SCLC measurement of a MAPbBr3 single-crystal—taken from Ref.
32—is shown in figure 4.2 (a) and shows large hysteresis between FW and BW scan. This
indicates that the movement of the ions has a large effect on the current and, hence,
needs to be considered in the SCLC analysis when studying perovskites.

To gain more insight into how the ions affect the current we simulated a 100 pm thick
perovskite single-crystal including trapping and mobile ions, as shown in figure 4.2 (b)
and table C.1. First, we simulated a steady-state (or stabilized) scan where ions have time
to redistribute at every voltage step followed by a simulation of the extreme cases of an
infinitely fast FW and BW scan pre-biased at 0 and 200 V, respectively. For these scans,
the ion distributions throughout the device are calculated at the prebias (here the first
applied voltage) and kept fixed for all the other voltage steps. While there is no signif-
icant difference between the FW and steady-state scans, there is a dramatic hysteresis
feature between the FW and BW sweep. The fact that the steady-state and FW scan are
similar is not so surprising as the cations mostly stay in the bulk at low voltages because
the perovskite layer is so thick. Therefore, the current at low voltage is hardly affected,
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Figure 4.2: (a) Forward and backward JV-scan of a MAPbBr3 perovskite single-crystal taken from Ref. 32 show-
ing strong hysteresis. (b) Simulated JV-curves for forward, backward and steady-state scans to demonstrate the
influence of ion migration on the JV-curve. The vertical line indicates the V¢, as calculated from equation 4.2.
(c) Cation density distribution calculated for steady-state conditions at different bias voltages where it can be
seen that the cations slowly migrate toward the electrode, the anion distribution can be found in figures C.1-
C.3. (d) Effect of injection barrier next to the injecting electrode that saturates the current at high voltages. The
parameters used in the simulation can be found in table C.1.

as depicted figure 4.2 (b). Even though the cations will accumulate at the electrode at
high voltages, it still has a negligible effect as the electric field is high enough not to be
affected. During the BW scan, the current is mostly affected at intermediate voltages as
the ions are confined near the electrode effectively dedoping the bulk of the perovskite.
The vertical line in figure 4.2 (b) indicates the V;; as calculated from equation 4.2. We
can note that V2 of the BW scan is a lot closer to V; ¢, than the one from the FW or steady-
state scan. This tends to indicate that using a BW scan leads to a better estimate of the
trap density. However, for this to be true the scan rate should be sufficiently high to
ensure than ions do not have time to move throughout the JV measurement, which is
difficult when scanning over a large voltage range. Additionally, we will show later that
other effects may influence the BW scan making its use more difficult experimentally.
In summary, the ions have a large influence on the SCLC JV-curves but even more im-
portantly the values of trap density extracted from this measurement are also largely
dependent on the ions making it impossible to extract reliable values of the trap density
using Vi ¢;.

While there is a clear effect of the ionic distribution on the simulated JV-curves we do
not see such a drastic decrease and saturation in the current density in the BW scan com-
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Figure 4.3: (a) Pulsed-SCLC measurement JV-curves with small hysteresis for a 160 ym thick MAPbBr3 per-
ovskite single crystal and the corresponding drift-diffusion fit. (b) Evolution of the pulsed SCLC JV-curves
depending on the ion density for a fixed trap density at 1 x 1012 cm™. The black solid line is a guide to the
eye corresponding to the input net-charge, the dashed line corresponds to the input trap density. (c) Input
vs calculated net-charge density using equation 4.4. The parameters used in the simulation can be found in
table C.1 & C.2.

pared to the FW scan as in the experiment in figure 4.2 (a). This effect could be explained
by the creation of an injection barrier next to the electrode when the applied bias is too
strong. This barrier could originate from the degradation of the perovskite materials next
to the electrode. Too many ions at the interface can result in the formation of a thin layer
with a different bandgap. The simulation with a small injection (=0.2-0.3 eV) barrier in
the layer next to the injecting electrode indeed shows a saturation of the current at high
voltages, and therefore makes this a probable scenario to explain the shape of the hys-
teresis in the experimental JV curve. In addition, it has been shown in the literature that
the reaction of the perovskite with the electrode or the ionic migration could create dif-
ferent phases like Pbl, for example. ®3! Unfortunately, such a degradation complicates
the use of the BW scan to get a better estimate of the trap density.

To tackle the problem of hysteresis and fixing the position of the ions within the per-
ovskite Duijnstee et al. proposed a pulsed SCLC method to obtain reliable JV-curves with
suppressed the hysteresis. *?! This method consists of a short voltage pulse from 0V to
the wanted applied voltage and measuring the current before the ions have the time to
move significantly. This method presents several advantages, on the one hand, it allows
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the measurement of hysteresis free curves where the ions are effectively fixed to their po-
sition at 0 V and do not move throughout the JV-sweep and on the other hand, it avoids
unwanted degradation and phase changes next to the electrodes that saturate the cur-
rent at high voltages.

In the remainder of this chapter, we will discuss the pulsed-SCLC as this measurement is
more reliable. ®?! To simulate the pulsed-SCLC we first calculate the ion distribution at 0
V and then keep it fixed for the voltage sweep, making it equivalent to the infinitely fast
scan described previously. Similar to the fast FW scan, the pulsed-SCLC and the steady-
state scan give similar JV-curves, as shown in figure 4.2 (b). This similarity arises from
the fact that the injected electron density and the filling of the traps are not as much af-
fected by the movement ions, and especially cations. Figures C.1 & C.2 show that the
cations mostly remain within the bulk of the perovskite and that the electron injection
is not different for the 3 methods, which lead to completely filled traps at the same volt-
age. However, the situation is different for a fast BW scan prebiased at 200 V. Figure C.3
shows that in this case, the cations accumulate at the injecting electrode, which slows
down the injection of electrons, and thereby the filling of the traps. Hence, V;; shifts to
higher voltages. Figure 4.3 (a) shows the measured pulsed-SCLC JV-curves for a 160 um
thick MAPbBr3; single crystals. More details on the measurement can be found in Ref.
32. Figure C.4 shows the measurement performed on 3 different crystals with different
thicknesses. The absence of hysteresis for all three crystals implies that the ions are in-
deed fixed around their 0 V positions. Additionally, there is no sign of degradation in the
BW scan, which confirms the hypothesis that the accumulation of ions at high voltages
creates a barrier for the injection that limits the current.

On top of the hysteresis, the ions significantly influence the actual shape of the JV-curve.
We show in figure 4.3 (b) that as the ion density approaches the trap density, here at
1x10'3 cm3, the TFL regime disappears. In addition, V1, V;, r and V2 are all affected by
the ion density. This is due to the fact that ions are shielding the charge from the traps,
and thereby reducing the net charge. If the ion and trap densities are within the same
order of magnitude, equation 4.2 does not apply and needs to be rewritten in terms of
net charges in the bulk such as:

Nper L2 Ny — Nion) L2
Vies = qnnerl” _ q(ng — nion) 4.4)
2€ 2€

Similarly, equation 4.3 can be expressed in terms of net charge in the bulk. Equivalently,
this equation still holds when other types of charges, such as dopants, are added, as
shown in figure C.5.

This is a crucial point for the interpretation of SCLC measurement for perovskites as
it shows that we measure V;¢; and the net charge in the bulk of the perovskite, rather
than the V;¢; and the trap density. This is well illustrated by figure 4.3 (c) where we show
that as the ion density increases, i.e. the net charge decreases, the measured density
deviates more from the actual trap density. This figure also shows that V1, which the
most commonly used point for V¢, can not only be one order of magnitude off on
predicting the net charge but also underestimates the trap density by almost 2 orders of
magnitudes. Hence, previously reported trap density values from SCLC measurement
showing a small slope for the TFL regime—probably indicating an ion density close to
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the trap density—cannot be trusted.

Given the potential pitfalls of SCLC measurements when applying simplified equations
such as the Mott-Gurney law or the expression for V;;, it appears more reasonable to
fit drift-diffusion simulations to the measurement data. By doing so we can relax a few
assumptions and obtain values for trap and ion densities as instead of the net charge
when using equation 4.4. If necessary, the built-in voltage can also be accounted for
by fitting both positive and negative voltage JVs, when different electrodes are used
(which is not the case here). For this purpose, we use SIMsalabim, an open-source
drift-diffusion simulation program, in the hope that it will enable researchers to fit their
SCLC measurement to get more reliable values. More details about the simulation can
be found in Refs. 31,34,35 and the code is available on GitHub. [2¢!

If we extract values from the 160 pym single-crystal JV-curve using the "classical"
method—i.e. taking the V;¢; as V1—from the FW scan in figure 4.2 (a) or even from the
pulsed measurement in figure 4.3 (b) we get a trap density of =~ 2 x 10! and = 4.5 x 10'?
cm respectively. However, when the pulsed JV-curve is fitted using the drift-diffusion
simulation, as shown in figure 4.3 (a) and table C.2, the simulation shows that trap-
and ion densities are indeed very similar, approximately 1.3 x 10'3 and 1.1 x 10'3 cm™
respectively, giving a net charge in the bulk of 2 x 10!2 cm™. The trap density was
underestimated by one to two orders of magnitude when using the "classical" method.
Even the values extracted by using the crossing points of the tangents from the pulsed
measurement do not yield the correct values of neither the net-charge nor the trap
density: V1, V;,,r and V2 give 4.5 x 10'2,9.4 x 10! and 1.2 x 10'® cm3, respectively. The
TFL regime is not very pronounced so the net charge is overestimated, as in figure 4.3 (c)
when V,,.; is small. Clearly, under such conditions, fitting a drift-diffusion simulation
becomes necessary to extract a value for the trap density. It also allows for an estimation
of the mobility value, which would not have been accessible using the "classical"
method and fitting Mott-Gurney law since the SCLC regime is not reached even at 200 V.
Here, we find a mobility of approximately 13 cm? V! 571,

4.4, CONCLUSIONS

We show that SCLC measurements have to be treated carefully when performed upon
mixed ionic and electronic conductors, such as metal halide perovskites. We present
some of the common pitfalls for SCLC analysis, and we show that to obtain a reasonable
estimate of the V;¢; and trap density, one needs to consider V2 rather than V1.

We then present a detailed analysis of the effect of mobile ions on the interpretation of
SCLC measurement. Both simulation and experiments suggest that performing pulsed-
SCLC measurement is necessary to minimize ion migration during the measurement. In
this way, we obtain reliable and reproducible JV-curves and we avoid any degradation of
the perovskite under large applied voltages. We show that even though we can extract
the net charge in the perovskite bulk from the SCLC measurement, we can not directly
extract trap density. This puts into question previous reports in the literature that may
have underestimated the trap density by several orders of magnitude.

Finally, we show how we can accurately reproduce pulsed-SCLC experiments using drift-
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diffusion modeling which enables us to quantify not only the net charge but also the mo-
bility, trap- and ion densities. We propose a wider use of drift-diffusion simulations to fit
pulsed-SCLC to extract meaningful values for the trap- and ion densities, and mobility
in the case of perovskites and we provide an open-source solution to fit these measure-
ments. We strongly encourage others to follow this approach and no longer perform
analytical fits to JV data.
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CHARGE TRANSPORT LAYERS LIMITING
THE EFFICIENCY OF PEROVSKITE SOLAR
CELLS: HOw TO OPTIMIZE
CONDUCTIVITY, DOPING, AND THICKNESS

Perovskite solar cells (PSCs) are one of the main research topics of the photovoltaic com-
munity; with efficiencies now reaching up to 25% PSCs are on the way of catching up with
classical inorganic solar cells. However, PSCs have not yet reached their full potential. In
fact, their efficiency is still limited by non-radiative recombination, mainly via trap-states
and by losses due to the poor transport properties of the commonly used transport layers
(TLs). Indeed, state-of-the-art TLs (especially if organic) suffer from rather low mobilities,
typically within 10° — 102 cm? V! 51, when compared to the high mobilities, 1 - 10 cm?
V! 571, measured for perovskites. This work presents a comprehensive analysis of the effect
of the mobility, thickness and doping density of the transport layers based on combined ex-
perimental and modeling results of two sets of devices made of a solution processed high
performing triple-cation (PCE= 20% ). The results are also crossed checked on vacuum
processed MAPDI; devices. From this analysis, general guidelines on how to optimize a TL
are introduced and especially a new and simple formula to easily calculate the amount of
doping necessary to counterbalance the low mobility of the TLs.

Parts of this chapter have been published in ACS Applied Energy Materials 2019, 2 (9), 6280-6287.
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5. CHARGE TRANSPORT LAYERS LIMITING THE EFFICIENCY OF PEROVSKITE SOLAR CELLS:
How To OpTIMIZE CONDUCTIVITY, DOPING, AND THICKNESS

5.1. INTRODUCTION

EROVSKITE solar cells (PSCs) have attracted more and more attention in the pho-

tovoltaic research community. The number of published articles on PSCs keeps
increasing whereas the yearly number of publications even tripled between 2015 and
2017. Following the trend of the number of published papers the efficiency of perovskite
solar cells also skyrocketed within less than 10 years from 3.8% !! to nearly 25.2%. %!
The first jump in efficiency was linked to the establishment of solid-state perovskite
solar cells, ®*! as opposed to the dye-sensitized structure previously used. ! From this
point, the incredibly fast development of PSCs is due to optimization efforts on several
levels: (1) the deposition techniques highly improved leading to better film quality,
i.e. less rough, more compact with bigger grains.>") (2) The chemical engineering
of the perovskite by using mixed-compound (cations, metal and/or halide) allowing
bandgap tunability and improving the stability.®'!! (3) The optimization of the solar
cell stack by choosing more suitable charge selective transport layers (TL). 11723
As the perovskite layer quality improved the focus shifted to the optimization of the TLs.
Classical PSCs consist of a simple n-i-p or p-i-n structure, where the perovskite layer is
stacked between two TLs and electrodes. In principle, an efficient TL must fulfill several
aspects which include: (a) Favorable energy level alignment, for a good transfer of one
type of charge carrier while effectively blocking the other. 2425/ (b) Good chemical and
physical properties, to avoid detrimental reactions with the surrounding layers and the
environment, and also suitable surface properties *”! as this two points could otherwise
result in either a significant amount of traps at the interface and/or a poor perovskite
layer quality (rough or too many grain boundaries) when grown on top of the TL.!?® (c)
High transparency of the TLs to maximize the absorption in the perovskite layer?® and
finally (d) Good transport properties to ensure a fast transport of the charge carriers
towards the extracting electrode. 2829
This study will focus on the last point (d) as most of the state-of-the-art TLs suffer
from a rather low mobility compared to the perovskite. Theoretical calculations on
perovskite structure give mobilities values ranging from several hundred to thousands
cm? V1 571,39 However, usual electrical techniques, such as field-effect transistors
measurement or space-charge-limited-current, report mobilities which are orders of
magnitudes lower on the range of 1 to several tens of cm? V! s71 15173031] [ any
case the perovskite mobility is higher than that of most TLs and can therefore limit the
efficiency.
The aim of this chapter is to introduce easy-to-use guidelines for the optimization of
the TLs in terms of thickness, mobility and doping. In fact, one of the most common
strategies to tackle the problem of the TLs low mobilities is to use chemical doping.
While it had been experimentally shown 121316:19.28] that doping the TLs is an efficient
way of improving the performance of PSCs, there are still remaining questions about
the efficacy of this strategy. For instance, what is the best approach to improve the TL:
increasing the TL mobility, reducing the thickness or doping? Moreover, the general
conditions to sufficiently dope a TL in order to achieve maximum photovoltaic perfor-
mance depending on the layer thickness and mobility remains an important question
today.
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To this end, the role of TL mobility, thickness and doping have been examined through
extensive drift-diffusion (DD) simulations that are based on a validated device model. *?!
The simulation results are corroborated by transient extraction experiments which were
conducted on two device structures consisting of the same highly efficient triple-cation
perovskite layer but with different TL and device polarity (n-i-p and p-i-n). Notably,
the current-voltage characteristics of our p-i-n devices could be well reproduced with
the numerical simulations. Both simulations and experiments show that doping clearly
improves the efficiency of PSCs but also that increasing the mobility of the TL is a more
efficient approach to maximize the collection efficiency with the additional benefit
of avoiding a potential additional degradation pathway due to the chemical dopant.
Finally, we introduce a figure of merit solely based on the conductivity and thickness of
the TLs so transport losses can be minimized.

Chapter key findings:

* The charge transport layers in perovskite solar cells need to be optimized
carefully as they can strongly limit the fill factor.

* Two new and simple criteria are introduced to help tuning the transport
layer thickness and/or conductivity to avoid transport losses in the TL.

5.2. NEW FIGURES OF MERIT FOR THE OPTIMIZATION OF THE
TRANSPORT LAYERS

Typical TL used in PSCs such as 2,2’,7,7’tetrakis[N,N-di(4-methoxyphenyl)amino]9,9’-
spirobifluorene (spiro-OMeTAD), poly(3hexylthiophene-2,5-diyl) (P3HT), poly
[bis(4phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), [6,6]-Phenyl-C71-butyric acid
methyl ester (PCBM), to name just a few, have mobilities which are generally more
than 3 orders of magnitude lower than the perovskite and are usually 10 to over 150
nm thick.">3334 The mobility and thickness of the TL strongly impact the charge
transport/extraction in PSCs and ends up drastically reducing the fill-factor (FF). [1>28l
In this study, two sets of devices were investigated both based on the same active layer
made of a highly efficient triple-cation perovskite ?52%! in p-i-n or n-i-p layout, as shown
in figure 5.1.a & d. Both devices consist of a Cg layer as electron transport layer (ETL).
For the p-i-n structure the hole transport layer (HTL) thickness, made of PTAA, was var-
ied and/or also doped using a small molecule (2,3,5,6-tetrafluoro-2,5cyclohexadiene-
1,4-diylidene)dimalononitrile (FATCNQ). Similarly, the HTL thickness of the n-i-p
devices made of P3HT was also varied and doped using FATCNQ. The 10 nm thick
PTAA device demonstrated the highest performance reaching 20% . The current-density
versus voltage (JV) curves (figure 5.1.b & e) show that the open-circuit voltage (Vpc)
and the short-circuit current (Js¢) are not affected by the change in thickness or by
the doping of the TL, the small loss in Js¢ is due to optical losses. However, the FF is
strongly affected by both thickness and doping of the TL, the FF linearly decreases with
the increase of the TL thickness and increase upon doping, see figure 5.1.
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To gain some insight in the effect of TL properties on the FF a home-built device model
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Figure 5.1: Schematic of the device structures investigated (a)& (d). Current-density versus voltage character-
istics of the solar cells (b)& (e) for different HTL thickness and doping, the dots correspond to the experiment
and the line to the numerical fit, the fitting parameters can be found in appendix D. The FF (c)& (f) of the two
devices linearly depends on the HTL thickness but is also strongly enhanced by doping, filled dots corresponds
to pristine TL whereas empty dots stand for a FATCNQ 10wt% doped TL.

based on 1-dimensional DD equations is used.®*3%3! Employing steady-state DD
simulations permits the calculation of current-voltage characteristics, by solving the
Poisson and continuity equations, see chapter 2. The simulations allow to disentangle
the influence of a single parameter from others—which is difficult to realize in the
experiment—and gives us a better understanding of the effect of a certain parameter
on the solar cell performance. Our device model has already been validated *>3%! and
reproduces accurately PSCs with different composition and structure. The accuracy of
the device model is demonstrated here once again as it perfectly reproduces the behav-
ior of the PTAA devices as seen in figure 5.1.b. The DD fit also shows that trap-assisted
recombination at the interface between the perovskite and the TLs is the dominant
recombination loss (see table S2). This is in agreement with previous reports on the
losses in PSCs with various device architectures, processing methods, and perovskite
compositions. 26323537 [t thus appears that the dominance of interfacial recombina-
tion is a general rule in highly efficient PSCs stressing the importance of improved TLs.

The simulation results in figure 5.2.a are obtained by varying only the mobility and/or
the thickness of a pristine (i.e. not doped) TL. The linear dependence of the FF with
the TL thickness is observed, see figure D.l.a, which goes hand in hand with the
experimental results. Figure 5.1.a shows that for mobilities on the order of 10 to 107
cm? V! 57! and thickness of 10-150 nm—which are typical for most TL and especially
the organic ones—only = 50-75% of the FF is retained, meaning that about 25-50%
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of the FF is lost just because of the poor transport in the TLs. Note that the retained
FF in figure 5.2 stands for the ratio between the actual FF and the maximum FF for
high mobility TL. This effect, of course, gets less critical, when very thin TLs are used,
however, experimentally the use of such thin layer (< 10 — 20 nm) is challenging and
can result in less efficient or stable devices because of the formation of pinhole or bad
surface properties. To summarize, reducing the mobility and increasing the thickness of
the TL is highly detrimental to the FE Grill et al. ' also showed that the transit time ()
of PSC is strongly affected by the ;,of the TL whereas ideally, the ¢;,should only depend
on the active material. As a first estimate, the charge transport quality of a pristine TL
(i.e. not doped) can be defined as the ratio between the transit time in the TL over the
perovskite. The transit time can be written as:

l
ttT: IJXF' (5.1)

with [ the thickness, p the mobility and F the electrical field, the electrical field can also
be approximated to V/I with V being the voltage drop. The simulation shows that the
FF loss is acceptable when:
gy 2 x
tr gL Hpero <1, 5.2)
Lpero X HTL

pero
ttr

as shown in figure 5.2.a. Indeed, when equation 5.2 is satisfied the transport losses due to
the TL become negligible. A wide range of simulations with randomly picked parameters
within a reasonable range describing the PSCs behavior, see SI, also shows that when
equation 5.2 holds the FF is not affected by the TL. However, when equation 5.2 is not
satisfied the FF is reduced.

If we consider a TL of 40 nm and a perovskite layer 300nm with a mobility of 1 cm? V!
s’!, which is typical for PSCs, the required TL mobility to avoid FF losses is 0.01 cm? V!
s’!, which is the same number than found by Tessler and Vaynzof in Ref. 38.
Consequently, the use of high mobility and/or very thin TLs seems to be required to
guarantee high efficiency. Equation 5.2 also gives us a good criterion to optimize the TL
thickness and gives a threshold to judge whether doping the TL is required.

As mentioned above, one other way to tackle the issue of the TL low mobility is to use of
doped TLs which help to maintain high performance. In fact, chemical doping of organic
TLs!12163% and atomic doping of oxides!%4%! has proven to be a successful strategy to
counterbalance the poor transport properties of many TLs. While knowing that doping
is, in general, a good strategy to improve the efficiency, the question of how much the TL
needs to be doped to reach the best performance still remains. One of the main resulting
effects of doping the TL is to increase its conductivity. Note that increasing the mobility
as discussed previously also increases the conductivity. Ohm’s law can be rewritten in
term of conductivity such as the voltage drop within the TL can be quantified as:

Ix]
V=RxI=—2=, (5.3)
o

with V the voltage drop, R the resistance, I (/) the current (density), ! the thickness and
o the conductivity. We assume that the TLs will have a negligible influence if the voltage
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Figure 5.2: Simulations (a) show that reducing the mobility of the TLs drastically reduces the FE however,
simulations (b) and the experimental results on our PTAA devices (c) and devices from the literature (d, taken
from Ref. 12) also show that this effect can be almost balanced by significant TL doping. The retained FF stands
for the ratio between the considered FF over the FF when using a pristine high mobility TL. The dashed line
in (a) is a guide to the eye to judge which points satisfy equation 5.2. The dashed lines in (b) correspond to
the values calculated with equation 5.5. The simulations parameters can be found in the simulation section in
appendix D.

drop across a TL is equal or less than the thermal voltage Vr, which is a reasonable as-
sumption as carriers ought to be able to overcome a potential drop equivalent to kT in
energy. Below this assumption is confirmed by both simulations and experiments. The
largest current that a solar cell supplies is equal to the short-circuit current density Jsc,
so we require that:

Ity x Jsc

Vr (5.4)

0=qurLNp =
Equation 5.4 gives us a new and easily accessible criterion on the required conductivity
for an efficient TL, it also makes it easier to select and optimize a TL even before making
the PSCs full stack. For example, if we consider a 40 nm thick TL and a Js¢ of 20 mA
cm2, which are typical for perovskite solar cells, then we need a TL conductivity of at
least3x 1078 Scm™!.
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Equation 5.4 can also be rewritten in term of doping density such as:

_ Ity x Jsc

. 5.5
qVrurt 63

Following this idea, the simulations were performed again including some doping of
the TL to determine if the efficiency can be fully recovered and how much the TL needs
to be doped. Two cases were studied with one thin (40 nm) and one thick HTL (150
nm)—similar results would be obtained if the ETL was studied—and the doping density
within the TL was increased until the best performance is reached. In both cases,
more than 95% of the FF is retained when using equation 5.5 and is very close to the
maximum FF that can be reached by doping, see figure 5.2. In addition, a large-scale
simulation of perovskite solar cells, see figure D.1.c, more than 10000 different solar
cells were simulated to evaluate the accuracy of equation 5.4-5.5. In this simulation, the
different relevant parameters of a PSCs were varied such as device thickness, mobilities
and trapping densities, see table S2. Note that, to disentangle the effect of doping one
TL only one of the two TL was set as “defective”" in the simulations (i.e. with a low
mobility) whereas, the other one was considered as “perfect” (i.e. with high mobility)
and only the defective TL was then doped. In this simulation both the hole and electron
TLs were alternatively considered as the defective one showing that this approach is
relevant for both electron and hole TLs. In more than 90% of cases doping the TL helps
to recover the FF loss due to the low TL mobility, therefore, equation 5.4-5.5 indeed
gives an accurate description of the optimal doping.

The effect of doping the TL was studied in the case of the PTAA devices, where the
concentration of the FATCNQ dopant in a 40 nm thick PTAA layer was varied between
0.01 to 25wt%, see figure 5.2.c. The conductivity of the doped PTAA was also measured
for the different doping concentration, however, it is important to note that the con-
ductivity of the TL within the solar cell stack matters in equation 5.4, and therefore one
has to be careful on how to measure this experimentally. In fact, as the perovskite layer
is spin cast on top of the PTAA layer the solvent (DMF:DMSO) might wash some of the
FATCNQ-anions or PTAA away hence reducing the conductivity or thickness. To mimic
this " washing-effect" the conductivities were measured as-cast and after spin coating a
solution of DMF:DMSO following the same procedure as if it was the perovskite solution.
On the one hand, the layer thickness was measured for both as-cast and washed films
to see if there was PTAA washing as well, but the effect was negligible indicating that
the PTAA is not washed away. On the other hand, a drop in conductivity by more than
two orders of magnitude for washed films is measured, see D.2, which makes it evident
that FATCNQ-anions are not present in the films at the initial desired concentration,
lowering the doping efficiency and inevitably the free charge carrier density.

The measured conductivity after washing is reported in figure 5.2.c. The increase of the
conductivity correlates very well with the increase in FF in a similar fashion than what
is seen in the simulation. Unfortunately, the conductivity does not reach the required
value from equation 5.4 of 3 x 107 S cm™! (green dotted line in figure 5.2 (c)) which is
coherent with the fact that the maximum FF does not seem to be achieved yet in this
device. Above 10wt% further increasing the dopant concentration only slightly increases
the conductivity and, therefore, only a modest increase in the FF is observed, this is due
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to a bad mixing of the dopant with the PTAA which degrades the morphology. In the
future, replacing FATCNQ by another dopant or changing the solvent would be a good
strategy to reach higher doping efficiencies and FFs.

The P3HT cells were also doped with FATCNQ 10wt% and show a significant im-
provement of the FF upon doping especially the 150 nm thick devices that show an
improvement of 175% and helps to reach FF similar to much thinner P3HT thickness
devices, see figure 5.1.e& f. However, for those devices, the limitation in Vp¢ probably
due to strong interfacial recombination seems to be limiting the performance more
than the transport losses within the TL. 4!/

A similar analysis was applied to fully vacuum deposited devices based on methylammo-
nium lead iodide (MAPbI3) stacked between a N1,N4-bis(tri-p-tolylphosphoranylidene)
benzene-1,4-diamine (PhIm) doped fullerene Cgy ETL and a 2,2’-(perfluoronaphthalene
2,6- diylidene) dimalononitrile (F6-TCNNQ) doped N4,N4,N4" ,N4" -tetra([1,1’-
biphenyl]4-yl)-[1,1:4’1" -terphenyl]-4,4" -diamine (TaTm) HTL, see Ref. 12 for full
devices structure. Ref. 12 concluded that the ETL was not limiting the FF which is co-
herent with equation 5.4 giving 3 x 10 S cm™ (for a 40 nm TL) which is lower than the
measured conductivity of the ETL above 2 x 10"*S cm™!, showing again that equation 5.4
can also be applied for ETL. The HTL, however, has a rather low conductivity = 1 x 107'S
cm’! and needs to be significantly doped to recover a high performance. The maximum
efficiency, see figure 5.2.d, is reached for a 11wt% F6-TCNNQ doping and a conductivity
of 3 x 10~ %S cm™ which coincides perfectly with the value expected from equation 5.4.
As the layers were all vacuum process there is no need to consider any washing effect. At
higher doping concentration, even though the conductivity still significantly increases,
the FF is not so much affected just as shown by the simulation meaning that the TL is
now fully optimized in terms of transport and that the conductivity criterion presented
here is accurate. However, the FF is still not ideal but this can probably be explained by
significant the amount of recombination which tends to limit the FF in this system as
shown in Ref. 35..
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Figure 5.3: In the photocurrent decay experiment, the extraction is not really affected by the doping for a thin
40 nm PTAA HTL (a). However, for a thicker TL—here 150 nm thick P3HT HTL (c)—the extraction is enhanced
upon TL doping leading to a faster decay of the current density. The experiment is shown at short-circuit
conditions.
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An increase in FF can be related to two processes: a more efficient extraction or a re-
duced number of recombination pathways.*?! To further understand the effect of TL
thickness and doping on the extraction dynamics of PSCs, a photocurrent decay experi-
ment, similar to the one described in Ref. 43, was set up. The device is kept under 1 sun
illumination, using white light, to establish steady state operating conditions. At time
zero the light intensity is slightly reduced and the current decay is monitored over time
giving the extraction rate by fitting a monoexponential decay.* The higher the decay
rate k, i.e. shorter lifetime, the better the extraction. This experiment can be done at dif-
ferent applied voltage that is kept constant during the light reduction. The behavior of
two devices was studied, one PTAA cell with a thin HTL of 40 nm and one P3HT cell with a
thick HTL of 150 nm. The HTL of the two devices were then doped with 10wt% FATCNQ.
In the case of a thin 40 nm PTAA TL, see figure 5.3.a, the experiment shows that the ex-
traction is not significantly affected by the doping of the TL. However, the experiment
on a thick 150 nm P3HT device (b) show that doping plays a major role in the extraction.
The decay of the current being much faster for a doped TL than for its pristine counter-
part, see figure 5.3.b. Transient simulations were also performed (see figure D.3) for both
thin and thick TL, with a TL mobility of 103 cm? V! 57!, they also show that doping has
little effect on the extraction time for thin TL but leads to a significant improvement of
the extraction of thick TLs. In addition, the simulations using high mobility TL show that
it always leads to the fastest extraction which is coherent with the higher FF reported in
figure 5.2 when using higher mobility TL.

While it is straightforward that the extraction gets more efficient when the TL mobility
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Figure 5.4: Figure (a) shows the beneficial influence of TL doping that reduces the potential drop within the
TL. Figure (b) shows that upon doping there is less accumulation of charge carriers in the perovskite and more
in the TL. Therefore, the extraction is enhanced when doping a low mobility TL because there are more charge
carriers that can get extracted next to the electrode which counterbalances the fact that they are slower. This
explains why upon sufficient doping the extraction gets almost as good as when using high mobility TL. The
potential and charge carrier density profiles are here shown at MPP. The simulations parameters can be found
in appendix D.
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is increased, charge carriers just move faster, it is not so clear how doping helps in case
of low mobility. The simulations in figure 5.4.a & b highlight the two concomitant ben-
efits of doping a low mobility TL: on the one hand it decreases the potential drop in the
TL—as referred to in the derivation of equation 5.4 & 5.5—which results in a bigger po-
tential drop within the perovskite layer and so to a higher electrical field, corresponding
energy diagrams are available in appendix figure D.4. Note, that the data in figure 5.4 cor-
respond to the maximum power point values (MPP) as this is the meaningful operating
point for a solar cells, this explain the fact that the overall potential drop varies from one
simulation to the next as Vjspp is different. On the other hand, the charge carrier den-
sity within the perovskite is greatly reduced while the concentration in the TL increases
tremendously. These two synergic effects explain why the current decays faster in the
transient photocurrent experiment when a low mobility TL is doped. Under steady-state
illumination, most charge carriers are close to their extracting electrode, see figure 5.4.b,
so when the light is slightly reduced the carriers that were already there do not have to
travel far to be extracted.

Another side effect of doping is that the lower carrier concentration within the perovskite
also reduces the total amount of recombination, see figure D.5, for both thin and thick
TL. It could explain why for a thin TL even though the extraction is not so much affected
the FF still increases by 10% for the 40 nm PTAA device, see figure 5.1.c. For the 150
nm P3HT device the FF show a huge increase of 175% because it benefits from the two
effects, enhanced extraction and lower recombination. It is worth noting that the thick
pristine P3HT TL devices, see figure D.6, show a very strong voltage dependence of the
extraction rate and also of the ratio of initial and final currents, see figure D.6.d, which is
a sign of a substantial effect of recombination. The decay rate of the doped system tends
to be way less affected by the applied voltage, hence, is less dominated by recombination
which goes hand to end with the previous conclusion.

Finally, all the above-mentioned points demonstrate that the approach presented earlier
of reducing the voltage drop within the TL is indeed crucial and that the criterion pre-
sented here is a key parameter to achieve high efficiency.

So far we only talked about organic TLs, however, all the reasoning described above is ap-
plicable for inorganic TLs, however, in most cases the inorganic TLs such as TiO, [40:44-46]
or Sn0, “"have conductivities close to our criterion or above hence leading to only mod-
est improvement of the FE The main reason for the performance improvement in those
cases is likely due to either trap-passivation or better energy level alignment showing up
in an improved open-circuit voltage.

To summarize, the experiments and simulations consistently show that the extrac-
tion and consequently the FF is limited by the TL in common PSCs using low mobility
TL that are not appropriately doped. So if low mobility TLs have to be used because of a
lack of good alternatives then they need to be doped following the conductivity criterion
described by equation 5.4. Doping the TL remains a very efficient approach of reaching
high efficiencies when using low mobility but the best case scenario is always the case
thin TL with high mobility.
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In conclusion, simulation and experimental results were combined to show that trans-
port layers are a limiting factor in the efficiency of perovskite solar cells. The low mobil-
ity of commonly used transport layers limits not only the extraction but also increases
recombination. To counterbalance this effect two strategies can be used: doping the
transport layer or using different materials with higher mobility. These two options are
both viable and lead to high efficiency but using doping might lead to other issues such
as parasitic absorption from the dopant, dopant diffusion and additional degradation
pathways. Hence, finding new materials with high mobility appears to be the best strat-
egy.

Two new and simple criteria are introduced to help tuning the transport layer thick-
ness and/or conductivity to reach high efficiency. The first criterion helps to optimize
the thickness of the transport layer and judge whether doping is required. The second
criterion ensures that the TL conductivity is sufficient to ensure good transport. These
criteria can be used prior to the fabrication of the full solar cells and will help to save
time, materials and money in future optimization work.
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IDENTIFICATION OF THE DOMINANT
RECOMBINATION PROCESS FOR
PEROVSKITE SOLAR CELLS BASED ON
MACHINE LEARNING

Over the past decade, perovskite solar cells have become one of the major research interests
of the photovoltaic community and are now on the brink of catching up with the classical
inorganic solar cells with efficiency now reaching up to 25%. However, significant im-
provements are still achievable by reducing recombination losses. The aim of this work is
to develop a fast and easy-to-use tool to pinpoint the main losses in perovskite solar cells.
We use large-scale drift-diffusion simulations to get a better understanding of the light
intensity dependence of the open-circuit voltage and how it correlates to the dominant
recombination process. We introduce an automated identification tool using machine
learning methods to pinpoint the dominant loss using the light intensity-dependent per-
formances as an input. The machine learning was trained using over 150000 simulations
and gives an accuracy of the prediction up to 80%.

Parts of this chapter have been published in Cell Reports Physical Science 2021, 2, 100346.
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6.1. INTRODUCTION

IG data science and machine learning (ML) have drawn a lot of attention not only
from industries such as Google, Facebook, Amazon and co. but also in the scientific
community. There has been a tremendous increase in the number of studies using
these techniques and in very different fields going from medicine to chemistry and
physics. "9 ML techniques have proved to be very effective at predicting the properties
of materials >%1% but also at speeding up the material discovery process by suggesting
new promising structures. !
In an era where high-throughput experimentation is made possible thanks to the use
of autonomous robots!*!!) and where a large amount of data can be processed easily
with the new data science and artificial intelligence (AI) tools openly-accessible online,
science should turn into a more systematic/standard experimentation, data collection
and analysis. This would allow scientists to spend more time exploring the data or new
ideas rather than going through tedious and sometimes poorly reproducible lab work. If
this line of thinking is applied to photovoltaic research, the future workflow of material
and device development for solar cells may look like figure 6.1. In recent years, there
have been only few attempts to develop tools corresponding to one or more of the steps
described in figure 6.1. These studies showed that Al methods helped experimental
planning to predict the next promising material to use/synthesize or experiment to
make. %77 The use robots for high-throughput experiments ""'>13! and automated data
analysis>”!!! provides several advantages in terms of speed of material development
and size/reproducibility of the experimental output demonstrating the power of this
approach.
In order to pursue this reasoning for the study of perovskite solar cells (PSCs) we need

Al helped Automated Automated
experiment planning sample preparation measurement
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Figure 6.1: Potential closed-loop workflow for automated and high-throughput experimentation in photo-
voltaic research.
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appropriate characterization tools that can accurately pinpoint whether the bulk or an
interface limits the efficiency while being fast/easy and can also automatically analyze
data. Here, we build a characterization tool to pinpoint bulk or interfaces recombination
as the dominant loss based on light intensity-dependent current-voltage characteristics
measurements.

Hybrid halide perovskites show desirable properties for use in thin-film solar cells,
such as a large absorption coefficient, high charge carrier mobilities, and long diffusion
lengths. '41%1 As a consequence, PSCs have attracted great interest, facilitating a re-
markable rise in their efficiency over the past ten years.¥!”! This rise has been mainly
driven by novel fabrication techniques which ensure very compact perovskite absorber
films '8! with large grain sizes,'??’ minimizing the non-radiative recombination
losses through charge trapping at defects in the perovskite absorber bulk at the grain
boundaries.

Now, efforts are being directed towards the tuning of electron and hole transport
layers (ETL, HTL) [23-25] and interface engineering. [26-28] Nonetheless, in existing PSCs,
Shockley-Read-Hall (SRH) trap-assisted recombination is still the dominant recom-
bination loss whether it happens in the bulk via grain boundaries or at the interfaces
(HTL/perovskite and perovskite/ETL). 237 There exist many reports on the recom-
bination in perovskite solar cells, however, most of these experimental studies are
performed on perovskite thin-films. 844

Photoluminescence (PL) studies look at charge transfer rates at interfaces between
perovskite thin-films and transport layers revealing the recombination kinetics. 443!
Although these methods elucidate the fundamental optoelectronic properties and role
of defect physics in recombination, they are often performed under non-operating
solar cell conditions (i.e. non-solar fluences and/or not a full device configuration) and
are often complex. ?#*3] More recent reports also suggest that for high-efficiency per-
ovskite the main recombination center is consistently located at the interface between
the perovskite and the TLs. 3334 It is therefore important to identify the dominant
recombination losses, so that efforts can be directed towards improving the quality of
the perovskite material or the interface in question. While the PL measurements have
proven to be very effective at pinning out the dominant loss they require several sets of
devices with different structures which make them very time-consuming.

Here, we present a more in-depth analysis on the light intensity measurement of PSCs
and especially on the parameters influencing the slope (nk7/q on a semi-log plot) of
the open-circuit voltage (Vpoc) versus light intensity curve, with 7 the so-called ideality
factor, T the temperature, k the Boltzmann constant and g the elementary charge. The
ideality factor is typically used to conclude on the dominant recombination process
very simply by saying that an ideality factor close to one means that band-to-band
recombination dominates > and an ideality factor close to two correspond to bulk SRH
trap assisted recombination %! while when it is in between this two values it is difficult
to conclude.

However, here we show that this interpretation is not complete as other parameters
influence the ideality factor and that the analysis of ideality factor needs to be coupled
with other key figures such as the open-circuit voltage (Vpc), the short-circuit current
(Jsc) and the fill factor (FF), doping and more. To remedy this issue we trained—using
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large scale drift-diffusion (DD) simulations 213247 _—a ML algorithm based on decision
trees to classify the light intensity measurement output to give the most likely dominant
recombination. Our trained model was able to determine, within a matter of seconds,
whether the dominant recombination process was band-to-band, interface or grain
boundaries trap recombination with a 80% accuracy and this while only requiring the
simple measurement of light intensity-dependent current-voltage characteristics (JVs).
This represent, to the best of our knowledge, the first use of ML as identification tools
of the dominant recombination process in PSCs over such a wide range of material
properties. In a broader perspective, the ML approach could also be used for automated
data analysis as in the workflow described in figure 6.1 as the experimental data used
are simple, can be easily measured and that the ML algorithm provides a fast and easy
way to analyze the data and provide feedback to choose the next relevant experiment.

Chapter key findings:

e The ideality facotr of perovskite solar cells does not only depend on the
dominant recombination process making it a poor predictor of the main
loss channel.

e Machine learning method trained using simulations can be used to predict
the dominant recombination process in perovskite solar cells.

6.2. RELATIONSHIP BETWEEN IDEALITY FACTOR AND RECOM-
BINATION PROCESSES

The amount of charge recombination is directly related to the open-circuit voltage of a
solar cell, whose light intensity dependence can reveal information about the dominant
recombination mechanism under operating conditions. In the following section, we will
describe the different possible scenarios that are relevant for PSCs: (i) band-to-band re-
combination (ii) SRH trap-assisted recombination and (iii) SRH trap-assisted recombi-
nation with one pinned charge carrier density. Since Auger recombination is negligible
under non-concentrated illumination 849 it will be excluded from this analysis.
The Vpc of a solar cell is the difference between the electron and hole quasi-fermi levels,
and is approximated analytically by 455"
2

quczEgap—len(IZ—;)) (6.1)
where Egqp is the band-gap of the photo-active material, N, is the density of states in
the conduction and valence bands, while n and p are electron and hole concentrations
respectively. The ideality factor is given by how the np-product depends on the light
intensity. This yields to different 1 for different scenarios.
The total recombination rate in the solar cell is given by

_ Bulk Front int. Back int.
R=Ry+RBulk | gErontint. , pBaci 6.2)
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where R}, is the band-to-band recombination rate and Rsgy is the trap-assisted recom-
bination rate described by the Shockley-Read-Hall (SRH) statistics in the bulk (R?I’?‘gc) of
the perovskite or at the interface with the front (RE12" int) and back (Rgl’\?ﬁlk inty TLs. At
Voc, the total recombination rate (R) is equal to the charge generation rate (G) in the
device. We used our DD simulations—available open-source on GitHub [*”'—to study
the different cases with dominant band-to-band recombination or SRH trap-assisted re-
combination with and without one pinned charge carrier density one at a time for a
simple device structure, see parameters used in appendix E.

T T T T T

a) 207— Front Interface Traps | b) 2.0r ]
—— Back Interface Traps —— Front Interface

B 1.8r— Gs Traps T B 1.8 — Back Interface T
S S
8 1.6 1 ®1.6f .
Py Py
=14 1 Z1.4f 1
3 3
= 1.2 1 —1.2r 1

1.0 . | | | ] 1.0, | I | | ! ]

106 107 108 10° 10%° 101 101 10 10> 10!® 1017 108

0 Trap Density [cm™2] d) Doping Density [cm~3]

2.0 T T T —7 _ . - - - ; I

1S .
 1.8f 1 S _g| |lon Density [cm™3]
48 g — 10%FW
®1.6¢ 1 z-100| Toetw
3‘ —— lons g _____ 10 BW
% 1.4F — n-Doping 1 8 —15} . 10%FW
4] —— p-Doping PR N I
o c
—1.2r 1 @ 20+
3
1.0, ‘ ' ' ' s~ 2500 02 04 06 08 Lo 1.2
11 12 13 14 15 16 . . . . . . .
10T 107 108 10% 10T 10 Applied Voltage [V]

lon/Doping Density [cm™3]

Figure 6.2: Simulated evolution of the ideality factor depending of the trap density (a), TL doping (b) and ion
and doping density (c) in the perovskite layer, considering traps at the grain boundaries, front or back inter-
faces separately. Effect of the ions density on the degree of hysteresis (d). Parameters used in the simulation
can be found in table E.1.

CASE (I): DOMINANT BAND-TO-BAND RECOMBINATION

When band-to-band recombination is dominant (R, > REUlk + pErontint.  pBack int.)
in the device, at V¢ the total recombination rate is

R=Rp,=ynp=0G. (6.3)

So
n=p=GIp"? (6.4)
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where v is the band-to-band recombination constant. Following Eq. (1), the Vp¢ is now
approximated by

qVoc = Egap — KTIn [yNZ, x é)
Since the charge generation rate (G) is proportional to the light intensity (I), the semi-log
plot of V¢ versus I gives a slope of kT/q or a ideality factor of n = 1. Therefore, n =1
could indicate dominant band-to-band recombination in the device.*! Note that for
PSCs y has been found to be low!®1-% in the range of 107-10"' cm? s~!. This could be
explained by lattice distortion leading to a spatial separation of electrons and holes de-
creasing the probability of charge carriers to recombine. As a consequence, a hypothet-
ical PSC where band-to-band recombination dominates must have a very high-quality
perovskite and interfaces with very low defects density which would lead to high V¢ as
we will show later in this chapter.

(6.5)

CASE (11): DOMINANT SRH RECOMBINATION WITHOUT PINNING OF ONE
CHARGE CARRIER DENSITY

If SRH recombination is dominant (Rggg > R}) in a device, at V¢ the total recombina-

tion rate is
CnCpZr

np
Cn(n+m)+Cy(p+p1)

R = Rspry = =G, (6.6)

where X7 is the electron trap density, C,, and C,, are the capture coefficients for electrons

and holes respectively and, ny = p1 = N¢y exp(—Eyrqp/ kT). Typically n > n; and p > p;

when traps act as recombination centers, 3>°%! and so these constants can be neglected.
Now, if n = p and assuming C, = C, we get

RZRSRHZCPZTPZG, (6.7)
p=n=GICpZr. 6.8)
Following Eq. (1), the V¢ is now approximated by
1
GVoc = Egap - len(cpzTNfu x a) 6.9)

In this case, the light intensity dependence of the Vp¢ shows a slope of 2kT/q or a
ideality factor of n = 2. And so, n = 2 represents dominant SRH recombination in the
device, see figure 6.2.a.

Now, considering the special case of perovskite it is unlikely to have evenly distributed
trap states throughout the material bulk. In fact, studies have shown that defects tend to
migrate out of the bulk and toward the grain boundaries (GB) and interfaces leaving low
trap densities within the bulk.®%57! For this reason, we will only consider traps located
at the GBs in this chapter.

In addition, as much as the previous derivation works well for traps evenly spread
through the perovskite layer one must be more careful when considering spatially
localized traps such as traps located at grain boundaries. In fact, upon high trap density
at the GB a depletion region is created because of the charge of the traps hence it
somewhat pins the opposite charge carrier density to compensate for the space-charge
region leading to 17 < 2 see case (iii).
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CASE (111): DOMINANT SRH RECOMBINATION WITH ONE PINNED CHARGE
CARRIER DENSITY

In this scenario trap assisted recombination is still dominant, however, one of the
charge carriers is pinned to a finite value i.e. it stays roughly constant upon changing
light intensity. This can happen in PSCs for several reasons:

- High trap density at the GB creating a depletion region (see above), see figure 6.2.a.

- Traps at the perovskite/TL interface with a doped TL where the charge carrier den-
sity is pinned to the doping level of the respective charge transport layer, see fig-
ure 6.2.b.

- Traps at the perovskite/TL interface thin undoped TL and an ohmic contact with
the respective electrode. The ohmic contact pins the charge carrier density as the
latter induces many charges in the charge transport layer, [°%! see figure 6.2.a.

- Doping of the perovskite bulk.

If we take the example of a perovskite/ETL interface n > p and n = N}}, where N} is
the doping level in ETL. Therefore when SRH recombination is dominant at the per-
ovskite/ETL interface, following Eq. (6) , at V¢ the total recombination rate is

R=Rspa=CpZrp =G, (6.10)

p=GICpZrand n= N}, (6.11)

Now, following Eq. (1), the Voc when SRH recombination dominates at the per-
ovskite/ETL interface, is approximated by
CPZTNEV 1 )

GVoc = Egap - len(N—B = (6.12)
Similarly, when SRH recombination dominates at the HTL/perovskite interface, the V¢
is approximated by

CnZrN2, 1
=T ey _) 6.13)

N, G

qVoc = Egap— kTIn
where N, is the doping level in the HTL. The light intensity dependence of the Voc now
shows a slope of kT/ g or aideality factor of n = 1. And so, just as in the case of dominant
band-to-band recombination n = 1 which would make the prediction of the dominant

recombination process only based on the ideality factor very inaccurate.

Figure 6.2.a shows the evolution of the ideality factor depending on the trap density
either at the grain boundary or at one of the interfaces, see figure E.1 for more details.
We can note that as expected from the derivation for very low trap densities n — 1 as
band-to-band recombination dominates. However, we can see that the evolution of
the ideality factor respective to the trap density is not monotonously increasing and
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depends on where the traps are located within the device, hence, the ideality factor can
definitely not be used as a quantitative measure of the number of traps in the systems.
We can also see the different scenarios leading to a reduced ideality factor because of
the pinning of one charge carrier, whether it is related to a large number of traps at the
GB (a, blue line), to a pinning because of thin TL and interfacial traps (a, magenta and
green line) or because of the doping of the TL with interfacial traps (b), see figure E.1 &
E.2.

Doping the perovskite bulk, whether it comes from the addition of a compound or
because of oxidation of the metal, °*-6!! also leads to a different ideality factor, as seen
in figure 6.2.c. In fact upon sufficient doping one of the charge carrier density is pinned
and again 1) — 1. In the following of the chapter we will not consider doped perovskite.
Another important feature of PSCs is the presence of moving ions, we also simulated
devices with different ion density, see figure 6.2.c and d, and realize that contrary to
doping they do not affect the ideality factor significantly for stabilized JVs. In addition,
we show that if a device shows little to no hysteresis for high voltage scan rate there is
also no significant effect of ions on the stabilized performance and the ideality factor.
This is well in line with the work by Tessler et al.[? who showed that when a J-V
characteristic does not show signs of hysteresis the device model can still reproduce the
same material and device parameters without including ions. Hence, we will also not
consider ions in the following simulations as they would also increase significantly the
computational time.

To summarize here we showed that the analysis of the ideality factor is not as straight-
forward as expected and that other factors need to be taken into consideration. Hence
despite giving valuable information the ideality factor cannot be used on its own to con-
clude anything about the dominant recombination process but have to be analyzed in
correlation with other parameters.

6.3. DATASET FOR MACHINE LEARNING

Machine learning algorithms have proven to be very efficient classifier and here rec-
ognizing the dominant recombination process is nothing more than a classification
problem. We are looking at three or four potential classes: (1) band-to-band recombina-
tion, (2) SRH recombination in the bulk and (3) interfacial SRH at the front (3a) or back
(3b) interface. To accurately train a ML algorithm we need first a dataset on which the
ML can be trained and tested on. To build a usable dataset we need to define enough
descriptive features and, of course, have properly labeled data. In other words, we
need a large amount of data on PSCs with light intensity-dependent performance and
an already known dominant recombination process for each of the data points. This
represents one of the big challenges in applying ML strategies to PSC research as there is
no readily available dataset or database reporting performance values of PSCs with the
corresponding limiting process. Despite the huge amount of data published every year
on PSCs there is no real standard on what to characterize when a newly made device
is reported aside from typical JV curve under 1 sun AM1.5 and even more problematic
most of the time we focus on reporting on what has been improved compared to a
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reference which is indeed important but it would also be insightful to investigate what
is still limiting the device.
To overcome the issue of not having an experimental dataset to work with we decided to
use DD simulations 313247 to generate the needed data. DD simulations have already
proven their ability to capture the physics of PSCs by reproducing a wide variety of
devices with different perovskite composition and structure. 31:3263-651 Hence, we are
confident that it can give us meaningful and reliable data to work with. In order to get a
representative dataset we randomly picked parameters within a reasonable range—see
table E.2—based on commonly reported experimental values in the literature for the
thickness and mobilities of all layers. For the recombination parameters that are more
difficult to access with experiment we used previously published simulation work using
either DD 31:32.63-651 or first-principle >4 simulation to set meaningful boundaries.
We also chose to fix the bandgap of the perovskite to 1.6 eV (which corresponds to
the bandgap of MAPbI3) as we, for now, focus on a proof of concept but obviously the
analysis presented below would also hold for a different bandgap by extending the
simulation space for the said bandgap.

Figure 6.3 presents the summary of the main performance parameters under 1 sun

—— Band-to-band Rec.
—— GB Traps

—— Front Interface Traps
—— Back Interface Traps

1.00 1.25 1.50 1.75 2.00
Ideality Factor

-14 -16 -18 =20 =22 -24
Jsc [mMA cm™2]

Figure 6.3: Density for the different recombination types simulated of ideality factor (a), open-circuit voltage
(b), short-circuit current (c) and fill factor (d) under 1 sun illumination. Parameters used in the simulation can
be found in appendix E.
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illumination and the ideality factor for over 150000 simulated solar cells. The ideality
factor was fitted from simulated values from 5 different light intensities hence repre-
senting a total number of simulations of over 750000. One of the main advantages of
using a dataset based on simulations is that each point can properly be labeled to their
dominant recombination process (under 1 sun at maximum power point condition) as
the contribution of each loss can be very easily disentangled from one another and the
recombination fraction of each process can be calculated.

Without going further we can already draw some conclusions from the density plot
presented in figure 6.3, the ideality factor not being sufficient to accurately distinguish
the different recombination processes. In fact, as expected from the derivation made
in the previous section 77 = 1 is not always a sign of dominant band-to-band recom-
bination. However, if we consider ideality factor and Vp¢ then we realize that n = 1
and Vpc > 1.2 V is very likely to be band-to-band recombination. As mentioned in
the previous section band-to-band limited devices exhibit impressively high V¢ with
a loss lower than 0.4V compared to the bandgap, this is due to the very low values of
the band-to-band recombination constant in perovskite, however, to be band-to-band
recombination limited the perovskite layer needs to be of very high quality with very low
trap densities. This hints that by adding other features on top of the ideality factor we
could improve the accuracy of the prediction of the dominant recombination process.
Hence, moving to ML technique could help us predict the dominant recombination
process by adding/tuning features that can preferably be easily measured.

6.4. MACHINE LEARNING TREE-BASED METHODS TO IDEN-
TIFY THE DOMINANT RECOMBINATION PROCESS FOR
PEROVSKITE SOLAR CELLS

As mentioned earlier ML techniques are very effective for classification problems, here
we chose to use two tree-based methods: single decision tree (ST) and random forest
(RF). As they present the advantage of being more transparent than a typical neural net-
work and that you can get more insight into what governs the decision by "drawing"
the trained tree. All the ML training was made using the scikit-learn %! toolbox. First,
we start by defining three classes for the dominant recombination process: (1) band-
to-band (2) GB traps (3) interfacial traps and train our ML to distinguish between the
different scenarios. Note that to avoid any bias in our learning the dataset was balanced
between the three classes and 1/4 of the dataset was used as a test set. The common
approach used in the literature is to use only the ideality factor as a feature so we trained
both ST and RF algorithm to using only 17 giving an overall accuracy of = 71% and = 69%
on the training and testing set respectively, see figure 6.4. The trust score, i.e. how much
can you trust the prediction made by the ML, for each class can also be calculated, see
figure E.3, giving 90% for band-to-band recombination dominant, 61% for the GB traps
and 55% for interfacial traps. This means, for example, that if one inputs new numbers
into the ML and the output is interfacial recombination then there is a 55% chance that
this is indeed the dominant recombination process.
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Figure 6.4: (a) Evolution of the trust score on training and test dataset depending on the features used to train
single-tree or random-forest. The full dataset consists of over 10° simulated devices, 1/4 of which was used as
atest set. The best performance (80%) is obtained for RF using 5 different light intensity performances, doping
and mobilities of all the layers as features. (b) Confusion matrix on the prediction for the best performing
RF trained showing how often a prediction is correct (diagonal) depending on the dominant recombination
process.

We can already note that the ideality factor alone gives a decent prediction as to whether
the system is band-to-band or trap limited but is not enough to distinguish whether the
traps are located at the interface or within the bulk at the GBs. Which is to be expected
as it is difficult to distinguish between the two trap assisted recombination processes.
However, figure 6.3.a shows that there is still a difference in the distribution for the 1 sun
performance, hence, adding those features as descriptors should improve the prediction
accuracy. We see that adding more features such as the 1 sun performance or the mo-
bility and whether the TLs are doped or not help to improve the prediction of the ML
algorithm. Note that in the simulation the TL is considered doped if it satisfies the dop-
ing criteria introduced in Ref. 63.

The best result—with an overall accuracy above 80%—was obtained with a random for-
est classifier when using the performance of all the simulated light intensities, the mo-
bility of all layers and whether or not the TLs are doped. This improvement is due to a
better differentiation between interfacial and GB traps recombination.

The normalized confusion matrix on the prediction, shown in figure 6.4.b, gives more in-
sight in the accuracy of the prediction by showing the fraction of the predictions that are
correct on the diagonal. The off-diagonal elements give the fraction of wrongly assigned
predictions. In our best case, it shows that when the ML output is either band-to-band,
GB or interfacial recombination the results can be trusted in 96%, 71% and 74% of the
cases respectively. However, the accuracy of the prediction is not perfect which is mainly
due to the fact that some interfacial dominant cases are mistaken as GB dominant and
vice-versa; and also the presence of mixed cases where both GB and interface have a
comparable contribution to the overall recombination.

To validate our analysis we chose experimental values from the literature that have the
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appropriate bandgap, i.e. the right perovskite composition, where the dominant loss is
known and where enough of the features are available. The first set of two devices is
made of vacuum-processed MAPbI; in a nip or pin structure, ®? the main recombi-
nation process was determined by fitting DD simulations to light intensity dependent
current-voltage characteristics. The second set of data is made of triple-cation per-
ovskite CsPblj o5 [(FAPDbI3)g.89(MAPDI3)0.11]0.95 in pin structure with changing interlayer
or TLs, the dominant recombination process was accessed by performing PL measure-
ment and also DD simulation for device 3-4. 2363671 For more details on the devices see
table E.3.

Table 6.1: Parameters used as features for the random-forest algorithm to predict the dominant recombination
of experimental perovskite solar cells. Find more information on the device structures in appendix E.

Device Ref. Vpc[V] Jsc [mAcm?] FF n Front Back Experimental ML prediction

number TL doped TL doped dominant prediction
recombination

1 32 1.08 -20.0 073 2 yes yes mixed GB/interface GB

2 32 1.12 -20.2 0.81 1.55 yes yes mixed GB/interface GB/interface

3 33,63 1.09 -21.65 0.779 1.42 no no interface interface

4 33 1.17 -21.7 0.786 1.42 no no interface interface

We used the ideality factor, 1 sun illumination performance and doping of the TLs,

see Table 6.1, as features for the random-forest. We find a good agreement between
the prediction and the dominant recombination previously reported for these devices.
Hence, despite the accuracy of the prediction not being perfect it still predicts quite well
the dominant process for experimental devices proving that it could be used to analyze
real experimental data for PSCs. To that aim all the data and the python code used in
this study are available on GitHub %®! as well as the open-source DD simulation package
SIMsalabim used to simulate PSCs. [31:32:47]
This result brings the hope that in the future we could use an even larger dataset with
also experimental data to train ML methods and predict the dominant losses. This
would be especially useful in the aim of more automated and high-throughput produc-
tion of data where the analysis needs to be performed automatically and accurately or
used as an online tool where the trained models would be available and could be used
as a characterization tool for new studies. We could even think of adding all kinds of
other experimental results as features to improve the accuracy of the ML even more. In
addition, this line of thinking could also be easily adapted for other kinds of photovoltaic
technology such as organic or quantum dots solar cells.

6.5. CONCLUSION

Despite being widely reported in the literature the analysis of the dominant recombina-
tion based on the ideality factor turns out to be less reliable than expected for perovskite
solar cells as it is also strongly affected by other factors. In fact, by performing large scale
simulation we have shown that the ideality factor does not only depends on the domi-
nant recombination process but also on carrier pinning either because of the contacts or
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doping. Hence, to draw any meaningful conclusion on the main loss process the analy-
sis needs to be complemented by other features.

We show using machine learning procedures that the prediction of the dominant re-
combination process can be improved by adding the performances under different light
intensities, doping and mobilities. A maximum prediction accuracy of 80% was obtained
using random-forest algorithm which represents a 10% improvement compared to the
use of the ideality factor only. The trained random-forest was also able to accurately pre-
dict the dominant recombination of experimental devices.

This study shows that performing large scale simulation and using machine learning
tools could lead to a new type of automated data analysis that would be suitable for
high-throughput experimentation.
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Figure A.1: Simulated evolution of the photocurrent density. a, depending on Lp shows that it influences the
magnitude of the photocurrent. b, More importantly, it strongly influences the shape of the normalized EQE vs
thickness by setting its maximum and the decay trend at high thicknesses. Hence fitting this curve is the right
approach to get the best possible estimation of Lp,.
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Figure A.2: EQE of CuSCN/PC71BM bilayer devices under variation of the acceptor layer thickness for the
excitation wavelength A: a, 450 nm. b, 475 nm. ¢, 500 nm. d, 525 nm. The experimental data (circles) are fitted

(solid lines) for all thickness. L obtained from the fitting: 10 nm.
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Figure A.3: EQE of CuSCN/EH-IDTBR bilayer devices under variation of the acceptor layer thickness for the
excitation wavelength A: a, 650 nm. b, 675 nm. ¢, 700 nm. d, 725 nm. The experimental data (circles) are fitted

(solid lines) for all thickness. Lp obtained from the fitting: 15 nm.
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Figure A.4: EQE of CuSCN/SE-PDI2 bilayer devices under variation of the acceptor layer thickness for the

excitation wavelength A: a, 455 nm. b, 505 nm. ¢, 530 nm. d, 555 nm. The experimental data (circles) are fitted
(solid lines) for all thickness. Lp obtained from the fitting: 20 nm.
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Figure A.5: EQE of CuSCN/IDIC bilayer devices under variation of the acceptor layer thickness for the excita-
tion wavelength A: a, 600 nm. b, 630 nm. ¢, 660 nm. d, 690 nm. The experimental data (circles) are fitted (solid
lines) for all thickness. Lp obtained from the fitting: 24 nm.
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Figure A.6: EQE of CuSCN/ITIC bilayer devices under variation of the acceptor layer thickness for the excitation

wavelength A: a, 600 nm. b, 630 nm. ¢, 660 nm. d, 690 nm. The experimental data (circles) are fitted (solid
lines) for all thickness. Lp obtained from the fitting: 25 nm.
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Figure A.7: EQE of CuSCN/IT-M bilayer devices under variation of the acceptor layer thickness for the excita-
tion wavelength A: a, 630 nm. b, 650 nm. ¢, 680 nm. d, 700 nm. The experimental data (circles) are fitted (solid
lines) for all thickness. Lp obtained from the fitting: 30 nm.
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Figure A.8: EQE of CuSCN/Y6 bilayer devices under variation of the acceptor layer thickness for the excitation
wavelength A: a, 650 nm. b, 700 nm. ¢, 750 nm. d, 800 nm. The experimental data (circles) are fitted (solid
lines) for all thickness. Lp obtained from the fitting: 35 nm.
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Figure A.9: EQE of CuSCN/IT-2Cl bilayer devices under variation of the acceptor layer thickness for the excita-
tion wavelength A: a, 650 nm. b, 675 nm ¢, 700 nm. d, 725 nm. The experimental data (circles) are fitted (solid
lines) for all thickness. Lp obtained from the fitting: 40 nm.
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Figure A.10: EQE of CuSCN/IT-4F bilayer devices under variation of the acceptor layer thickness for the excita-
tion wavelength A: a, 650 nm. b, 675 nm. ¢, 700 nm. d, 725 nm. The experimental data (circles) are fitted (solid

lines) for all thickness. Lp obtained from the fitting: 45 nm.
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Figure B.1: Influence of bimolecular recombination on measured mobility for balanced (a) and unbalanced
mobilities with g /1y =10 (b).
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Figure B.2: Simulated current decay for different injection barriers on the extraction rate, (a) no barrier and
(b) a barrier of 0.2 eV. One can note that the extracted lifetime is very similar in both cases leading to the same
mobility. Thus, the extracted mobility does not depend strongly on the injection barrier.

Table B.1: Parameters used in the drift-diffusion for appendix figure B.7

Parameter Symbol Value

Band gap Egap leV
Effective density of states Ngyp 2.5x 10" ¢cm3
Thickness L 100 pm
Mobility U 3x107*cm?Vv'ls!
Relative dielectric constant €r 4
Langevin recombination prefactor — ypre 3x 1072
Contact injection barrier [0) 0.15eV
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Figure B.3: Current-voltage curves of MEH-PPV:PCg1BM (a), PBDTT-FTTE:PC7;BM (b) and PBDTTT-
C:PC71BM (c) hole-only and electron-only devices. Symbols represent experimental data and the solid lines
represent fit of the experimental data, performed for space charge limited current with thes Mott-Gurney law :

2
J= %e,u‘L% The mobilities of holes and electrons are thus extracted as fit parameters from the current-voltage

curves.
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Figure B.4: Current-voltage curves of PZHT:PCg1 BM, PTB7:PC71 BM, PDPP5T:PC71 BM, PBDTT-FTTE:PC71 BM
and PBDTTT-C:PC71BM solar cells. The measurements were done using a Steuernagel SolarConstant 1200
metal halide lamp; a silicon reference cell was employed to correct for spectral mismatch with AM1.5G spec-
trum and set the intensity of the lamp to 1 sun and recorded using a computer-controlled Keithley source
meter in N2 atmosphere.
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Figure B.5: Experimental results for different polymer:fullerene blends solar cell showing the extraction rate
calculated with equation 3.5.
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Figure B.6: Current decay of PTB7:PC71BM device for small reduction of the light intensity (a) and for light to
dark perturbation (b). One can note that the same lifetime can be extracted leading to the same mobility in
both experiments. Thus, it shows that the dynamics of all the extracted charge carriers can be related to the

steady-state mobilities.

Extraction rate [us']

a
6 T T
At Short-circuit:
~—5F o 1mm?Potsdam
I * Groningen
3
Sgal
2
e
L "
8% o° .
©
C2r
=
L
1 L
0 50 100

Rload [Q]

N
o

N

-
(9]

N

o
3

107
L e H : . *
AtV i =
[ o 1mm2 <
4+ 10mm? j10° 2>
r E
=5
. : . . .
L L L L L 10—9
0 50 100 150 200

Rload [Q]

Figure B.7: a) Experimental extraction rate at short circuit condition of a PTB7:PC71BM device (1 mm?) with
different load resistance also showing that RC-time does not affect the measurement when R < 200 Q. b) Ex-
traction rates (black) and extracted mobilities (blue) from PTB7-like simulations including the influence of the
load resistance of the measurement set-up and the capacitive effect of the device showing that the resistance
and the area have a very small influence on our measurement at Vmin demonstrating the RC-effect does not

strongly affect the extraction rate and the calculated mobility.
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C. APPENDIX C: PITFALLS OF SPACE-CHARGE-LIMITED CURRENT TECHNIQUE FOR

PEROVSKITES

Table C.1: Parameters used in the drift-diffusion for figure 1, figure 2 (b)-(c)

Parameter Symbol Value

Perovskite Layer

Conduction Band E; 3eV

Valence Band E, 5eV

Band gap Egap 2eV

Effective density of states Ney 1x108 cm3

Thickness L 100 ym

Mobility U 10cm? Vst

Relative dielectric constant €r 25.5

Ion density Nion 0or10M —-10" cm™

Recombination

Band-to-band recombination rate constant ¥ 10710 cm?3 57!

Trap density ng 0or10' —10" cm™

Trapping level depth below E, Etrap lev

Electron (hole) capture coefficient Cu(p) 1077 cm3 st

Contact

Contact work function 3.0eV
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Figure C.1: (a-d) Density of electron, filled-traps, anion and cation for different applied voltage for a steady-
state scan.

Table C.2: Parameters used in the drift-diffusion fit of the 160 um thick single crystal MAPbBr3 in figure 3 (a).

Parameter Symbol Value
Perovskite Layer

Conduction Band E. 3.4eV
Valence Band E, 5.6 eV
Band gap Egap 2.2eV
Effective density of states Ngyp 1x10'8 cm?3
Thickness L 160 pm
Mobility U 129cm?Vv'igl!
Relative dielectric constant €r 25.5

Ton density Rion 1.09 x 103 cm™3
Recombination

Band-to-band recombination rate constant % 10719 cm3 57!
Trap density n 1.32x 103 cm™
Trapping level depth below E, Etrap 0.54eV
Electron (hole) capture coefficient Cn(p) 1077 cm®s!
Contact

Contact work function 3.82eV
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Figure C.2: (a-d) Density of electron, filled-traps, anion and cation for different applied voltage for a pulsed
scan where the ion distribution is kept fixed at 0 V condition. We can note that the distribution of filled traps
and electron is not too different between steady-state and pulsed scan which explain the very similar JV-curves
in figure 2 (b).
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Figure C.3: (a-d) Density of electron, filled-traps, anion and cation for different applied voltage for a backward
scan where the ion distribution is kept fixed at 200 V condition. We can note that the distribution of filled traps
and electron is significantly affected by the accumulation of cation at the injecting electrode which explain the
difference between JV-curves in figure 2 (b).
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Figure C.4: Pulsed-SCLC JV-curves for 160, 210 and 465 um thick MAPbI3 single crystal.
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Figure C.5: Simulated pulsed-SCLC JV-curves for n-Doping (a) and p-Doping (c) of the perovskite bulk. (b &
c) Extracted net-charge using equation 6. We note again that V2 is the best point to take as Vy; and that the
SCLC really describe the net charge such as nyer = nt — njo;, + No— Np
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D. APPENDIX D: CHARGE TRANSPORT LAYERS LIMITING THE EFFICIENCY OF PEROVSKITE
SOLAR CELLS: HOw To OPTIMIZE CONDUCTIVITY, DOPING, AND THICKNESS

Table D.1: Parameters used in the reference drift-diffusion simulation of the perovskite solar cells, both for the
steady-state and transient simulation. Some of these values were chosen looking at reference [!]

n Parameter Symbol Value

Perovskite Layer

Band gap Egap 1.6eV
Effective density of states Ney 3.1x10"®% cm™3
Relative dielectric constant €r 24.1
Thickness L 300 nm
Electron mobility Un lecm?2vils!
Hole mobility Ly lcm?2vils!
Bimolecular recombination rate constant % 1x107% cm3 st

Electron transport layer (ETL)

Relative dielectric constant efTL 3.5
Thickness LETL 40 nm
Electron mobility uETL 1x103em?Vvls!
Hole mobility ph™ 1x1073 cm2vils
Barrier for holes 0.5eV

Hole transport layer (HTL)

Relative dielectric constant eHTL 3.5
Thickness LHTL 40 nm
Electron mobility uHTL 1x103em?Vvls!
Hole mobility ppTh 1x1070 em? Vvils
Barrier for electrons 0.5eV
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Table D.2: Parameters used in the reference drift-diffusion simulation fit of the PTAA solar cells in figure 5.1.b

Parameter Symbol Value

Perovskite Layer

Band gap Egap 1.6eV
Effective density of states Ne¢y 2.6x10'% cm™3
Relative dielectric constant € 24.1
Thickness L 300 nm
Electron mobility Un 33cm?2Vls!
Hole mobility Kp 71cm?Vvig!
Bimolecular recombination rate constant Y 47x107 cm3 57!
ETL/perovskite interface trap density TrerL 8.4x 10" cm™
HTL/perovskite interface trap density TryrL 1.5x 102 cm™3
Electron(hole) capture coefficient Cu(p) 1.1(5.6)x107% cm®s7!
Electron transport layer (ETL)

Relative dielectric constant efTL 3.5
Thickness LETL 40 nm
Electron mobility uETL 3.4x1072cm? Vst
Barrier for holes 0.3eV

Hole transport layer (HTL)

Relative dielectric constant eHTL 3.5
Thickness LHTL Vary

Hole mobility pp ™t 49x107 em? Vs
Doping density Np 0or2.8x10" cm™
Barrier for electrons 0.3eV
Electrode

Anode/cathode injection barrier 0.08/0.07
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Table D.3: Parameters used in the reference drift-diffusion simulation fit of the P3HT solar cells in figure 5.1.e

130

Parameter Symbol Value
Perovskite Layer

Band gap Egap 1.6eV
Effective density of states N¢y 1x10%! ¢cm3
Relative dielectric constant €r 24.1
Thickness L 300 nm
Electron mobility Un 33cm?2Visl
Hole mobility Ly 71cm?Vls!
Bimolecular recombination rate constant % 4.7x107% cm3 57!
ETL/perovskite interface trap density TrerL 2.63x10'" cm™
HTL/perovskite interface trap density TryrL 3.0x 10" cm™
Electron(hole) capture coefficient Cu(p) 7.2(1.6)x 1078 cm3 57!
Electron transport layer (ETL)

Relative dielectric constant efTL 3.5
Thickness LETL 40 nm
Electron mobility pETL 34x1072cm?V'!sg!
Barrier for holes 0.3eV

Hole transport layer (HTL)

Relative dielectric constant eHTL 3.5
Thickness LHTL Vary

Hole mobility pp Tt 4.0x1073 cm? Vs
Doping density Np 0or1.5x10' cm3
Barrier for electrons 0.3eV
Electrode

Anode/cathode injection barrier 0.32/0.32




Table D.4: Parameters used in the reference drift-diffusion simulation of the perovskite solar cells, both for the
steady-state. Some of these values were chosen looking at reference [

Parameter Symbol Value

Perovskite Layer

Thickness L 250 - 600 nm
Mobility U 1072-10cm2 Vil
Bimolecular recombination rate constant y 10711 -107" cm3 st
Trap density Tr 0or10'*-10' cm3
Capture coefficient Cu(p) 1001 -10° cm? s!
Transport layer
Thickness LTL 20 - 150 nm
Mobility ult 1074-1cm?Vvls!
(a) (b) (c)
8000 T T
100 e . 1.0 RS L FFpnsme T/FFr high u
.. = N FFy, PP high n
—_ \'\ 508 6000 corea T g
£ 5 5
& i oe £ 4000
§ \i—_l - simulation 3
T 60 @ 04 PTAA thickness: o
< Z + 10nm 2000
14 —— U <Hpero Z02} + somm
T L THpero I = 85nm
0 20 40 60 80 100 120 140 160 0‘?0-3 102 10" 100 10" 102 103 104 00 50 100 150 200
HTL thickness [nm] (Bitpero (Lerobirt) Retained FF [%]

Figure D.1: Simulations (a) show the same linear dependence of the FF with the TL thickness when u7y <<
Upero- A wide range simulation (b) was also performed to identify when the transport losses become signif-
icant, it shows that when Iy x ppero << Lpero x uTL then the transport losses due to the TL are negligible
however when I7} x Upero 2 Lpero % pi, the FF gets reduced and doping the TL becomes necessary. Fig-
ure (c) is the summary of the large-scale simulation performed to attest the validity of equation 5.4-5.5 in the
paper. For this simulation the doping of the TL is calculated using equation 5.5.
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Table D.5: Device performance averaged over a minimum of 5 devices. These devices have also been studied
more extensively in ref. 2,3

PTAA devices
PTAA thickness (nm) Doping Voc (V) Jsc (mA cm2) FF
85 no 1.13+0.01 19.48+0.27 0.49+0.01
40 no 1.1440.004 20.34+0.32 0.66+0.03
40 yes 1.15+0.004 20.38+0.28 0.7623+0.01
20 yes 1.13+0.01 21.59+1.09 0.77+0.01
10 no 1.114+0.01 22.44+0.12 0.78+0.01
P3HT devices
P3HT thickness (nm) Doping Voc (V) Jsc (mA cm?) FF
150 no 0.85+0.003 19.66+0.13 0.39+0.01
150 yes 0.88+0.01 19.28+0.36 0.65+0.03
80 no 0.81+0.02 18.46+0.18 0.50+0.02
50 yes 0.85+0.004 19.17+0.15 0.72+0.01
40 no 0.85+0.02 18.69+0.13 0.65+0.02
1073 : .
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Figure D.2: Conductivity of FATCNQ doped PTAA layers measured as-cast and after washing by a solution of
DMEF:DMSO showing a huge decrease upon washing indicating that FATCNQ is washed away by the solvent.
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experiment showing that, in general, for thin TLs (a) doping has a negligible effect on the extraction whereas
for thick TLs (b) there is a significant improvement in the extraction. The blue trace in the simulations results
also highlights that independently of the TL thickness using high mobility TL always leads to a faster extraction

hence the better performance observed previously.
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Figure D.4: Band diagram for 150nm thick HTL with different doping (a,b,c) and mobility (a,d) at MPP.
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n Figure D.5: Thanks to a faster extraction of the charge carriers from the perovskite layer, due to the doping of

the TL, the recombination R also decreases, while the homogeneous generation G is kept constant, resulting
into a higher net-generation U. Simulation results for a 40 nm (a) and 150 nm (b) thick TL with a mobility of
1x1073 ecm? vl
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Figure D.6: Extraction rates and current drop of a 40 nm PTAA cell (a) & (c) and a 150 nm P3HT cell (b) & (d) for
different applied voltages.
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Figure D.7: Current decay including interface traps (a&b) or ions (c&d) with a thin and thick transport layer.
Including traps and Shockley-Read-Hall recombination or ions in the simulation gives identical conclusions
than when only bimolecular recombination is considered i.e. increasing the TL thickness increases the current
decay time, doping of a thin TL does not change the extraction however it has a significant effect for a thick TL.
Also the ions were fixed during the transient simulation as they are not expected to move in the microsecond

timescale. [+
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Figure D.8: Effect of TL mobility on extraction time.
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Table E.1: Parameters used in the drift-diffusion simulation for figure 2, S1, S2 and S3.

Parameter Symbol Value

Perovskite Layer

Band gap Egap 1.6eV
Effective density of states Ney 2x1018 cm3
Thickness L 300 nm
Mobility U lcm?2Vvils!
Relative dielectric constant €r 24.1
Transport layer

Thickness LTt 40 nm
Mobility ult 1074 cm? vigl
Doping density Nj &N, 1083 -5x10' cm
Relative dielectric constant €r 3.5

Barrier for the minority carrier 0.5eV
Recombination

Bimolecular recombination rate constant y 10710 cm? 57!
Number of grain boundary 0-1

Grain boundary trap density 21GB 0or10%-1x 10 cm™
HTL/perovskite interface hole trap density Srure 0or10°-1x10'" cm™
ETL/perovskite interface electron trap density ~ X7pr;  0or 10°—1x 10! cm™
Electron (hole) capture coefficient Cn(p) 1077 cm?® 57!
Contact

Anode/cathode injection barrier 0eV
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Table E.2: Parameters used in the large scale drift-diffusion simulation of perovskite solar cells.

Parameter Symbol Value
Perovskite Layer

Band gap Egap 1.6eV
Effective density of states Ngy 2x108 cm3
Thickness L 300 - 700 nm
Mobility U 5x1073-10cm?V!s!
Relative dielectric constant € 24.1
Transport layer

Thickness LT 10 - 100 nm
Mobility 't 104-1cm?Vvist
Doping density N} &N, 10'* - 10'8 cm3
Relative dielectric constant €r 3.5

Barrier for the minority carrier 0.5eV
Recombination

Bimolecular recombination rate constant % 10711 -107% cm3 57!
Number of grain boundary 0-3

Grain boundary trap density 21.GB 0or10’ -5x 10" cm™
HTL/perovskite interface hole trap density 2T HTL 0or 10’ —5x 10 cm™
ETL/perovskite interface electron trap density ~ X7p7L 0or107—5x 10 cm™
Electron (hole) capture coefficient Cn(p) 1078-10"%cm3s!

Contact

Anode/cathode injection barrier

0-0.2eV

Table E.3: Details on the experimental devices.

Device number Device structure

Processing technique perovskite ~Analysis method Reference

1 ITO/TaTm:Fs-TCNNQ/TaTm/CH3NH3Pbl3/C60/C60:PhIm/Ag
2 ITO/C60:PhIm/C60/ CH3NH3Pblz/TaTm/TaTm:Fg-TCNNQ/Ag
3 ITO/PTAA/CsPblg, g5 [ (FAPbI3)0.g9 (MAPbI3)g 111095/ C60/BCP/Cu
4

ITO/PFN/PTAA/CsPbly, g5 [(FAPbI3)0, g9 (MAPbI3)g 1110.95/LiF/ C60/BCP/Cu

vacuum DD fitting 1

vacuum DD fitting 1
spin-coating PL & DD fitting 2,3
spin-coating PL 2
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Figure E.1: Evolution of the ideality factor and recombination fraction depending of the trap density at the
grain boundary (a), front (b) and back interface (c).
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SUMMARY

Our rising need for energy combined with the realization that we need to drastically re-
duce our consumption of fossil energy to mitigate climate change, forces us to find better
and cleaner ways to produce energy. While the price of solar energy has significantly de-
creased over the past two decades there is still a long way to go for solar to be a truly
important part of our energy production.

To increase the relative proportion of our energy produced with solar we not only need
to make more efficient solar panels but also diversify the applications. Organic and per-
ovskite solar cells present advantages for both objectives, they can be used in combina-
tion with classical technology in tandem or multi-junction structures to improve their
efficiency. They can also be used in a broader range of applications as both technology
can be solution-processed, made flexible, semi-transparent and perform well under low
light intensity conditions. These characteristics open many doors for the future where
solar energy production will not only be confined to roof-top and solar farms applica-
tions but also in a more building-integrated fashion such as semi-transparent solar win-
dows or even used to power internet of things products.

While significant progress have been made on increasing the efficiency of both organic
and perovskite solar cells, progress still need to be made in understanding the key loss
processes and how to characterize and properly quantify the different losses.

The first part of this thesis focuses on one of the bottlenecks of organic solar cells: the ex-
citon diffusion length. Having a long enough exciton diffusion length is crucial to ensure
charge separation in low dielectric constant organic semiconductor blends. In chap-
ter 2, we report the exciton diffusion length on 9 acceptors including some of the highest
performing materials to date. This chapter also provides some insight on the influence
of the chemical structure of the non-fullerene acceptors on the exciton diffusion length
and especially the influence of end-groups.

As a natural next step after discussing the exciton dynamics we then focus on the
extraction dynamics of the subsequently generated free charges. More specifically the
influence of dispersion on the extraction time under operating conditions. In fact, the
accuracy and relevance of the values obtained when characterizing the transport of or-
ganic semiconductors using classical methods were called into question as they usually
underestimate the influence of non-thermalized charges. In chapter 3, we combine ex-
periments and simulations to show that non-thermalized carriers only have a small in-
fluence on the extraction under operating conditions.

In the second part of this thesis, we study perovskite materials and their application
to solar cells. We start by discussing the intrinsic properties of single-crystal perovskite
using single-carrier devices and the so-called space-charge-limited measurements. In
chapter 4 we present a perspective on the pitfalls of using such a technique on per-
ovskite materials and especially how the ionic movement can drastically influence the
outputs and lead to ill-based conclusions on the defect density extracted from these
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measurements. We also propose an alternative measurement procedure to get reliable
current-voltage characteristics that are less affected by ionic motion. This measurement
combined with drift-diffusion fitting of the current-voltage characteristics allows us to
extract, simultaneously, values for the mobility, trap and ion densities.

In the last two chapters, extensive simulations are used to discuss the factors limiting
the efficiency of perovskite solar cells. In chapter 5 we show that the transport properties
of the transport layers strongly influence the device performance. We introduce two
new figures of merit to help to tune the thickness and/or conductivity of the transport
layers to avoid transport losses. Both simulations results and experimental results on
solution and vacuum processed PSCs show that when the requirement imposed by one
or the other of the figure of merit is met transport losses due to the transport layers are
negligible.

Finally, in chapter 6 the use of simulation trained machine learning as a tool for the
identification of the dominant recombination process in PSCs is presented. The ma-
chine learning toolbox provides a good platform to quickly identify the dominant loss
without having to perform any kind of fitting procedure of the experimental data and
could be used in combination with high-throughput experimentation. This chapter also
provides an in-depth analysis of the light intensity dependence of the open-circuit volt-
age (Voc) and how it relates to the dominant recombination process. It also shows that
the analysis of such a measurement needs to be made with care as transport and doping
properties of the different layers also influence the results.
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Ons toenemende energiegebruik, in combinatie met het feit dat we het gebruik van fos-
siele brandstoffen moeten verminderen om klimaat verandering tegen te gaan, nood-
zaakt ons tot het vinden van betere en schonere manieren van energieproductie. Terwijl
de prijs van zonne-energie enorm is gedaald in de afgelopen 20 jaar, is er nog steeds een
lange weg te gaan totdat zonne-energie een belangrijk deel van de totale energieproduc-
tie inneemt. Om zonne-energie een belangrijkere rol te laten spelen zal de efficiéntie van
zonnepanelen omhoog moeten, en zal er gekeken moeten worden naar het uitbreiden
van de toepassingen van zonnecellen.

Organische zonnecellen en perovskiet zonnecellen hebben voordelen voor beide doelen.
Zo kunnen ze beiden gebruikt worden in tandem and multi-junctie zonnecellen door ze
bijvoorbeeld te combineren met bestaande technologieén om de efficiéntie te verbete-
ren. Vanwege de verwerkbaarheid vanuit oplossing, de mogelijkheid voor flexibele en
gedeeltelijk transparante cellen, en de goede prestatie onder weinig licht, maakt het mo-
gelijk om beiden materialen te gebruiken voor een breder scala aan toepassingen. Deze
eigenschappen maken het mogelijk om zonnepanelen in de toekomst niet alleen op het
dak of in zonneboerderijen te zien, maar ook in gebouw geintegreerde installaties door
middel van bijvoorbeeld gedeeltelijk transparante zonneramen, en als energie toevoer
voor de Internet of Things. Tot dusver zijn er enorme vorderingen gemaakt wat betreft
de efficiéntie van organische en perovskiet zonnecellen. Desondanks is er meer funda-
menteel onderzoek nodig naar het begrijpen van de processen waarbij ladingsdragers
verloren gaan.

Het eerste deel van dit proefschrift is gericht op één van de grootste knelpunten in orga-
nische zonnecellen, namelijk de korte excitondiffusielengte. Een lange excitondiffusie-
lengte is van cruciaal belang voor ladingsscheiding in materialen met een lage diélektri-
sche constante, zoals organische halfgeleiders.

In hoofdstuk 2 wordt de excitondiffusielengte van 9 verschillende acceptanten, waarvan
sommigen de best presterende materialen van dit moment zijn, berekend. Dit hoofdstuk
geeft ook inzicht in de invloed van chemische structuren van fullereen-vrije acceptoren
op excitondiffusielengte. Hierbij wordt de nadruk vooral gelegd op de eindgroepen van
deze materialen.

De focus ligt daarna op de extractiedynamica van de gegenereerde vrije lading, en speci-
fiek op de invloed van de spreiding van de extractietijd onder operationele omstandighe-
den. De nauwkeurigheid en relevantie van de gerapporteerde waardes van ladingstrans-
port in organische halfgeleiders wordt door sommigen in twijfel getrokken omdat deze
de invloed van niet gethermaliseerde lading zouden onderschatten. In hoofdstuk 3 com-
bineren we daarom experimenten en simulaties om te laten zien dat niet gethermali-
seerde ladingsdragers maar van kleine invloed zijn op de operationele condities.

In het tweede deel van dit proefschrift worden perovskiet materialen, en het gebruik
daarvan in zonnecellen, behandeld. De nadruk ligt op perovskiet kristallen, om het mo-
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gelijk te maken om de intrinsieke eigenschappen te bekijken. In de conventionele half-
geleider natuurkunde worden halfgeleiders vaak gekarakteriseerd met behulp van me-
tingen van ruimteladingsbegrensde stroom. Echter wordt in hoofdstuk 4 een perspec-
tief gegeven op de valkuilen van dit soort metingen op perovskiet gebaseerde diodes,
vanwege hun gemengde ionische en elektronische aard. De ionenmigratie in perovskiet
materialen kan een dramatisch effect hebben op de elektronische geleiding, en kan daar-
door leiden tot verkeerde conclusies, met name wat betreft de concentratie van defec-
ten. Het hoofdstuk bespreekt een voorstel voor een alternatieve meetmethode waarbij
de ionenmigratie minimaal is. Met behulp van deze methode, in combinatie met drift-
diffusie simulaties is het mogelijk om de mobiliteit en en de concentratie van zowel io-
nen als defecten te achterhalen.

De laatste twee hoofdstukken van dit proefschrift onthullen uitgebreidere simulaties
die gebruikt worden om een beter begrip te krijgen van de verschillende factoren die
de efficiéntie van perovskietzonnecellen kunnen beperken. In hoofdstuk 5 wordt aller-
eerst aangetoond dat de transporteigenschappen van de transportlagen de prestatie van
de zonnecellen sterk kunnen beinvloeden. Om transportverliezen in transportlagen te
voorkomen worden er twee vereisten geintroduceerd die kunnen helpen bij zowel het
afstemmen van de dikte als het geleiden van lading. Via zowel simulaties als experimen-
ten wordt aangetoond dat de transportverliezen in de transportlagen verwaarloosbaar
zijn als tenminste een van de vereisten wordt behaald.

Tot slot wordt het gebruik van simulatie getrainde machine learning als hulpmiddel voor
identificatie van dominante recombinatieprocessen in perovskiet zonnecellen bespro-
ken. Machine learning biedt een goed platform om de dominante verliezen snel te iden-
tificeren zonder dat enige vorm van aanpassing van de experimentele gegevens nodig is.
Dit hoofdstuk geeft ook een diepgaande analyse van de lichtintensiteitsathankelijkheid
van de openklemspanning, en hoe deze zich verhoudt in relatie tot de dominante recom-
binatieprocessen. Tot slot laat het zien dat de analyse van dergelijke metingen met zorg
moet gebeuren, aangezien transport- en doteringseigenschappen van de verschillende
lagen de resultaten sterk kunnen beinvloeden.
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