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Abstract

The steadily rising global energy demand has triggered a rapid evolution of thin film photo-
voltaics. Novel materials and device architectures have been developed during the last
decades, whereas none of them captures a substantial fraction of the photovoltaic market
due to poor charge transport or higher production costs as compared to silicon. Recently,
organolead halide perovskite thin films have been demonstrated as highly suitable ab-
sorber and transport layers for photovoltaics showing excellent photo-physical properties
combined with easy and cheap processing. Despite power conversion efficiencies surpassing
22%, hybrid perovskites are yet in a very early stage of development since many funda-
mental questions regarding the charge transport mechanism and limitations remain open.
This thesis focuses on the experimental determination of the charge carrier mobility and
lifetime, the key quantities of charge carrier transport, in the archetypical perovskite com-
pound CH3NH3PbI3 (MAPI) in correlation with film morphology, power conversion effi-
ciency and other characteristics. The sample materials studied in this thesis were provided
by the group of Dr. Docampo, optical and opto-electronic characterization was done within
the group of Prof. Hartschuh. Typically, solution-processed perovskites can be fabricated
via a plethora of different approaches. Two-step sequential deposition crystallization on
the one hand is based on the addition of the organic cation to a pre-crystallized lead halide
film while one-step fast crystallization exploits the direct growth of the perovskite in the
presence of a solvent. The systematic variation of their parameters is known to influence
morphology and chemical composition. MAPI films derived from the two-step approach
are found to show modest charge carrier mobilities in lateral dimensions, lifetimes and
power conversion efficiencies, but can be significantly improved by the addition of a chlor-
ide precursor, enhancing the crystallinity of the film without being incorporated into the
structure. Furthermore, one-step fabrication results in larger diffusion constants as well
as enhanced mobility values and performance characteristics when compared to two-step
films which is assigned to additional radiative transport and a reduced number of grain
boundaries, respectively. The obtained results indicate that morphology is one key para-
meter for efficient charge transport in these films, whereas this interpretation is supported
by additional time-resolved photocurrent measurements on millimeter-sized crystals with
the same chemical composition. Finally, the charge transport with the focus on charge
carrier mobility in working devices is investigated. The widely used architecture for lab-
scale devices comprising the perovskite absorber being sandwiched between a hole and an
electron extraction layer is found to translate into mobility values that are 3-4 orders of
magnitude smaller than in the single perovskite film. Additional experiments identify the

transport layers as one major factor limiting the overall transport in the solar cell stack.
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1 Motivation

One of the major challenges of the 215 century that mankind has to face is the sustainable
management of the increasing global energy demand. Ideally, the solution addressing this
problem meets several aspects simultaneously, such as environmental friendliness (espe-
cially reduction of CO4 emissions), abundance of the source, renewability, cost-efficiency

and simpleness in design in terms of stand-alone systems.

In one year, the earth’s surface receives approximately 2.5-1024 J from the sun [1] while the
annual human energy consumption is predicted to exceed 6.5-10%° J by the year 2030 [2].
Solar energy hence seems to be potentially capable to contribute significantly to a new era
of clean energy production beyond fossil fuels or nuclear technology since solar radiation
can be converted to heat and electric energy using various technologies [3,4]. Consequently,
solar harvesting materials and systems have to be optimized in a continuous manner and
new absorber materials have to be designed in order to benefit at most from the energy
provided by the sun. The underlying fundamental mechanism of solar cell devices that en-
sures proper operation characteristics is the photovoltaic effect which was first discovered
by Bequerel [5] and theoretically explained as the photoelectric effect by the Nobel laur-

eate Einstein [6].

Up to date, three generations of photovoltaic (PV) technologies have been developed. The
first generation comprises cost-intense single-junction solar cells made of single- or mul-
ticrystalline silicon and is widely established. Second generation PV technology consists of
thin film absorber layers such as amorphous silicon, CIGS or CdTe deposited on low-cost
substrates [4,7,8] while the third generation solar cells are in an early stage representing
alternative approaches and did not enter the PV market yet. However, third generation
PV probably have the most promising potential for commercial and long-term success
since they are made of cheap and abundant materials, e.g. organic and polymer cells or

dye sensitized solar cells [3,8,9].

A new player of these emerging third generation technologies is the organolead halide
perovskite-based solar cell that has recently entered the stage and seems to be a very ap-
pealing candidate for future incorporation in PV modules. Hybrid perovskite heterojunc-
tion structures are already approaching the efficiencies obtained by the widely established
silicon or CIGS technology [10] and have experienced tremendous and to date unbowed
scientific interest since the first demonstration of a working lab-scale solar cell device
in 2009 [11]. Not only the unprecedented boost of observed efficiencies from 3.8% [11]
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to currently surpassing 22% [12] revealed by a low-cost solution-processed material gains
much attention by the PV community, but also the excellent and by all means outstanding
photo-physical properties surprise. Hybrid perovskites feature a high absorption coefficient
(¢ ~ 105%cm™1!) [13], band-gap tunability by compositional control [14] and long-ranged
diffusive transport in the micrometer range [15] together with high charge carrier mobil-
ities (1-100 cm?/Vs) [16]. The combination of all these advantageous properties results in
very efficient and cheap devices. The most probable way for perovskites to enter the PV
market is via multijunction tandem devices consisting of a low band-gap material such
as Si or CIGS as bottom cell and an organolead halide perovskite serving as top cell due
to its band-gap around 1.6 eV [14] where the efficiency could potentially be pushed even
farther.

Despite the well-suited properties of perovskites for PV applications, many questions re-
garding the photo-physics in this material remain open. Detailed knowledge, especially of
charge transport and dynamics in the material itself but also in combination with adjacent
layers and interfaces, however is crucial for further optimization of solar cell devices. To
date, only little information on mechanisms and bottlenecks limiting charge transport,
especially mobility, is available and an overall model properly describing charge transport
is still lacking. Research groups from all over the world are currently addressing these
topics, demonstrating that fundamental understanding of the photo-physical properties is
an essential step towards fast commercialization of the material. Importantly, intrinsic
effects have to be clearly distinguished from extrinsic ones. While intrinsic mechanisms
result from carrier-lattice interactions, which are preexisting and cannot be eliminated,
extrinsic effects are induced by the material itself in terms of grain boundaries, disorder
of the energetic landscape and impurities. Consequently, these effects can and should be
minimized by adapting the employed processing technique. Intrinsic effects on the other
hand have to be investigated in detail to estimate what potentially can be achieved in
the material. The results illustrated in this work are exclusively focusing on the control
of extrinsic factors influencing charge transport and dynamics in both hybrid perovskites

and derived solar cells and their correlation to solar cell performance.

The here presented thesis firstly introduces the reader to the theoretical (Chap.2) and ex-
perimental (Chap.3) background of the investigations performed herein and can be seen
as a brief overview of the current state of knowledge.

The experimental work described in this thesis was done in close collaboration between the
groups of Dr. Docampo (fabrication of the samples and SEM/XRD/PCE analysis) and
Prof. Hartschuh (opto-electronic and optical investigation of the samples) and is essen-
tially grouped into two major parts, each addressing certain scientific questions regarding
the photo-physical properties of perovskite-based solar cells. The first experimental part
is focusing on the impact of different synthesis protocols used for fabrication of the ar-

chetypical hybrid perovskite compound CH3NH3PbIs (methylammonium lead triiodide,
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MAPI) on charge transport in lateral dimensions, probed by time-of-flight photocurrent

and photoluminescence measurements.

Chap.4 reports on the investigation of two MAPI films both deposited by a two-step
sequential deposition protocol and only differing in the optional addition of a chloride
containing salt to the precursor solution. Although being virtually identical from a chem-
ical and structural point of view (confirmed by XRD and SEM measurements), these
films show substantial differences in their optoelectronic characteristics in terms of charge
carrier mobility, photoluminescence lifetimes and solar cell performance. In-situ photolu-
minescence lifetime measurements during the crystallization of the thin films unveil that
the chloride addition during film deposition results in slower crystal growth, leading to
fewer defects and higher crystalline order which directly reflects improved optoelectronic

properties.

Aside from sequential deposition, a one-step crystallization technique has emerged for hy-
brid perovskites. A direct comparison of one-step versus two-step deposition is described
in Chap.5 resulting in a higher charge diffusion constant, mobility and solar cell per-
formance in case of the one-step fast-crystallization deposition procedure. The improved
optoelectronic performance in these films is most likely due to the film morphology con-
taining larger crystallites and thus fewer grain boundaries as compared to films derived

from the two-step protocol.

Chap. 6 investigates the effect of substantial enlargement of crystallites in MAPI thin films,
induced by adapting of the fabrication technique. Film quality in terms of morphology
and crystallinity are crucial parameters determining efficient charge transport. Additional
comparison of the mobility values in these films with photocurrent measurements on per-
ovskite crystals in millimeter dimensions provides results in differences of up to two orders
of magnitude and potentially provides an upper mobility limit range in the material that

can be reached when extrinsic effects affecting charge transport are minimized.

The second part of this thesis on the other hand studies the altered charge transport in ver-
tically stacked perovskite-based solar cells. In the respective photovoltaic devices, charge
carriers are less prone to grain boundaries due to film thicknesses of around 300 nm, but

can easily be scattered at the interfaces of adjacent layers sandwiching the photoabsorber.

Chap.7 analyzes the influence of temperature-controlled and chloride-based precursor-
derived perovskite film morphology on photovoltaic performance and charge carrier mobil-
ity in the respective devices. In-situ X-ray diffraction is used to monitor the crystallization
of the film under different temperature conditions starting from a template compound. In
this manner, films of different quality in terms of grain size and the presence of pinholes

can be achieved. Incorporation of these films in respective n-i-p solar cell devices results in
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both improved photovoltaic performance and charge carrier mobilities in vertical direction
for large crystal films due to a reduced number of pinholes when maintaining the device

architecture and thickness.

In Chap. 8 the influence of the charge extraction layers on charge carrier mobility is studied.
Because mobilities obtained for devices in Chap.7 are three orders of magnitude smaller
than expected for materials like hybrid perovskites with excellent optoelectronic properties,
the effect of charge extraction layer thickness variation is investigated via time-of-flight
experiments. From these experiments it becomes clear that mainly the hole transport
layer (and to a lesser extent the electron transport layer) and the associated interfaces
rather than the perovskite material itself can be identified as the major limiting factors of

the charge carrier transport time in working devices.



2 Theory and state of the art

The following chapter introduces the fundamental concept of solar cells and its ongoing
improvement towards low-cost and high-efficiency devices. It provides a summary of the
required basic principles for the understanding of the experiments performed within this
work in terms of physical processes as well as developments in solar cell design during the

last decades.

2.1 Characteristics of solar cells

2.1.1 Structure and operation mechanism of solar cells

The discovery of the photovoltaic effect by Becquerel in 1839 [5] was the first milestone in
the history of photovoltaics. With the theoretical model on a quantum basis, described
as the photoelectric effect and provided in 1905 by Einstein [6], the way was finally paved
towards modern photovoltaic technologies. In 1954, Chapin and co-workers [17] from the
Bell Labs presented the first high-power p-n junction silicon solar cell (homojunction). The
concept of the p-n junction is nowadays very well understood and the most commonly used
basic principle for the design of new photovoltaic systems.

The p-n junction represents the interface between a p-doped (p-type) and an n-doped (n-
type) semiconductor. When bringing these semiconductors together, the electrons from
the area with a high electron concentration (n-doped side) will diffuse to the area with
low electron concentration (p-doped side), pushed by the different chemical potentials and
leaving behind fixed and positively charged ions. The holes on the other hand diffuse in
the opposite direction creating a diffusion current as well and leaving behind negatively
charged ions. Hence, a positive charge is built up in the n-type semiconductor and a
negative charge in the p-type region (see Fig.2.1). These processes are maintained until
equilibrium is reached, i.e. until the diffusion process is counterbalanced by the generated
electric field of the depletion or space charge region. The barrier layer does no longer
feature mobile charge carriers whereas a diffusion voltage Vp is created, leading to a
potential difference [18,19].

With the presence of the depletion region and the addition of metallic contacts, the p-n
junction results in a diode that can be run efficiently when applying an external voltage
in forward direction, i.e. connecting the negative terminal to the n-side and the positive
one to the p-side. Consequently, the net electric field in the depletion region is reduced
because of the opposite direction of the applied external voltage. This leads to a reduction
of the height of the potential barrier ("built-in potential") which facilitates the motion of

a significant number of majority carriers across the junction and generating a forward
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Fig. 2.1 Tllustration of processes at a p-n junction without an external voltage source.
Electrons diffuse from the n-doped side to the p-doped side while leaving behind pos-
itively charged donor atoms and vice versa for holes from the p-doped side. The
space charges generate an electric field in the depletion region while a diffusion voltage
Vb = f;p"E(x) dx is created due to the space charge region. Consequently, the energy

bands in the p-zone are increased by eVp (potential barrier). E¢ is the minimum of the
conduction band, Fy represents the maximum of the valence band, Er labels the Fermi
level and E¢ is the band gap energy between Ey and F¢. Adapted from [19].

current flow also known as diode current. More precisely, electrons from the n-side and
holes from the p-side penetrate the depletion region which allows for a substantial current
flow that is conducted by the diode. Applying a reverse bias on the other hand leads to an
increase of the potential barrier since more electrons from the n-side and holes from the
p-side are extracted at the metallic contacts, thus extending the space charge region. As a
consequence, the potential barrier increases and only a very small current flow, induced by
thermally generated minority carriers (holes from the n-side and electrons from the p-side)
that are able to penetrate the barrier, can be observed [19,20]. Hence, the diode acts as
a barrier. With respect to solar cells, this leads to an efficient separation of charges [18].
The expression describing theses processes in a diode, i.e. the evolution of the generated

current Ip on the external voltage V in the dark in forward direction, is approximated by:

Ip = Ig(e®V/™FT — 1) (2.1)
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where Ig is the saturation current (idealized inverse current), e the elementary charge, n
is the ideality factor (measures of the type of recombination in the cell), k is Boltzmann’s
constant and T the temperature. For the reverse direction, Eqn.2.1 does not consider
breakdown of the diode at very high voltages, additionally the inverse current does not
saturate at small current values as described by the equation.

A typical mono- or polycrystalline silicon solar cell is nothing other than a large-sized
diode exposed to solar irradiation. Photons with energies larger than the band gap energy
E¢ are absorbed within the crystal (ideally within or close to the junction) and generate
charge carriers in terms of electron-hole pairs due to the photoelectric effect. Because of
the low exciton binding energy of approximately 15 meV in silicon [21], charge carriers are
easily separated and diffuse through the material. When reaching the space charge region,
they are swept across the junction. The minority carriers (electrons) in the p-region
move opposite to the field direction across the junction and accumulate in the n-type
semiconductor where they are seen to be majority carriers. Similarly, holes generated in
the n-region move in field direction towards the p-type semiconductor.

At some point, charge generation and recombination will reach equilibrium, i.e. the current
flow is suppressed and the solar cell reaches the open-circuit voltage (Vo). In terms of
an energy band picture, eVpo represents the separation between the quasi-Fermi energies
of the p and the n-side. On the other hand, when shorting the illuminated cell through a
conductive connection without applying an external bias, carriers that have been created
are instantaneously extracted so that the space charge region as well as the electric field
remain unchanged. In this case, the maximum current of the cell can be measured and is
defined as the short-circuit current Ig¢, being proportional to the intensity of the radiation
hitting the cell on a defined area and thus being proportional to the number of generated
electron-hole pairs [19].

Because a solar cell is basically a diode, it can easily be described by an equivalent circuit.
Fig. 2.2 a depicts the circuit of an source generating ideal current Ipy combined with a
diode (Ip). Under illumination, this interplay is described by the superposition of the

diode current and the photogenerated current:

I(V)=1Ip—Ipy = Is(e?/™ 7 —1) — Ipy (2.2)

which determines the current-voltage characteristic (I vs. V) to be shifted to the fourth
quadrant of the Cartesian plane, but is typically mirrored to the first quadrant (-I vs.
V). From Eqn.2.2 the open-circuit voltage can easily be derived for I = 0, assuming
Ipy > Ig [19,20]:
Voo = Ly (APt gy o WAy (Teiy (2.3)
e Ig e Ig

Under real operating conditions resistive effects that reduce the efficiency have to be

considered, usually in terms of series and/or shunt resistance (Rgy and Rg, see Fig. 2.2

b) that result from contact resistance between contact and absorber, resistance of top and
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Fig. 2.2 Circuit of (a) an ideal solar cell and (b) a solar cell with parasitic shunt Rgp
and series Rg resistances. In both cases, Ippg is the photocurrent when the diode is
exposed to light and Ip is the current generated by the diode in the dark following
Eqn.2.1. (c¢) Current-voltage curve of a thin-film solar cell (red curve) and the respective
calculated power profile (green curve). The curve has been mirrored to the first quadrant.

rear contacts or manufacturing defects. Eqn. 2.2 is then translated via iteration [19,22] to

the generalized Shockley equation:

V — I(V)Rs

I(V) _ Is(ee(V_I(V)RS)/nkT - 1) — Ipg — =
SH

(2.4)

The measurement of current-voltage curves does not only allow to estimate open-circuit
voltage and short-circuit current of the solar cell of interest at a certain level of irradiance
and temperature, but also provides valuable information on the generated power when
operated in the fourth quadrant (while consuming power when operated in the first and
third quadrant) and the respective power conversion efficiency (Fig. 2.2 c).

Power is defined by the product of voltage and current, while the maximum power pro-
duced by the solar cell is at the maximum power point Py;pp. This point is necessary for
the calculation of the fill factor being one of the key values of photovoltaic systems and

measures the squareness of the I-V profile [20,22]. The fill factor is given by:

Pypp _ Vurep - Iupp
Voc - Isc Voc - Isc

FF = (2.5)

An ideal solar cell would display a fill factor of unity, i.e. a constant current valuing the
short-circuit current over the entire external voltage range and sharply dropping to zero
at open-circuit voltage conditions. Real solar cells however show values below unity due
to current losses within the device (e.g. due to parasitic resistance) since the power at
the maximum power point is always smaller than the product of Voo and Ig¢c, already
indicated by the typical curved shape of solar cell I-V characteristics [20]. The value of
the fill factor directly affects the power conversion efficiency (PCE) of a solar cell [18] as

seen in Eqn. 2.6:
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Radiative band-to-band recombination occurs with the rate constant ko, whereas the
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To run a solar cell properly and as efficiently as possible, three fundamental processes are

(2.6)

required to convert solar radiation into electrical power. First, photons with E,jo0n > Eg
have to be absorbed via the photoactive material to create charge carriers. Next, the
charges have to be separated and finally, the mobile charges have to be collected and
extracted at the corresponding selective electrodes [23]. The efficiency of operating solar
cells is determined by limitations in all three steps. Because of the quantum mechanical
photon energy requirement, not all photons are absorbed and not every photon immedi-
ately creates electron-hole pairs (conversion to heat). Furthermore, not all of the generated
electron-hole pairs are separated and contribute to the current but recombination processes
can occur, in the bulk as well as at the surface or at the contacts [20]. Recombination oc-
curs due to an enhanced carrier concentration induced by photogeneration and exceeding
the thermodynamic equilibrium between carrier generation, recombination and transport.

The recombination rate equation can be written as:

dn(t)
dt

where k is a rate constant associated to a certain recombination mechanism and n the

= —k?lTL — kJQ’I’L2 - k?g?’LB (27)

carrier density, whereas the decay of the charge carrier density takes into account the
initial carrier density ng and the carrier lifetime 7.

Effectively, charge transport in solar cells is determined by carrier lifetime and diffusion.
The most important recombination mechanisms are the Shockley-Read-Hall and the Auger
process, both being non-radiative, and the radiative process, which are covered by Eqn. 2.7
and depicted in Fig. 2.3.
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Radiative recombination is a bimolecular (oc n?) band-to-band process reflecting electron-
hole recombination causing emission of a photon. Shockley-Read-Hall recombination on
the other hand is a trap-assisted monomolecular (o< n') process that depends on one
type of carrier that is being trapped in a state below the conduction band, introduced
for example by charged dopants. Hence, trap-asssited recombination usually largely de-
pends on the processing of the material of interest. Ultimately, Auger recombination, a
three particle process (ox n3), is based on recombination of an electron with a hole while
transferring energy to another carrier which can result in phonon absorption or emission.
Additionally to carrier lifetime 7, carrier diffusion length Lp and mobility p (drift of
charges) are substantial as well and can directly affect solar cell performance [24,25]. Due
to collision processes in terms of scattering mechanisms, the motion of charge carriers is
impeded leading to a reduced drift velocity and hence charge carrier mobility p. Neutral
impurity scattering is induced by crystallographic defects or impurities (substitutional or
interstitial atoms) which introduce energy levels in the band-gap of the semiconductor.
Tonized impurity scattering on the other hand is due to trajectory deviation of an electron
approaching an ionized atom (p o T3/ 2). Lattice scattering finally is due to vibrations
of the lattice, either acoustical or optical phonons. The former interacting with electrons
leads to changes in the distance between the lattice atoms from crystal site to site (coherent
movement of lattice atoms) which produces a potential discontinuity (acoustic deforma-
tion potential scattering, pu oc T3/ 2), whereas the latter describes the interaction between
electrons and the electric fields generated by polarization of the ionic lattice (out-of-phase
movement of lattice atoms) [26]. Usually, more than one scattering mechanism is present.
Assuming the simplified case that the mechanisms are independent, the Matthiessen rule
can be applied to approximate u:
1 —

1
. Z " (2.8)

with p; being the mobility corresponding to a certain scattering mechanism. The most
common mechanisms in solar cell materials are ionized impurity scattering and phonon
scattering, explaining the commonly observed temperature dependence of mobility [27].
The fundamental optoelectronic parameters 7, Lp and p describing charge transport in
solar cell materials are connected via the diffusion constant D in the Einstein relation [28]:
D:LDQ-R(n):L—DQ:kB—T-,u. (2.9)
T q
Note that R(n) is a measure for the total recombination rate and is obtained from the
rate equation in Eqn. 2.7 multiplied by -1/n and ¢ is the electrical charge. The Einstein
relation assumes ambipolar transport (similar electron and hole mobilities), charge density
populations at equilibrium, no rapid variation of composition or doping and small fields
that do not disturb the thermodynamic equilibrium [29,30]. Consequently, careful assess-
ment is necessary to ensure that Eqn. 2.9 can be applied to a semiconducting material.

Besides recombination and scattering losses, Ohmic losses (Rg and Rgy) can occur as well

10
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Fig. 2.4 Schematic energy diagram of a heterojunction solar cell. The absorber material
is sandwiched between two electrodes with different work functions. Electrons in the
conduction band will move to the contact with lower work function and are extracted.
Holes from the valence band on the other hand move to the contact with higher work
function where they recombine with an electron. Based on [14].

as optical losses in terms of reflection losses or shading of the front contact [20]. Shockley
and Queisser [31] developed a model taking into account a large number of theoretical elec-
trical energy losses in a single p-n junction solar cell and determining the upper efficiency
limit as a function of band gap energy. At a temperature of 298 K and an irradiance of AM
1.5 (solar irradiance arriving on the earth’s surface at mid-latitudes), the efficiency limit
for silicon solar cells with a band gap energy of 1.1 eV is 32%, for GaAs (Eg = 1.4 €V)
33% and for the latest newcomer in the PV community, organolead halide perovskites, the
limit is around 31% [32].

So far, the working principle of solar cells, which are based on the p-n junction, has been
described using the example of crystalline silicon solar cells. However, the p-n junction
alone is not only used in silicon solar cells. Modern solar cell design has to consider both
efficiency and economical aspects and comprises a hetero-structure [18] where the absorber
material is sandwiched between two different electrodes with different work functions en-
suring efficient charge separation. In this architecture, electrons will move to the contact
with lower work function and holes to the one with higher work function [23], as depicted
in Fig. 2.4. To further push the efficiency limits, several approaches have been developed.

The different types of solar cells are described in the following section.

2.1.2 Types of photovoltaic devices

The most common type of solar cells is crystalline silicon (c-Si) which is assigned to the

first generation of solar cells. The architecture of c-Si cells has been improved and refined

11



2. Theory and state of the art

substantially in the last decades so that to date it represents the working horse of all
photovoltaic devices. The typical p-n junction basic structure is shown in Fig. 2.5 (top
left), whereas the cell comprises the positive back contact, the thick p-type silicon layer,
followed by the thin n-type layer which is covered by metallic fingers acting as the negative
terminal of the device. Because of the higher surface quality of n-Si, the latter is chosen
to be the front layer that is made very thin to ensure that a sufficient amount of light
is absorbed to generate charge carriers within a diffusion length (typically 200 um) away
from the p-n junction. Consequently, the total thickness of typical silicon-based solar
cells ranges between 150 and 300 pm [19]. Further improvement by the introduction of a
thin anti-reflective coating (between contact fingers and n-layer), back surface fields (more
heavily doped coating between p-layer and back contact) or texturisation of the top surface,
to name just a few, gradually increased the efficiency of silicon solar cells. Fabrication of
the wafers used in these solar cells is usually realized by the Czochralski method where the
monocrystal is slowly pulled out of molten polycrystalline silicon upon the formation of a
crystal nucleus. This process is very slow, expensive and consumes lots of energy which
made industry focus more on polycrystalline (pc) solar cells whose working principle is
identical with the one of ¢-Si. Polycrystalline silicon is made of pure silicon that has
been molten and then casted in blocks, resulting in a multi-grain structure with crystals
of different sizes and orientations. To reduce charge carrier recombination at the grain
boundaries, the crystals are millimeter-sized in lateral dimension and match the wafer
thickness in vertical direction. The majority of nowadays installed silicon photovoltaic
modules is based on pc-Si [20].

To further reduce the manufacturing costs of solar cells, the concept of thin film solar cells
on low-cost substrates such as glass or plastic has been introduced, requiring less material
and less energy. To this end, materials are needed that can be fabricated as thin films
while maintaining their functionality as photoabsorber, such as amorphous silicon (a-Si),
GaAs, CdTe or Cu(In,Ga)Ses (CIGS), evaporated at low temperatures. Due to their small
overall thickness of a few micrometers, thin film solar cells may also be fabricated as flex-
ible devices when using a suitable substrate. One major drawback of thin film technology
is the challenge introduced by the need of stable efficiency, which is mandatory to become
competitive with crystalline silicon technology.

One very prominent example is amorphous silicon (a-Si). Thin film a-Si consists of ran-
domly distributed Si atoms, resulting in different atom distances and angles. As a con-
sequence, a large number of defects is present, introducing trap states and additional
energy levels within the rather forbidden band gap and finally increasing the probability
of charge recombination. This problem has been minimized by saturating a portion of
dangling bonds with hydrogen. The same concept is being used to dope the amorphous
silicon, making it either p- or n-type. Sandwiching the slightly n-doped intrinsic layer
between an n-type and a p-type layer greatly reduces the second problem of a-Si, namely
the poor charge carrier mobility, and resulting in a p-i-n structure. The intrinsic layer

increases the size of the depletion region and consequently the respective electric field

12



2.1 Characteristics of solar cells

I

contact fingers

p-layer
intrinsic a-Si:H (i)

v/

established
techno'ogies back contact

First generation

n-layer

ITO (front contact) ITO (front contact

. ZnO PEDOT:PSS
PCBM:P3HT
] :

alternative PEDOT:PSS
approaches

PCBM:P3HT

semiconductor (TiO,)
TCO (back contact)

Third generation

Fig. 2.5 Illustration of different cross-sectional device architectures from three solar
cell generations. Crystalline silicon solar cells are part of the first generation (top left),
while second generation comprises amongst others CIGS-based devices (top right). Third
generation solar cells are also described as new emerging technologies and include archi-
tectures based on organic molecules and polymers (bottom left and center) or organic
dyes as sensitizer (bottom right). Figure adapted from [20]

needed to sweep charge carriers across the junction. The maximum of the electric field
is at the interface between the p-layer and the intrinsic layer, equivalent to a design that
incorporates a thin p-layer to create charges near the top of the cell. A large disadvantage
of a-Si solar cells is the breakup of Si-Si bonds upon illumination which introduces further
recombination sites and lowers power conversion efficiency.

Another well-known example are CIGS absorber layers which are based on CulnSey where
up to 20% of In are replaced by Ga, leading to a band gap energy of 1.1 €V which is
similiar to the one of crystalline silicon. Usually, a wide-band gap CIGS solar cell (shown
in Fig. 2.5, top right) comprises a Mo layer, deposited onto the substrate via sputtering
and serving as positive contact terminal, the co-evaporated photoactive CIGS layer, fol-
lowed by a very thin CdS film and finally the aluminum-doped tinoxide top contact layer.
Disadvantages of these solar cells are seen in the fabrication under vacuum conditions, the
use of the expensive indium and the toxicity of the employed CdS film, whereas the latter
has experienced a lot of efforts in terms of reduction or even elimination [19].

While second generation solar cells have already entered the PV market and are con-
sidered as established technologies, third generation photovoltaics represent alternative
approaches and are yet to come. These emerging technologies pursue the concept of solar
cells on cheap substrates and additionally employ cheap and abundant precursor materials

for the fabrication of the layered thin film device structure, as shown in Fig.2.5. One of
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the best known examples is the dye-sensitized solar cell, sometimes referred to as photo-
electrochemical solar cell and based on the absorption of photons in the dye layer acting
as the sensitizer. An electron from these molecules is then transferred to the conduction
band of titanium oxide. To avoid recombination, an electron from the liquid electrolyte
(Is~/17) is transferred to the oxidized dye molecule, leading to a neutral state. The elec-
trolyte on the other hand is set back to the original state by electron injection from the
external load [19,33]. Because the presence of a liquid in the device raised serious concerns
on possible leakage, the architecture of dye-sensitized cells has been improved by replacing
the liquid electrolyte by a solid hole conductor, such as spiro-OMeTAD without modifying
the basic concept and turning the solar cells into all-solid-state devices [34].

Despite the fact that third generation PV is a very promising technology with reasonable
efficiencies on a lab scale, its long-term stability and practicability have to be demonstrated

yet.

2.2 Organic-inorganic perovskite materials as new

promising candidates for PV systems

In 2009, the suitability of organometal halide perovskites as absorber material has been
demonstrated [11] and a new extremely promising representative of third generation PV
has entered the scientific stage. Within less than a decade of research and development
efforts, the efficiency of perovskite-based solar cells has been massively increased from
3.8% [11] to currently surpassing 22% [12] in lab scale devices. Hybrid perovskite mater-
ials are already awarded the fastest advancing solar technology the PV community has
ever experienced and are seen as one of the biggest breakthroughs in science [35].
Perovskites are described by the formula ABX3 and own a particular crystal structure as
shown in Fig.2.6 a and b. The large cation A occupies cuboctahedral sites, being sur-
rounded by twelve X anions whereas the small cation B represents the center of octahedra
formed by six X anions. All possible combinations resulting in the ABXj3 structure are
limited by the tolerance factor:

po _fat Rx (2.10)

V2(Rp + Rx)

with R4, Rp and Ry are the radii of the ions incorporated in the perovskite structure.
The value of the tolerance factor determines whether a certain ion can actually meet
with the lattice structure and whether the material crystallizes in a cubic, tetragonal or
orthorhombic structure. Transitions between these structures due to heating or cooling
are well-known and very typical for the halide perovskites introduced below.

The most common perovskites are inorganic oxides which have been studied in detail
because of their interesting ferroelectric [36] or superconductive properties [37] whereas
hybrid halide perovskites were mainly disregarded until Mitzi and co-workers published

their experimental results on conductivity in layered perovskites, already highlighting the
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Fig. 2.6 Perovskite crystal structure and perovskite-based solar cell architectures. (a)
Perovskite unit cell with cations A (methylammonium, formamidinium, Cs or Rb cations)
occupying the lattice corners and metal cations B (lead or tin ions) occupying the octa-
hedral voids formed by anions X (halide). (b) Alternative view of the perovskite lattice
where B and X form BXg corner-sharing octahedra while A occupies the cuboctahedral
voids (coordinated by twelve X anions). (¢) Standard architecture of a planar perovskite-
based solar cell where illumination occurs from the TCO (transparent conducting oxide
) electrode (n-i-p structure). Typical materials used in this configuration are Au or Al
(back contact), spiro-OMeTAD (HTM), TiOx or SnOy (ETL) and FTO or ITO (TCO).
(d) Inverted architecture of a planar solar cell (p-i-n structure). Commonly employed
materials are Ag or Al (back contact), PCBM or ZnO (ETL), PEDOT:PSS (HTM) and
FTO or ITO (TCO).

properties of this material class as technologically interesting [38]. Expanding the structure
to the third dimension, the resulting hybrid perovskite with the formula CHsNH3PbX3 (X
= Br or I) has been used for the first time in a solid-state sensitized solar cell-type [11].
Moving away from the dye-sensitized design to a mesoporous scaffold all-solid-state archi-
tecture [39,40] and finally to a planar all-thin film stacking sequence [41] paved the way
to the race on best efficiency values.

Numerous physical and economical properties render organolead halide perovskites very
promising and competitive photovoltaic materials. High quality perovskite thin films can
easily be fabricated from cheap and abundant precursor materials. Besides dual-source
vapor deposition [41], solution processing at low temperatures is possible as well and
very common in either a one-step (fast-crystallization deposition or anti-solvent method)
[42,43] or a two-step fabrication technique (sequential deposition, either vapor or solution-
assisted) [40,44]. The effect of the two different solution-based techniques on the charge
transport properties and the respective solar cells are studied in this work as well and the
results can be found in Chap. 5.

Compositional and solvent engineering lead to a large variety of additional parameters that
can be controlled during fabrication of the perovskite material and result in tunability of

both microscopic and macroscopic physical properties of the film. Compositional variab-
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ility of the anion enables the adaptability of the absorption range and band gap energy
between 1.6 and 2.2 eV, hence a mixed perovskite with both iodide and bromide ions seems
to be appropriate for application as top cell in tandem devices [14]. Adding a chloride salt
to the perovskite during fabrication on the other hand does not lead to a shift of the band
gap energy but improves the film quality [39,44-46] together with the associated charge
transport properties and is investigated in detail in Chap.4 and Chap.7. Besides anion
exchange, partial replacement of the methylammonium cation by the larger sized form-
amidinium (CH(NHsz)2") allows for an optimization of the band gap energy as well [47]
while further addition of Cs* and Rb™ in a quadruple configuration leads to enhanced
reproducibility and a further boost of the power conversion efficiency [48,49]. Certainly,
the metal cation could similarly be substituted by Sn, however, these compounds show
poor performance and only little stability [50].

Solvent engineering is, besides temperature conditions, another tool to effectively control
film growth and quality (in terms of homogeneous morphology), both of fundamental im-
portance since a reduced number of traps from pinholes, defects and grain boundaries is
desired to ensure efficient charge transport. The goal is to stabilize the intermediate com-
pound formed by the lead precursor salt (Lewis acid) and solvent molecules (Lewis base),
such as DMSO, thiophene or pyridine [51,52] which slows down the film formation and
results in improved charge transport as well as enhanced power conversion efficiencies.
Generally, hybrid perovskites show continuous absorption over a broad range of visible
light with a sharp edge and a steep onset and additionally an absorption coefficient of
around 10° cm ™!, indicating that the number of optically detectable deep traps must be
very small [13]. This property is highly advantageous since photon management in thin
films is crucial and essentially means that a perovskite film thickness of approximately
500 nm is sufficient to absorb most of the incident photons with energies larger than the
band gap energy. Furthermore, diffusion lengths Lp have been shown to be in the range
of micrometers [15,16,53| which also indicates that the trap density is low and the nature
of these defect states is shallow [54]. Monomolecular charge recombination is most likely
assigned to processes related to ionized impurities [55,56]. The presence of high diffusion
lengths is beneficial for the fabrication of planar solar cell devices since Lp is much larger
than the film thickness and the absorption depth in the absorber layer. Another outstand-
ing physical property of perovskites is their charge carrier mobility which is, considering
the fact that the material can be derived from solution processing, remarkably high and
ranges between 1 and several tens of cm?/Vs, depending on the fabrication protocol and
the measurement technique used for the determination of u [16,57-62].

Incorporation of perovskite films in heterojunction devices is facile due to a large diversity
of possible material combinations, all of them benefiting from the outstanding properties
of the absorber layer and leading to good device performance. First investigations on
perovskite solar cells were performed on mesoscopic structures where the perovskite acts
as a sensitizer and is infiltrated in a scaffold such as TiOg [11] or Al;O3 [39]. The solar

cells can also be fabricated without a mesoporous layer and are then referred to as planar
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2.2 Organic-inorganic perovskite materials as new promising candidates for PV systems

devices which are divided into n-i-p (standard, see Fig.2.6 ¢) and p-i-n (inverted, see
Fig. 2.6 d) architectures with respect to the layer that faces the incoming sunlight. A typ-
ical perovskite solar cell comprises a transparent conducting oxide, such as fluorine-doped
tin oxide (FTO) or indium tin oxide (ITO) as substrate. In the n-i-p structure, the stack-
ing sequence continues with TiO, or SnO, as the electron transport material, followed
by the perovskite layer, the hole transport material (in most cases spiro-OMeTAD) and
finally the back contact electrode which is usually gold or aluminum. Decent performance
characteristics have also been demonstrated for HTL-free devices. For the p-i-n structure,
the layer sequence is inverse, i.e. the hole transport material (typically PEDOT:PSS) is
the first layer deposited on top of the front electrode. Next follows the absorber layer,
top-coated with the electron transport material. Representative electron transport mater-
ials for this architecture are PCBM or ZnO on which the metallic contact (Ag or Al) is
deposited. These stacking sequences ensure a well matched energy alignment between the
conduction band of the absorber and the n-selective layer and accordingly between the
valence band of the absorber and the p-selective layer, as already shown in the schematic
in Fig. 2.4. This is, equal to the control of the perovskite film quality, a critical task when
developing high-efficiency solar cells due to the importance of efficient charge separation
and transport [63].

Despite the excellent physical properties of perovskite materials and all the related pro-
gress that has been made up to date, the way towards commercialization is still long and
can only be speeded up when solutions to some serious issues are found. Organolead halide
perovskites are sensitive to moisture, heating and UV illumination, i.e. they suffer heavily
from degradation under realistic environmental conditions. Further intrinsic instabilities
affecting the interfaces and the electrical field, mainly induced by the simultaneous motion
of ionic species in the perovskite, have to be understood in detail. Understanding ion mi-
gration might be a key for solving the exceptionally pronounced current-voltage hysteresis
and photoinduced phase separation [64-69]. Furthermore, the photophysical properties
have to be investigated in-depth in order to clearly identify fundamental mechanisms in
the films. Indeed, many experiments have already been performed to shed light on the
variety of charge transport and dynamics in perovskites, however, a comprehensive model
describing theses processes especially in the operational mode of solar cells is still lacking.
The knowledge of these properties is beneficial for further boosting the efficiency to the
Shockley-Queisser limit. Another challenge related to commercialization of perovskite-
based PV is the development of large-area and stable modules [70-73]. To this end, the
fabrication process as well as the stacking sequence must be adjusted to low-cost and large
scale printing, preferably a roll-to-roll technique, without diminishing the efficiency in a
substantial manner. Also, special attention has to be paid to environmental issues, more
precisely the easy dissolvability of halide perovskites and thereby the toxicity of lead. Be-
cause tin-based solar cells do not seem to be suited for large-scale applications until now,
a proper and safe encapsulation of lead perovskite-based devices is mandatory.

The long-term perspective of perovskite thin film technology is the integration into a tan-
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dem photovoltaic device as a top cell. This will most likely happen with the PV working
horse silicon [74,75] since its technology is highly developed and the production has be-
come in the meantime less expensive. However, a tandem structure with CIGS as the

bottom cell is also possible and subject to intense studies [76,77].
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3 Experimental details

This chapter gives a full overview of the time-resolved measurement techniques employed
for the characterization of the thin film systems, namely time-of-flight (ToF ) and photolu-
minescence combined with time-resolved single photon counting (TCSPC). Each setup is
depicted schematically including all major components necessary to perform the respective
measurements whereas a detailed description of the techniques is provided as well. The

protocols for the fabrication of the samples are also briefly described.

3.1 Time-of-flight setup

Charge carrier mobilities can be probed in different ways on either macroscopic or micro-
scopic length scales, which renders the comparison of values obtained by varying techniques
a challenging topic. Firstly, charges have to be generated. This can occur by applying
an external field (FET), injection (SCLC), doping (CELIV) or illumination (ToF, photo-
CELIV, TRMC,...) [78]. Because the operation of solar cells depends on the light-generated
charges, the ToF technique is applied within this work to study the charge carrier mobil-
ities in perovskite thin films.

The ToF transient photocurrent technique is based on the generation of charges in a
photoactive layer upon pulsed light while a constant external DC bias is applied to the
contacted sample. The created charges are thus separated and start moving towards the
corresponding electrode which gives rise to a photocurrent, either dominated by holes or
electrons, depending on the polarity of the DC field. Further detailed analysis of the ob-
tained current-time profile provides information about hole and electron mobilities in the
investigated material [78].

Fig. 3.1 shows the layout of the home-built time-of-flight setup used for charge carrier mo-
bility studies. Pulsed light is provided by a laser system consisting of an optical parametric
oscillator (OPO) pumped by a solid-state Nd:YAG laser (Spitlight 600, InnoLas) with a
pulse length of 7 ns and a repetition rate of 20 Hz. While the wavelengths provided by the
pump laser cannot be tuned in a continuous manner (fundamental wavelength at 1064 nm,
532 nm by second harmonic generation and 355 nm by third harmonic generation), the
OPO allows for the generation of the wavelength needed to satisfy the absorption proper-
ties of the material of interest and hence the creation of a sufficient number of charges. The
OPO can operate at signal wavelengths between 410 and 709 nm and idler wavelengths
between 710 and 2630 nm. It can furthermore be used as a pump source for a frequency
doubler which extends the excitation regime from the visible and infrared to the ultraviolet

range of light between 206 and 410 nm.
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Fig. 3.1 Layout of the home-built experimental setup employed for time-resolved pho-
tocurrent studies via the ToF technique. Pulsed laser light is provided by a solid-state
Nd:YAG laser. Due to a constant external bias, charge carriers generated in the photo-
active layer are separated and move to the corresponding electrodes. The photocurrent
is then visualized via a fast oscilloscope, allowing for further processing to obtain inform-
ation on charge carrier mobilities in the respective investigated systems.

The investigated sample is illuminated from its semi-transparent side (usually glass/FTO
or glass/gold) by focusing the light through an objective (Nikon; NA 0.55, spot diameter
approximately 2 pm) with an extra long working distance. Additionally, the use of an
objective permits the observation of the sample structure by focusing reflected white light
from the illuminated surface onto a CMOS camera, which becomes crucial in the case of
in-plane electrodes where the position of the laser’s excitation spot on the film is of prime
importance. An independent voltage source (Sourcemeter 2400, Keithley) is connected
to one contact via the ohmic resistance of a low-pass filter (housed in a metallic case)
while the generated photocurrent is extracted through the opposite contact and amplified
(DHPCA-200, FEMTO). Simultaneously, the amplifier is connected to the capacitor of
the low-pass filter. This guarantees a closed circuit (see Fig.3.2), furthermore, only the
use of the filter allows applying a voltage to the sample and eliminates noise phenomena
occuring when connecting the voltage source directly with the sample. The photocurrent
is also converted through the amplifier and finally directed to the fast digital oscilloscope

where it is being recorded (Wavesurfer 452, LeCroy).
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Fig. 3.2 Detailed representation of the circuit for time-resolved ToF experiments. One
contact terminal of the sample of interest is connected to the external voltage source
through the ohmic resistance of a low-pass filter which is housed in a metallic box. Illu-
mination is provided via the laser system whereas the generated photocurrent is extracted
via the second contact and directed to a current amplifier. The latter is connected to
the capacitor of the low-pass filter and guarantees a closed circuit. The photocurrent is
being converted to a voltage and guided to the digital oscilloscope. Triggering is done
via a conventional photodiode using a small fraction of the laser pulses.

From the ToF transients the transit times of holes and electrons can be determined (see
Chap. 4-Chap. 8), either directly when the materials shows non-dispersive transport or via
a double-logarithmic plot in case of dispersive transport [78,79]. When a photogenerated
sheet of charge carriers, created upon pulsed excitation, starts to drift due to the external
DC field, the photocurrent increases immediately resulting in a spike in the transient.
While the carriers are traveling through the material, the current flows constantly (plateau)
until charges arrive at the opposite electrode (drop in the transient) and leave the sample.
Then the current declines quickly and the transient is said to be non-dispersive, as depicted
in Fig. 3.3 such that the transit time of the charge carriers can easily be determined from
the crossing point of the linear fits describing the plateau and the decay of the j —t profile
(black lines in Fig. 3.3 b). The experimentally measured current j(t) is described by:

d
30 =3 [Cautw.0)da (3.1)

with j. being the conduction current density. In case of dispersive transport, observed for
example in amorphous silicon and many organic materials, the shape of the ToF transient
does not any longer allow for the direct determination of the transit time from the linear

plot since the necessary features plateau and kink are not clearly visible due to a smearing
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Fig. 3.3 Transients recorded for a p-doped (100) silicon wafer. The sample serves here
as a reference system to ensure proper calibration of the ToF setup. (a) Laser pulse,
visualized via a photodiode, and representative ToF trace for the reference system. (b)
j-t profiles at different applied DC voltages. The current increases for increasing bias
voltage, while simultaneously the kink of the transients moves to smaller transit times
(grey dashed line).

of the transit edge. Instead, data analysis has to be performed in a log-log plot of the
transient to make the kink visible while the transit time is defined by the intersection of
the linear regression of pre- and posttransit regime. The origins of the featureless and
continuously declining current are seen in the loss of carriers induced by deep trapping,
sample inhomogeneities, local field variation because of trapped charges and spreading of
the sheet of charges due to multiple trapping, hopping or dispersion of distances between
neighboring sites [78,79]. Further data analysis which is required for the extraction of
charge carrier mobility is described in detail in the following chapters.

To ensure successful operation of the ToF setup, a commercially available p-doped silicon
wafer was first examined before performing all following experiments presented within this
work. Fig. 3.3 a shows the trigger signal from the laser system and the obtained transient
upon pulsed excitation. Due to the voltage series performed in Fig. 3.3 b showing increasing
current and decreasing transit times for increasing bias voltages as well as a mobility value
of around 800 cm?/Vs that is in agreement with reported values (400-1600 cm?/Vs [80-84]),

the measurement system is proven to work properly.

3.2 Time-resolved photoluminescence setup

Contactless experiments targeting on the optical properties including charge carrier trans-
port and lifetimes in photoactive materials were performed on an experimental setup based
on a confocal optical microscope (see Fig.3.4). The setup is equipped with a closed-loop

piezo scan stage which allows to raster-scan the sample through the focus of an objective
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Fig. 3.4 Scheme of the confocal microscopy setup used for time-resolved photolumines-
cence experiments. The sample is positioned on a piezo-stage allowing for raster scanning
while the photo-response upon pulsed excitation is collected in epi-detection. The signal
can be detected by a spectrometer or an APD, whereas the latter is connected to TCSPC
electronics. An additional piezo-mirror in the detection path enables remote detection
of light with respect to the excitation position. Based on [85].

with NA = 1.4 (sample scan). Laser excitation is provided by a pulsed diode laser operat-
ing at a wavelength of 510 nm and a repetition rate of 1 MHz. The photoresponse of the
material upon laser excitation is detected at wavelengths longer than 615 nm. The detec-
tion beam path is equipped with a spectrometer and an avalanche photodiode (APD) in
combination with electronics for time-correlated single photon counting (TCSPC) which
allows for a spatially and temporally resolved detection of the photoluminescence. An ad-
ditional closed-loop piezo scan mirror in the detection beam path (detection scan) allows
for remote detection of the generated PL signal with respect to the fixed excitation pos-
ition. The focal length of the collimation optics was chosen to form a diffraction-limited
detection spot with a diameter of approximately 300 nm which can be raster-scanned with
respect to the excitation position.

As mentioned above, temporal resolution of the photoluminescence experiments is achieved
by TCSPC, a highly sensitive technique allowing for the measurement of fluorescence
lifetimes on a picosecond scale. This kind of experiments requires electronics that connect
the measured signals to the periodicity of the laser operating at high repetition rates. The
laser pulse triggers a measurement that determines the time between the release of the
excitation pulse and the detection of a PL photon by the APD. Fig. 3.5 depicts the layout
of the optical beam path employed for TCSPC experiments. From a conceptional point
of view, the detection of a photon is a rare event resulting in a certain number of periods

where no signal is detected while in some periods a single photon pulse is measured.

23



3. Experimental details

X-, y-scan

laser excitation: _

» hewe = 510 NM NA=1.4

» fop =1 MHz

\ _>\ —
longpass- &
filter
Start bandpass-

filter

Stop

o4

spectrograph |

ceo | Mo

Counts

Time

Fig. 3.5 Layout of the optical beam path and electronics employed for TCSPC measure-
ments. A picosecond pulsed laser excites the sample while the photoresponse events are
detected by the TCSPC electronics. Statistical processing allows for the measurement of
the photon distribution as a function of time. Adapted from [85].

As soon as a photon is detected, its arrival time is measured by the electronics. After
a large number of signal periods, the recorded photon emission events with the related
arrival times are post-processed. The photon distribution over time is reproduced from
the intensity and the time distribution of all photons emitted from the sample, resulting
in a waveform-like shape that reflects the photon probability distribution histogram [86].
From these transients, valuable information can be extracted. The rise of the transient
provides insights into the transport time of charge carriers for a given distance while the
decay unveils the lifetime of charges, i.e. the time between generation and recombination

of a hole and an electron.

3.3 Fabrication of laterally arranged in-plane gold contacts

To perform electrical measurements on pristine organolead-halide perovskites via ToF, an
adapted contact pattern was designed which can easily be deposited on commercial glass
substrates by a thermal evaporation process. In this manner, distance dependent lateral
ToF measurements can be realized [87-91] which are not accessible in vertical dimensions
due to thickness restrictions given by the corresponding thin film fabrication protocols
and the resulting fast charge transport in thin films in vertical direction which cannot be
resolved by the employed setup. Additionally, probing charge transport in lateral direction
enables the measurement of photocurrent at different charge carrier travel distances and

the investigation of the effect of crystallite size and grain boundaries on the mobility.
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Fig. 3.6 Images of the lateral contact pattern and analysis of the gap sizes. (a) Photo-
graph of a typical substrate with lateral contact pattern deposited on top and magnified
representation as seen through a light microscope. (b) Top view of a laterally contacted
perovskite film through the objective of the ToF setup. The gap filled with perovskite ma-
terial is clearly visible while the contacts are separated by a defined distance d. Charges
are generated in the spot created by the laser light. (c¢) Statistical evaluation of more than
100 electrode spacings in the lateral contact pattern fabricated via thermal evaporation
of gold through a shadow mask.

Prior to all subsequent lithography steps, glass sheets were cleaned with a 2% Hellmanex
solution and rinsed with deionized water. Afterwards the substrates were sonicated for
5 min in acetone and later with 2-propanol and exposed to oxygen plasma for 10 min to
ensure the removal of surface residues and subsequent adhesion of the metallic contacts
on glass. The structures were created via microstencil lithography by first depositing
a 5 nm thick film of titanium as adhesion layer and then a 30 nm thick layer of gold
through a microscale shadow mask via thermal evaporation under vacuum (10~7 mbar),
resulting in contact patterns with inter-electrode distances between approximately 20 and
80 wm in steps of 5 um. If necessary, the contacts were once again exposed to oxygen
plasma for 1 min to improve the wetting properties of the precursor solution and thus to

ensure a homogeneous growth of perovskite thin films, especially in the gaps between the
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3. Experimental details

Tab. 3.1 Analysis of more than 100 electrode spacings in the lateral contact
pattern. The obtained gap sizes fit well with the ones specified for the evaporation
mask by the manufacturer.

Gap Expected electrode Mean electrode Number of
spacing [pm)] spacing [pm)] short circuits
1 20 22+ 3 14
2 25 29 +£4 49
3 30 33+3 41
4 35 37+ 2 7
) 40 42 + 3 -
6 45 49 £+ 3 -
7 50 53+ 4 -
8 55 57 £ 3 -
9 60 62 + 2 -
10 65 67 £ 3 2
11 70 72 + 2 -
12 75 78+ 3 -

contacts, on the rather smooth gold surface. Next, the sizes of the electrode spacings were
determined with a conventional optical microscope (see Fig.3.6 a). Fig.3.6 b shows the
top view of a typical substrate with in-plane contacts covered with perovskite material
seen through the objective of the time-of-flight setup (see Fig.3.1). The gold contacts
are separated by a defined distance d in the micrometer range whereas the perovskite
film between the gaps extends as well to the plane behind the image. Charge generation
is supported by the focused laser spot (red circle) which is positioned on the margin of
one electrode close to the perovskite film. Because charges are created locally at one
electrode, one type of carriers is immediately extracted while the other type of charge
carriers moves along d to the opposite electrode when applying a constant external field.
Hence, by changing the polarity of the DC field the mobilities of electrons and holes can
be determined separately.

The respective statistical evaluation of the gaps is shown in Fig. 3.6 ¢ and Tab. 3.1. The
variations in the measured sizes with respect to the spacings specified for the mask by the
manufacturer and the different evaporation cycles in terms of batch-to-batch variations
can be attributed to slightly varying positions of the evaporation mask holder above the

gold boat in the vacuum chamber.
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3.4 Solar cell fabrication

3.4 Solar cell fabrication

In order to analyze the effect of different perovskite materials in terms of synthesis pro-
tocol or composition on the performance of solar cell devices incorporating the perovskite
as absorber layer, the respective photovoltaic devices were fabricated following a state-
of-the-art procedure (in collaboration with the research group of Dr. Docampo, LMU
Munich). For this purpose, fluorine doped tin oxide (FTO) coated glass substrates (7 €2,
Hartford Glass) were patterned using zinc powder and 3 M HCl. Then the sheets were
successively cleaned with deionized water, 2% Hellmanex solution, then once again with
deionized water, acetone and ethanol. Oxygen plasma treatment for 5 min before applying
the blocking layer supported in the removal of organic residues on the surface.

The substrates were then covered with a sol-gel derived TiOs layer by spincoating the
precursor solution and calcining at 500 °C in air [92]. For the sol-gel solution a 27.2 mM
solution of hydrochloric acid in 2-propanol (typically 35 puL of 2 M HCI and 2.53 mL of
isopropanol) was added dropwise to a 0.43 mM solution of titanium isopropoxide in anhyd-
rous 2-propanol (369 pL titanium isopropoxide in 2.53 mL of 2-propanol) under vigorous
stirring. During addition, the solution remained clear and transparent.

After deposition of the hybrid perovskite film following the respective synthesis procedure
(described in detail in the following chapters), the stacked film architecture was spin-
coated at 1500 rpm for 45 s with a layer of spiro-OMeTAD serving as hole transport-
ing layer within the photovoltaic device. For this purpose, 96 mg of spiro-OMeTAD in
1 mL of chlorobenzene were mixed with 10 puL 4-tert-butylpyridine (tBP) and 30 mL of
a 170 mg/mL bis(trifluoromethane)sulfonamide lithium salt (LiTFSI) in acetonitrile as
additives. Before depositing the 40 nm thick top gold electrodes by thermal evaporation
of gold under vacuum (approximately 10”7 mbar), the sample was kept over night at room

temperature and 30% relative humidity to allow oxidation of spiro-OMeTAD.
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4 Controlling crystal growth by chloride-assisted
synthesis: Towards optimized charge transport

in hybrid halide perovskites

The following chapter is based on the publication Controlling crystal growth by
chloride-assisted synthesis: Towards optimized charge transport in hybrid hal-
ide perovskites [93] and investigates two CHsNH3Pbls (MAPI) films both deposited by a
two-step protocol and only differing in the optional addition of a chloride containing salt to
the precursor solution.! Although being highly akin from a chemical and structural point
of view, these films show substantial differences in their optoelectronic characteristics. For
chloride-treated perovskite films, an enhanced average power conversion efficiency is found
as compared to untreated MAPI films. Moreover, different light-soaking behavior and in-
creased photoluminescence lifetimes in the case of chloride-treated MAPI were observed.
In-situ photoluminescence lifetime measurements during the crystallization process lead
to the conclusion that the chloride addition during film deposition results in slower crystal
growth, leading to fewer defects and higher crystalline order which is beneficial for efficient

charge transport.

4.1 Motivation

Organic-inorganic hybrid perovskites have experienced an unexpected scientific boost ren-
dering them the fastest advancing solar technology the community has ever observed.
[11,94-96]. Highly advantageous physical properties such as tunable electronic prop-
erties [43,97] or strong optical absorption over the visible regime of light [13, 96] are
considered to be some of the key features for becoming competitive with the presently
used commercial technologies such as silicon and CIGS [10,98,99] or CusO which be-
comes as well more and more attractive [100]. A great effort has been spent to improve
and optimize different synthesis approaches with cheap bulk materials [101-104], allow-
ing for the substantial increase of power conversion efficiencies (PCE) in perovskite-based
photovoltaic devices, ranging from 3.8% [11] to 6.5% [105] in 2009 to values currently
exceeding 22% [10]. Several device engineering protocols are reported to optimize the
respective material properties to boost device efficiencies. Amongst others the addition

of chloride-containing compounds to the methylammonium iodide precursor solution for

I Thin film and solar cell preparation done by N. Giesbrecht and F. C. Hanusch (group of Dr. Docampo),
PL experiments done by K. Handloser (group of Prof. Hartschuh),
in-situ PL lifetime experiments done by F. C. Hanusch (group of Dr. Docampo).

29



4. Controlling crystal growth by chloride-assisted synthesis: Towards optimized charge
transport in hybrid halide perovskites

the synthesis of methylammonium lead triiodide (MAPI) films in a two-step solution de-
position route became very interesting due to the improved PCE values by this synthesis
protocol [39,44-46]. Although an incorporation of chloride ions into the final crystal
structure has not been detected yet by any analytical procedure, the function of chloride
for the control of the resulting optoelectronic properties seems to be crucial, but still re-
mains unclear. In the following, the properties of chloride-treated MAPI thin films were
investigated and compared to the results obtained for untreated MAPI films in order to
provide an explanation for the effect of chloride addition during film synthesis. First, the
morphology and crystalline structure of the materials were determined by means of scan-
ning electron microscopy and X-ray diffraction together with the optoelectronic properties
of the respective films. Then, the charge carrier mobility and dynamics in the two films
were studied using the time-of-flight (ToF) technique and time-resolved photoluminescence
(PL) , both ex-situ as well as in-situ during the crystallization processes. These in-situ
photoluminescence lifetime measurements highlight that the chloride addition during film
deposition results in slower crystal growth, leading to fewer defects and higher crystalline

order.

4.2 Materials and methods

Preparation of the precursor solutions and perovskite thin film deposition was done follow-
ing a previously published synthesis route [39,44]. Briefly, 24 mL of a 33% methylamine
solution in ethanol were diluted by using 100 mL of absolute ethanol. To this solution,
10 mL of an aqueous solution of hydroiodic acid (57 wt%) or 15 mL of concentrated
hydrochloric acid (37% in water) were added under constant stirring. The reaction was
continued for one hour at room temperature before removing the solvents by rotary evap-
oration. The so obtained white solid was washed with dry diethyl ether and recrystallized
from ethanol. A thin layer (ca. 200 nm) of lead iodide was deposited on the correspond-
ing substrate by dynamic spincoating at 3000 rpm for 15 s using 100 uL from a 0.85 M
lead iodide solution in N, N-Dimethylformamide (DMF, Sigma), whereas lead iodide (99%,
Sigma) as well as DMF were used as received. Importantly, both substrate and precursor
solution have to be heated up to a temperature between 60 and 65 °C before starting
the spincoater in order to confirm the formation of visually smooth films [44]. The im-
mersion solutions were prepared by dissolving 9.5 mg/mL methylammonium iodide and
0.5 mg/mL methylammonium chloride in anhydrous isopropanol (Sigma) during heating
to 60 °C. Accordingly, the immersion solution for the preparation of pure MAPI films was
prepared by dissolving solely 10 mg/mL methylammonium iodide in dry isopropanol at
60 °C. The lead iodide containing films were immersed in 40 mL of the heated solutions
for 5 min whereas the temperature of the solution was constantly kept at 60 °C. Once the
conversion was finished, the MAPI films were washed with clean, anhydrous isopropanol
and dried under a nitrogen stream. The obtained perovskite films revealed an average

thickness between 400 and 450 nm, estimated via scanning electron microscopy cross-
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4.3 Results and discussion

sections. After finalizing the synthesis procedure, the films were coated with a thin layer
of poly(methyl methacrylate) (PMMA) by spincoating 50 mg/mL PMMA in anhydrous
chlorobenzene in order to avoid degradation through ambient moisture. Fabrication of
the solar cell devices based on these films was done following the procedure presented in
Chap. 3.

Laterally arranged gold contacts were fabricated in a cleanroom facility via optical litho-
graphy, as introduced in Chap. 3. Prior to all lithography steps, glass sheets were cleaned
with a 2% Hellmanex solution and rinsed with deionized water and isopropanol. After
sonication for 5 min in acetone and rinsing with 2-propanol, the substrates were exposed
to oxygen plasma for 10 min to remove surface residuals and to facilitate adhesion of the
metallic contacts on glass. Using a positive resist in combination with a bonding agent,
the structures were created via UV-illumination and developed in an diluted aqueous solu-
tion of sodium hydroxide. Before depositing a 10 nm thick layer of TiOs and a 30 nm
thick layer of gold via e-beam evaporation under vacuum (10~7 mbar), the samples were
cleaned with deionized water and dried in a nitrogen flow. The lift-off of residual gold from
the glass substrate was performed in anhydrous dimethyl sulfoxide at 80 °C. Finally, the
coated glass sheets with inter-contact distances between 7 and 13 um were cleaned with
2-propanol. Deposition of the perovskite thin films was done according to the fabrication

protocol mentioned above.

4.3 Results and discussion

Methylammonium lead triiodide (MAPI) thin films investigated in this work were fab-
ricated via a two-step solution deposition conversion protocol [39,44], representing one
of the state-of-the-art synthesis techniques. From this procedure, either MAPI films, in
the following referred to as “pure MAPI”, or “chloride-treated MAPI” films are obtained.
When comparing these films by different analytical techniques including scanning electron
microscopy (SEM) (Fig.4.1 a and b) and UV-Vis spectroscopy (Fig. 4.1 d), no significant
differences could be observed. In particular, the X-ray diffraction (XRD) patterns ob-
tained for the two materials (Fig.4.1 ¢) are virtually identical indicating that the same
crystal structure is formed and that the addition of the chloride salt during film synthesis
does not lead to an incorporation of chloride anions into the final film structure. This
is in agreement with previous experiments performed at the LMU [44] and experiments
conducted by other groups suggesting that MACI sublimes in the course of the film fab-
rication [106]. Furthermore, a multitude of other analytical techniques, including energy
dispersive x-ray spectroscopy (EDX) , electron diffraction and electron energy loss spec-
troscopy (EELS) , have been used before on the same sample materials confirming their
very similar chemical and structural properties [44].

When incorporating these compounds in planar photovoltaic devices (see SEM cross

sections shown in Fig.4.1 a) substantial differences in their performance are observed
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Fig. 4.1 Characterization of perovskite thin films fabricated via a two-step synthesis
protocol [39,44]. (a) Top view SEM micrographs depicting the crystallites within the
two morphologically similar films and cross-sections of the solar cells comprising the
corresponding films. (b) Size distribution of the crystallites obtained from (a) by visual
investigation, resulting in comparable average sizes of 284 nm and 271 nm for pure
and chloride-treated MAPDI3, respectively. (¢) Corresponding diffraction patterns from
XRD measurements. (d) UV-Vis spectra of the two films showing very similar optical
absorption behavior.

[39, 44-46]. Solar cells based on chloride-treated MAPI reveal a significantly improved
power conversion efficiency (PCE) yielding 10.3% on average and a peak around 13%
compared to the system comprising pure MAPI with an average PCE value of 5.3% and a
maximum around 9%, similar to reports of other groups [39,44-46]. The corresponding J-
V performance data (Fig. 4.2 a) and the extracted statistical distribution of the resulting
PCE are shown in Fig. 4.2 b.

To gain further insights into these enhancement effects of chloride addition during synthesis
on the resulting films’ optoelectronic properties, time-of-flight (ToF) mobility studies (see
also Chap. 3) on individual laterally contacted layers of the two films with inter-electrode
distances ranging from 7 to 13 wm were carried out. A scheme of the employed sample

layout and the principle of the transient photocurrent measurement is depicted in Fig. 4.3
a.
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Fig. 4.2 Photovoltaic performance of the corresponding solar cells composed of the
commonly used stack sequence FTO/TiOs/perovskite/spiro-OMeTAD/gold. (a) J-V
analysis of working devices comprising the two different MAPDI; films. (b) Statistical
evaluation of power conversion efficiencies from more than 30 individual photovoltaic
devices. Solar cells based on pure MAPbDI; reveal a PCE of 5.3% on average, whereas
chloride-treated films lead to an improved performance with average efficiencies of 10.3%.

The generated charge carriers are separated by applying a constant external DC field of
approximately 7 kV /cm and thus start moving in lateral direction across the film towards
the opposite electrode. Note that mobile ionic species strongly affect the material’s prop-
erties and are discussed to be the origin of the anomalous hysteretic J-V behavior of
perovskite-based solar cells [64-69]. To minimize the influence of ionic drift on the ob-
tained ToF data, the DC electric field is switched on only during the measurement (for
less than 1 s), since ion migration is known to occur on minute timescales [68,107]. The
obtained photocurrent transients for different electrode distances (Fig.4.3 b) point out
that larger distances between the lateral metallic contacts result in longer charge carrier
transport times. The shape of these photocurrent transients indicates dispersive transport
(see Chap. 3) that presumably results from spatially varying hopping rates due to energetic
heterogeneities and electric field variations caused by trapped space charges [79].

The average hole mobility p in pure and chloride-treated CH3NH3PbI3 films can then be

approximated by the following equation:

_d
CE -ty

u (4.1)

with d being the inter-electrode distance, E = Up;,s/d the constant applied electric field
and t; the transit time charge carriers need to travel from the spot where they were
generated to the opposite contact. The determination of t;- follows a procedure adapted
from literature [79] and was performed via linear fit functions (see Fig.4.3 c). For higher
reproducibility an automatic fit routine was programmed based on an iterative fitting
of linear function modeling of the slope close to the point of interest of the measured

photocurrent transient. Plotting the transient in a double logarithmic scale, the employed

33



4. Controlling crystal growth by chloride-assisted synthesis: Towards optimized charge
transport in hybrid halide perovskites

algorithm identifies two linear fit functions for the plateau and the decay. Due to slight
oscillations of the signal a linear fit is favorable over differentiating or integrating the
respective data. The transit time ¢4 is then equal to the time at which the two linear fits
intersect (grey lines in Fig.4.3 c¢). As shown in Fig.4.3 d, chloride-treated MAPI films

show decreased transit times compared to pure MAPI for the same electrode distances.
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Fig. 4.3 Determination of charge carrier mobilities using time-of-flight measurements.
(a) Schematic illustration of the employed sample layout. Laterally contacted perovskite
films with varying distances d between the gold electrodes, ranging from 7 to 13 pm,
are illuminated using pulsed laser excitation. Charge carriers are generated within the
MAPDI; film and separated due to an applied electric field. (b) Representative photo-
current transients obtained after pulsed excitation and the simultaneously applied DC
field. An increased gap size is reflected in larger transit times t;.. (¢) Fitting routine
employed to extract ¢, as described in the main text. (d) Extracted transit times (¢;)
as a function of electrode distance. From the slope of the linear fits the hole mobility u
can be derived yielding 1 = 2.16 cm?/Vs for chloride-treated MAPT and p = 1.62 cm?/Vs
for pure MAPI, respectively.

In the present case of identical electrode spacings and applied DC field for both examined

films, the slope of the linear regression in Fig. 4.3 d is a direct measure for the mobility
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according to Equation Eqn. 4.1, i.e. a smaller slope reflects a higher mobility. For MAPI,
this results in a value of u = 1.62 + 0.11 cm?/Vs, whereas the hole mobility in chloride-
treated MAPI is found to be significantly higher reaching p = 2.16 & 0.15 cm?/Vs. Hence,
the hole mobility is increased by approximately 34% due to chloride-assisted synthesis of
MAPI. As noted above, the shape of the transients in Fig. 4.3 b reflects dispersive trans-
port behavior, influenced by a distribution of energetic states and resulting in a dispersion
of hopping rates [79].

The increased average charge carrier mobility in chloride-treated MAPI thus indicates
a reduced energetic distribution and a lower concentration of trapping defect sites that
could result from a more homogeneous crystal formation. This interpretation is supported
further by the time-resolved PL studies reported below. In the literature different val-
ues for the effective mobility in solution-processed perovskite films, i.e. considering both
electron and hole mobility, can be found. Note that mobilities probed with time-resolved
transient THz spectroscopy range between 8 [16,57] and 40 cm?/Vs [108], whereas ex-
periments employing time-resolved microwave photoconductance result in values ranging
from 3 [57,109] up to 30 cm?/Vs [54,58]. Compared to the reported moblities, these values
represent a lower limit. This can be attributed to the formation of a built-in potential
at the contact/perovskite interface as well as to the intrinsic contact resistance. Because
measurements with this sample architecture include the influence and the effects of the
metallic contact on the optoelectronic properties of the investigated perovskite material, it
can be assumed that this measurement layout might resemble more closely the conditions
in full solar cell devices compared to investigations of thin films in a contact-less method.
Additionally, this experimental approach extracts hole mobility values in lateral dimen-
sions, thus accumulating the influence of a high number of grain boundaries and defects
as well, both representing possible trapping sites. ToF measurements in vertical direction
on the other hand are difficult to implement due to film thickness being restricted by the
synthesis route.

Next, time-resolved PL studies were conducted to gain further insight into the charge
carrier dynamics of both films. In the experiment, a pulsed diode laser operating at
510 nm excites the sample and triggers a photoresponse from the perovskite films, which
is recorded by a fast APD combined with TCSPC electronics (see Chap.3). Previous
studies [110-113] have shown that light soaking within these films significantly modifies
their optical properties as well as the performance of respective solar cells [64]. For both
films, the biexponential PL intensity decay [114] becomes slower when increasing the illu-
mination duration as depicted in Fig. 4.4 a and b. Further comparison of the PL intensity
obtained via temporal integration of the transients (Fig. 4.4 c¢) reveals that this increase in
lifetime (Fig. 4.4 d) is connected to a strong increase of the PL intensity for both films fol-
lowing longer exposure times. For chloride-treated MAPI the PL intensity and lifetime is
seen to rise for a longer time as compared to pure MAPI at the same excitation conditions.
Apparently, the light soaking process is slower in the chloride treated perovskite film for

the same excitation laser power and similar absorption strength (Fig.4.1 d). The rise of
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both PL intensity and lifetime can be assigned to the reduction of a non-radiative decay
rate component k. soqr due to the light-soaking. The PL lifetime 7 can be expressed as

the inverse of the sum of all decay rates following

1
B kr + knr + knr,soak

T (4.2)

in which k, and k,, are the radiative and the non-radiative decay rates, respectively, that

are not affected by the light soaking.
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Fig. 4.4 Tnvestigation of the optical response in the perovskite films via PL microscopy.
(a) and (b) Time-resolved PL transients of a pure and a chloride-treated MAPbDI5 thin
film, resectively, for extended exposure to pulsed laser light. In both cases, the PL decay
slows down with increasing illumination time. (c¢) PL intensity obtained by temporal
integration of the recorded PL decays. The PL intensity significantly increases with
increasing exposure time and saturates within 5 hours for the pure and 10 hours for the
chloride-treated film, respectively. (d) Extracted intensity-averaged PL lifetimes upon
increasing exposure to light also showing slower light soaking for the chloride-treated
MAPI film. Whereas pure MAPbI3 exhibits an intensity-averaged lifetime of ~70 ns for
steady-state conditions, i.e. after full light-soaking, chloride-treated MAPI exhibits a
lifetime of ~100 ns. The solid lines in ¢ and d are fits using the same exponential model
function for a non-radiative rate component that is reduced by light soaking (see text).

Assuming first order reaction kinetics underlying the light soaking process [114], the non-

radiative rate kprsoqr decays according to Ky soak(0) - €xp(—tezposure/Tsoak). Thus the
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Fig. 4.5 In-situ photoluminescence studies of perovskite film formation at room tem-
perature. (a) Schematic illustration of the setup used for the in-situ PL studies. While
immersing a Pbls coated glass substrate into a methylammonium iodide or mixed methyl-
ammonium iodide/chloride solution, PL transients upon pulsed laser excitation are recor-
ded over a time frame of 1000 min. (b) Intensity-averaged lifetimes during formation of
pure and chloride-treated MAPI films. Stable lifetime values are obtained after 600 min
for pure MAPI, revealing a lifetime of 175 ns, and after 840 min for chloride-treated
MAPI with an intensity-averaged lifetime of 295 ns.

corresponding fit function oc 1/(ky + kny + Enr.soak(0) - €xD(—teaposure/ Tsoak)) Was used,
which is seen to reproduce the exposure time dependence tezposure 0f the PL lifetime very
well (Fig.4.4 d). Importantly, the same fit function with the same fit parameters can
also be used to describe the exposure time dependence of the PL intensity in Fig. 4.4
¢, which is porportional to (k, - 7). From the fits of the data shown in Fig.4.4 ¢ and
d, the soaking time constant of 74,4 = 1.5 h for the pure and of 75,4 = 3.0 h for the
chloride-treated film, respectively, were obtained, supporting the notion that light soaking
is slower for the chloride-treated film. Furthermore, the PL intensity after light soaking
is completed is higher for chloride-treated MAPI as compared to pure MAPI indicating
a lower non-radiative recombination rate k,, and thus a decreased number of traps since
the intensity is proportional to (k. /(k, + knr)). The intensity-averaged lifetime amounts
approximately 70 ns for pure MAPI and 100 ns for the chloride-treated film when reaching
saturation. This observation can be as well assigned to a reduced number of quenching
sites in the chloride-treated film caused by an optimized crystal growth. Furthermore, this
could indicate a reduced crystallization speed [115] induced by the presence of chloride in
the precursor solution.

The deposition technique and the crystallization dynamics are considered to be the most
important factors influencing the thin film properties of the respective hybrid perovskite
compound [39,40,43,51]. Previous investigations [116] suggest a crucial role of chloride in a
templating process during crystallization in chloride-assisted fabrication protocols. Hence,
to confirm assumptions on a slowed down crystal growth in chloride-treated MAPI, in-situ
PL studies during film formation were performed. For this purpose, PL transients were

acquired on a lead iodide coated glass substrate immersed in the respective precursor solu-
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tion (see Fig.4.5 a) at room temperature. In contrast to the typical growth temperatures
chosen for MAPI films of 60 °C, at which growth is completed within few minutes, the
experiment had to be performed at room temperature to be able to resolve the growth
dynamics. The intensity-averaged lifetimes, derived from the PL transients being fitted
with a biexponential decay function, are shown in Fig.4.5 b. For both materials the life-
times strongly increase during growth. This suggests that during growth a high density
of quenching defect states is present at the crystal surface, which subsequently disappear
upon crystal formation. For the pure precursor solution the growth is completed after
about 600 min while for the chloride-containing precursor growth is slower, taking about
840 min. The final films show intensity-averaged lifetimes of 175 ns and 295 ns for pure
and chloride-treated films, respectively. This confirms the trend seen in Fig. 4.4. This can
be attributed to a lower defect density in chloride-treated MAPI, which is the origin of the
longer lifetime, to slower crystal growth. Furthermore, in the typical growth procedure the
films are removed from the growth solution before the maximum crystal size is reached.
In the experiment shown in Fig. 4.5 there is no temporal limitation to the crystal growth
since the PL measurement was performed over several hundreds of minutes which enables

and facilitates the enhancement of the crystal size.

4.4 Conclusion

In this study, pure and chloride-treated methylammonium lead triiodide thin films, both
very similar in morphology and other material characteristics [44], were investigated. Ma-
jor differences were obtained for the charge carrier dynamics in chloride-treated MAPI,
such as increased hole mobility and higher PL intensities and lifetimes, as well as improved
solar cell performance. Based on the in-situ PL measurements, this enhancement of trans-
port characteristics can be attributed to the slow-down of the crystallization speed during
the growth of the film induced by the presence of chloride, thus leading to considerably
fewer defects and quenching sites in the individual MAPI crystals. This mechanism could
also be applicable to other hybrid halide perovskite materials and could help in optimizing

the performance of future photovoltaic devices.
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5 Two-step vs. one-step deposition: Tuning the
opto-electronic properties in perovskite solar

cells

In this chapter, the opto-electronic properties of CH3NH3Pbl3 thin films fabricated via
two different preparation methods are studied: Omne-step fast-crystallization deposition
(FDC) and two-step solution deposition conversion (SDC). Using time-resolved photolu-
minescence (PL) microscopy, a substantially higher charge carrier diffusion constant for
two-step SDC derived MAPI thin films is found. Improved transport characteristics are
also observed in time-of-flight measurements on laterally contacted MAPI thin films yield-
ing 1.6 times higher charge carrier mobilities for FDC MAPI. When incorporated into
devices, FDC MAPI based solar cells show a lower series resistance and consequently
higher power conversion efficiencies on average as compared to two-step SDC MAPI.2 The
improved opto-electronic performance of FDC MAPI thin films can be attributed to their
morphology with larger crystallites and fewer grain boundaries as compared to thin films

deposited using the two-step SDC protocol.

5.1 Motivation

High power conversion efficiencies, facile solution processing and compatibility with cur-
rent printing technology render metal halide perovskites a competitive class of materi-
als for large-scale photovoltaic systems. [11,43] The opto-electronic performance of these
materials already matches up [13,114] with industry staples including GaAs, CIGS and
silicon [10,98,99]. The rapid improvement of device efficiencies surpassing 22% to date has
been fuelled by the optimization of perovskite deposition methods with the crystallization
dynamics appearing to be the key element [39,40,43,51]. Two techniques that have at-
tracted particular attention are the two-step solution deposition conversion (SDC) [40,44]
and the fast crystallization-deposition (FDC) method [42,43]. Both approaches result
in highly uniform CH3NH3Pblz (MAPI) thin films with complete surface coverage. Yet,
the efficiency of devices prepared by two-step SDC is limited to approximately 18% at
present [117], while FDC yields the current record devices [43]. This is most likely related
to the fundamentally different underlying crystallization processes. Two-step SDC relies on
the infiltration of the organic cation through a pre-crystallized lead halide film [44,118,119].
FDC, on the other hand, exploits the direct nucleation and growth of the perovskite in the

2 Thin film and solar cell fabrication done by N. Giesbrecht,
spatio-temporal PL experiments done by K. Handloser.

39



5. Two-step vs. one-step deposition: Tuning the opto-electronic properties in perovskite

solar cells

presence of the solvent [42,43]. Clearly, a better understanding of the correlation between
these crystallization processes and the resulting opto-electronic properties is important
for further progress. Here, the opto-electronic properties of MAPI films fabricated via
the FDC and the two-step SDC technique are investigated. First, the variation in film
morphology and crystal size resulting from the two methods was confirmed using scanning
electron microscopy (SEM). The transport properties of the two different stand-alone films
were examined based on a time-resolved, contactless photoluminescence (PL) microscopy
technique [114,120]. Films derived from FDC show substantially increased upper values
for the diffusion constants as compared to two-step SDC films. Additional analysis of the
transport properties via time-of-flight (ToF) studies on individual laterally contacted films
also reveal higher charge carrier mobilities for the FDC MAPI films.

5.2 Materials and methods

Methylammonium iodide was prepared following a previously published protocol [39,44].
In short, 24 mL of methylamine solution (33% in ethanol) was diluted using 100 mL of
absolute ethanol. Under constant stirring, 10 mL of aqueous hydriodic acid (57 wt%)
was added to this solution. After having reacted for one hour at room temperature, the
solvents were removed by rotary evaporation. The obtained white solid was washed with
dry diethyl ether and recrystallized from ethanol. Lead iodide (99% Sigma) and anhydrous
N, N-dimethylformamide (DMF, Sigma) were used as received. A ~200 nm thick layer of
lead iodide was deposited via dynamic spincoating from a 0.85 M Pbls solution in DMF
at 3000 rpm for 15 s on a standard glass cover substrate. When starting the spincoater,
a temperature between 60 and 65 °C is required for both the substrate and the precursor
solution [44] to achieve visually smooth films. The immersion solution was prepared by
dissolving 9.5 mg/mL methylammonium iodide in anhydrous isopropanol (Sigma) through
heating to 60 °C. The spincoated films were then immersed in the heated solution for 8 min
while the temperature of the solution was monitored and kept at 60 + 1 °C for the en-
tire time. Once the conversion was finished, the perovskite films were washed with clean,
anhydrous isopropanol (IPA) and dried under a nitrogen stream. The final perovskite
film featured an average thickness of ~325 nm, which was estimated via scanning elec-
tron microscopy cross sections. After synthesis, the films were covered with a poly(methyl
methacrylate) (PMMA) layer to protect them from degradation through moisture. For this
purpose, 50 mg/mL of PMMA in anhydrous chlorobenzene were spincoated at 1000 rpm.

The synthesis procedure for FDC MAPI followed a method published by Xiao and co-
workers [42] A solution consisting of Pbly (1.25 M, Sigma 99%) and methylammonium
iodide (1.25 M) in anhydrous DMF (Sigma) was spin-coated dynamically (at 5000 rpm,
total 15 s) onto a glass substrate. Both the solution and the substrate were at room temper-
ature. After 5 s, chlorobenzene (CB) was added on top of the spinning substrate; the film

turns brown directly after the chlorobenzene addition and then turns transparent again.
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Afterwards, the substrate was placed on a hotplate (100 °C for 10 min) resulting in a dark
film that is shiny and reflecting. After the synthesis the films were covered with a PMMA
layer to protect the films from degradation by moisture. For this purpose, 50 mg/mL
of PMMA in anhydrous CB was spin-coated at 1000 rpm. The fabrication of the solar

cell devices based on these films was done according to the procedure described in Chap. 3.

Laterally arranged gold contacts were fabricated in a cleanroom facility via optical litho-
graphy (see also Chap. 3). The glass substrates were cleaned with a 2% Hellmanex solution
and rinsed with deionized water and isopropanol. After sonication for 5 min in acetone
and rinsing with 2-propanol, the substrates were exposed to oxygen plasma for 10 min
to remove surface residuals and to facilitate adhesion of the metallic contacts on glass.
Using a positive resist in combination with a bonding agent, the structures were created
via UV-illumination and developed in an diluted aqueous solution of sodium hydroxide.
Before depositing a 10 nm thick layer of TiO2 and 30 nm of gold via e-beam evaporation
under vacuum (10~7 mbar), the samples were cleaned with deionized water and dried in a
nitrogen flow. The lift-off of residual metal parts from the glass substrate was performed
in anhydrous dimethyl sulfoxide (DMSO) at 80 °C. Finally, the coated glass sheets with
in-plane distances between 7 and 13 um were cleaned with 2-propanol. Deposition of the

MAPI thin films was done according to the fabrication protocols mentioned above.

5.3 Results and discussion

Two different preparation techniques are used to fabricate the MAPI thin films stud-
ied within this work (Fig.5.1). The first film is synthesized via a two-step deposition
protocol [39,44] starting from a spincoated Pbl, film that is then immersed in a heated
methylammonium iodide (CH3NH3I, MAI) solution (Fig. 5.1 a). The resulting MAPI films
feature small, connected crystallites of varying size and orientation as can be seen in the
SEM cross section in Fig.5.1c. In the following, these films are referred to as "two-step
SDC MAPI". The second type of MAPI films is prepared by a one-step, solvent-induced,
fast crystallization-deposition (FDC) method. Here, a N, N-dimethylformamide (DMF)
solution of CH3NH3Pbl3 is spin-coated onto a substrate, immediately followed by the
addition of chlorobenzene (CB) [42] to induce crystallization and promote fast nucle-
ation and growth of the crystals in the film (Fig.5.1 b). As-prepared films (hereinafter
termed "FDC MAPI") consist of significantly larger crystalline grain structures arranged
in highly uniform layers and result in particularly smooth and continuous films (Fig. 5.1
d and Fig. 5.4 a).

Next, the individual layers of the two films were studied with an optical technique for
contactless transport measurements [114]. Fig.5.2 a shows a schematic illustration of the
approach, which is based on time-resolved laser scanning confocal PL microscopy (scheme
of the setup shown in Chap.3). With the help of a piezo-electric mirror in the detection

beam path, the detection volume can be raster-scanned relative to a fixed excitation
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(@) two-step SDC MAPI (b) one-step FDC MAPI
™ %o MAPI in DMF
d o
MAI in IPA
(C) two-step SDC MAPI (d) one-step FDC MAPI

Fig. 5.1 Schematic representation of the fabrication protocols used for the synthesis
of the two investigated films and corresponding SEM cross-sections. (a) Films based on
the two-step technique start from a spincoated lead iodide film which is immersed into a
methylammonium iodide solution. (b) One-step MAPI films are based on a spincoated
methylammonium lead iodide solution whereas crystallization is finalized by addition of
chlorobenzene. (¢) MAPI thin film fabricated via the two-step SDC protocol [44]. The
resulting morphology shows small, connected crystallites of varying size and orientation.
(d) MAPT thin film synthesized by the FDC method [42]. The latter consists of signific-
antly larger crystallites arranged in a highly uniform structure and result in particularly
smooth and continuous films.

volume and sample position. The PL signal that arises from the recombination of photo-
excited states is recorded as a measure for carrier density within the film. Charge carrier
transport can be observed by exciting the sample at a fixed position (Fig. 5.2 a, green circle)
and detecting the PL signal at remote locations (blue circle). With this experimental
technique, time-correlated single photon counting (TCSPC) transients are recorded after
pulsed excitation at A = 510 nm at increasing excitation-detection distances. Because light
soaking effects have been observed for perovskite thin films that significantly affect the
material properties and characteristics [110-114], the investigated samples were completely
pre-soaked prior to all measurements. An examination of the PL transient rise (Fig. 5.2 b)
reveals a continuously growing shift of the signal rise to later times for larger separations
between the excitation and the detection volume. Charge carrier transport times were
extracted from the acquired transients at 50% of the normalized intensity (black dotted
line in Fig. 5.2 b). Referencing the observed times for the individual detection positions to

the center transient (brown line in Fig. 5.2 b) enables the spatio-temporal examination of
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carrier transport within the film. The extracted transport times are displayed in Fig. 5.2 ¢

as a function of transport distance and show significant differences for the two investigated
MAPI films.
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Fig. 5.2 Spatio-temporal investigation of transport via PL microscopy. (a) Schematic
illustration of the experimental procedure for contactless transport measurements based
on time-resolved remote detection of PL [114]. (b) PL transients recorded after pulsed
excitation at A = 510 nm at increasing excitation-detection distances. (c¢) Transport times
for carrier transport extracted from the TCSPC transients at 50% rise of the normalized
intensity (black dotted line in (b)) and referenced to the center transient (brown curve in
(b)). The solid lines represent simulations of the 2D diffusion equation using two diffusion
constants D = 742 and D = 30+ 10 cm? /s for the two-step SDC and FDC MAPI films,
respectively. The values are most likely influenced by radiative transport and represent
an upper limit (see main text). (d) Acquired PL decays with their corresponding fits
(black lines) for the two different MAPI thin films. Films synthesized via the FDC
method (blue curve) show a significantly faster decay than the ones prepared by the two-
step SDC route (red curve). The grey curve represents the instrument response function
(IRF) of the system.

A considerably faster charge carrier transport time of about 25 ps for the first micrometer
can be observed for the film that is synthesized via the FDC method, while about 100 ps
are obtained for the two-step route. The obtained transport times were modeled by nu-

merical simulation based on the 2D diffusion equation. Within the temporal and spatial
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Fig. 5.3 ToF measurements of laterally contacted MAPI thin films with varying dis-
tances between the metal electrodes. (a) Example of photocurrent transients recorded
for the two different MAPI thin films. (b) The plateau and the decay of the transients
are fitted linearly in log-log plots, allowing for the extraction of the transit time ¢4, from
the lines’ intersection. With the determined transit time the charge carrier mobility can
be calculated as described in Eqn.5.1. (c¢) Linear dependence of the extracted transit
time on the different electrode distances. Charge carrier mobilities are determined via
the slope of the linear fit, leading to a value of u = 2.64 + 0.2 cm?/Vs for FDC MAPI
and pu = 1.62 & 0.2 cm?/Vs for the two-step material.

measurement accuracy of about 30 ps and 0.15 um (Fig. 5.2 d), the experimental values
match the simulation results for a diffusion constant of D = 30 4+ 10 cm?/s in the case
of FDC and D = 7 £ 2 cm?/s for the two-step SDC MAPI film, respectively. Using the
measured intensity-averaged PL lifetimes 7 for the two MAPI films and the diffusion con-
stants D derived from the transport measurements, the diffusion length can be estimated
according to Lp = v/D - 7. With the intensity averaged lifetimes 7 = 15.7 ns for FDC and
7 = 38.1 ns for two-step SDC MAPI films, both values derived from bi-exponential model-
ing of the transients (Fig.5.2 d), Lp = 6.9 and 5.2 um, respectively, are obtained. These
diffusion lengths are one order of magnitude larger than the film thickness in a typical
device, leading to the assumption that the charge carrier collection efficiencies approach
unity in both cases.

At this point, it is important to note that radiative transport of PL in terms of waveguiding
due to a high refractive index of the films [121-124] and scattering of photons towards the
detector cannot be excluded. The here presented transport times and diffusion constants
are most likely affected by these processes leading to two contributions (instantaneous sig-
nal due to radiative transport and delayed signal arising from diffusive transport) to the
measured transients which cannot be resolved individually on the timescale and -length
probed by the employed electronics and diffraction-limited microscope. This might also
explain the observed shift of the rise of the transients with increasing excitation distance.
The modeled diffusion constants hence represent upper value limits whereas the actual
numbers are presumably lower and need further investigation and quantification. Fur-
thermore, it is not clear why the intensity averaged lifetimes are higher in the case of SDC
MAPI as compared to FDC MAPI. Nonetheless, transport in FDC MAPI could be more
efficient than in SDC films because of the improved morphology in terms of a reduced

number of recombination sites at grain boundaries.
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To complement these findings, the charge carrier transport in individual in-plane contacted
films was investigated by time-of-flight (ToF) measurements (description of the employed
setup provided in Chap.3). For these measurements gold contacts were fabricated on
glass substrates via optical lithography with varying spacings followed by deposition of the
perovskite films on top. The films were biased by a DC electric field and the photocurrent
generated after nanosecond pulsed excitation at one of the contacts was measured as a
function of time (Fig.5.3 a). To extract the time the generated charges need to travel to
the respective opposite electrode (transit time ;) from the transients, a fitting routine is
employed [79]. In this routine the different slopes of the resulting photocurrent transients
are fitted linearly in log-log plots (see Chap.3) allowing for the extraction of ¢ from the
lines’ intersection (Fig.5.3 b). Fig.5.3 ¢ shows the derived transit times t; at constant
applied electrical field (E = Upes/d = 7 kV/cm) for the two film types which are seen to
linearly scale with the lateral electrode distance. The slope of the transit time (1/(u - E))

for constant E is used to estimate the charge carrier mobility p according to [79,125]

_d
- E- ttr .
An enhanced mobility of u = 2.6 + 0.2 cm?/Vs is obtained for the thin film based on the
FDC route, while the two-step synthesis leads to a mobility of 4 = 1.6 + 0.2 cm?/Vs.

Comparison of the obtained values to results reported in literature is challenging because

p (5.1)

most of the applied techniques are contactless and probe a rather local mobility (3 cm?/Vs
to several tens of cm?/Vs, measured by using TRMC or THz spectroscopy [16, 57-59]).
Contacted MAPIT films on the other hand reveal values between 0.5 and 8 cm?/Vs [60-62]
when employing FET and Hall mobility measurements. The here described lateral (mac-
roscopic) mobility values describing transport over several grain boundaries are however
well within the range of these values.

In the following the two quantities describing the transport characteristics of the films
derived from the presented time-resolved PL and ToF experiments are compared. For am-
bipolar transport (n. & nj) and similar electron and hole mobilities (u. ~ py,) the diffusion
constant D is proportional to the mobility following the Einstein relation D = pkpT/q [28].
Using the diffusion constants derived above from PL exeriments yields jpz, = 1160 cm?/Vs
and ppr, = 271 cm?/Vs for FDC and two-step MAPI films, respectively. These values
are about up to three orders of magnitude higher than the values determined from the
electrical measurements. This difference can probably be attributed to the different micro-
scopic processes studied in the two experiments. The ToF results represent the mobility
of charge carriers measured over an extended sample area (several microns) including the
contacts at which different electron and hole densities (ne, ny) can be present which can
influence carrier recombination [28]. The contactless PL experiments, on the other hand,
probe the recombination from charge neutral excitons. The higher mobilities derived from
the PL experiments could thus indicate a contribution from excitonic transport. Also, the

diffusion constants most likely represent upper limits (as described above) which do not
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Fig. 5.4 SEM cross section and efficiency statistics for working photovoltaic devices
incorporating the two investigated MAPT thin films. (a) SEM cross section of a working
photovoltaic cell illustrating the sample architecture. Photovoltaic devices are prepared
in a planar configuration using FTO-coated glass substrates (grey and green layer) that
are covered with a TiOs layer (red), a perovskite thin film (brown), Spiro-OMeTAD (blue)
and a gold electrode (white). Scale bar of the SEM image: 500 nm. (b) Power conversion
efficiency statistics for MAPI films prepared via the FDC and the two-step deposition
protocol considering 27 individual cells. Significantly higher values are obtained for the
FDC films reaching an average PCE of 12.4%, while an average of 7.75% is determined
for the two-step SDC route.

differentiate between radiative and diffusive transport. Consequently, the mobility values
related to the Einstein equation can also be seen as upper limits.

Finally, the performance of devices (SEM cross-section shown in Fig. 5.4 a) fabricated from
the two types of films was compared. The FDC derived MAPI films show a significantly
improved average PCE of 12.4% as compared to 7.75% in the case of two-step SDC MAPI
films (Fig. 5.4 b). From the slope of the J-V curves at open circuit condition the series
resistance Rg of the photovoltaic devices can be estimated. For FDC-MAPI based cells the
series resistance amounts Rg = 5.2 Qcm? and Rg = 8.4 Qcm? for cells comprising two-step
SDC MAPI. Hence, solar cells incorporating FDC-MAPI with higher film mobility feature
higher conductivity and thus lower resistance, which contributes to an increased fill factor
and improved solar cell performance (Fig.5.4 b). Similar observations have already been
made in the field of organic photovoltaics where an increase of the mobility is correlated
to an enhanced fill factor and PCE of the corresponding solar cell [126-130]. Furthermore,
based on the SEM data in Fig. 5.1, the higher PCE and mobility values can be attributed
to the optimized morphology with a reduced number of grain boundaries for films prepared
via the FDC method.

5.4 Conclusion

In conclusion, the optoelectronic properties of MAPI thin films prepared via two state of
the art deposition protocols were compared. Spatio-temporal PL investigations reveal a
3-4 times higher diffusion constant in the FDC derived MAPI films as compared to SDC
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MAPI films whereas the obtained values are most likely affected by radiative transport
and represent upper limits. In addition, increased charge carrier mobilities in lateral
direction for the FDC MAPI thin film were observed which can be assigned to a decreased
number of grain boundaries. The improved opto-electronic properties directly translate
into the performance of solar cells as devices incorporating FDC derived MAPI feature a
substantially higher power conversion efficiency. These results underline that PL lifetime
measurements need to be complemented by both optical and optoelectronic transport
measurements to foresee and understand the properties of perovskites and the performance

characteristics in the corresponding devices.
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6 The impact of grain size on charge carrier

mobility in MAPI systems

6.1 Motivation

As seen in the previous chapters, the optoelectronic properties of hybrid perovskite thin
films strongly depend on the fabrication technique and could thus be optimized further.
Film quality in terms of morphology, crystallinity and energetic disorder are crucial para-
meters determining efficient charge transport. Extrinsic factors such as grain boundaries
or impurities heavily affect charge carrier mobility in the films because they represent po-
tential recombination sites [131] and have to be avoided as far as controllable via careful
choice of the processing strategy.

Therefore, it is important to investigate charge carrier mobilities of perovskites in systems
where the number of grain boundaries as extrinsic effect is expected to be reduced as
it is the case for largely sized crystals. ToF measurements on perovskite crystals in the
millimeter range should hence allow to estimate an upper mobility limit in the material
that can be reached when extrinsic effects affecting charge transport are minimized.

By knowing this intrinsic mobility limit, an explanation to another striking question that
is being intensely investigated might be found: diffusion constants D and diffusion lengths
Lp obtained from numerous measurements [15,47,53,114] in perovskite thin films do
not result in the experimentally determined mobility values when applying Eqn. 2.9 (see
Chap. 2), although in the case of MAPI the assumptions of the Einstein relation seem to
be fulfilled (ambipolar mobility, presumably non-doped intrinsic semiconductor [132,133]).
Nonetheless, the observed mobilities are up to two orders of magnitude lower as compared
to the expected values. Furthermore, comparison with the typical direct inorganic semi-
conductor GaAs, similar with respect to bimolecular recombination rate and diffusion
length of charge carriers [134,135], also leads to some discrepancy since the latter reveals
only slightly lower effective masses for electrons in the conduction band and holes in the
valence band, but nonetheless significantly higher mobility values.

To this end, millimeter-sized MAPI crystals were investigated with respect to their hole
and electron mobilities via the ToF technique. The direct comparison of the values ob-
tained in the comparatively large crystal with experiments on laterally contacted MAPI
thin films comprising different grain sizes underlines the substantial effect of grain size on

charge carrier mobilities, resulting in differences of factor 10 to 100.
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6.2 Materials and methods

Methylammonium lead iodide crystals in the size range of a few millimeters were grown
in the group of Prof. Dyakonov (JMU Wiirzburg) via inverse temperature crystallization,
following a previously published procedure [136]. The dark and shiny crystals were con-
tacted via commercially available copper wires, fixed onto two parallel facets with carbon
containing conductive wire glue. After waiting for 10 minutes, the contacted crystals were
fixed on a glass slide to enhance mechanical stability of the investigated system and to
avoid moisture-induced degradation. This was done by encapsulating the crystals with a
few droplets of UV glue which was dried for 1-2 minutes under a UV lamp. A schematic
of the respective sample layout is shown in Fig. 6.1 a. The samples were investigated using
the ToF setup described in Chap. 3 by illuminating the crystal close to the contact through
which the electric field was applied.

6.3 Results and discussion

Time-of-flight experiments upon pulsed laser excitation at 540 nm (see also Chap. 3) were
performed at different external voltage values to identify charge carrier mobilities because
thickness variation of the crystals is hard to achieve. The obtained photocurrent transi-
ents driven by locally photogenerated holes (electrons are immediately extracted at the
front contact) are shown in Fig.6.1 b and directly reflect the increased applied voltage.
Switching the polarity of the DC field changes the type of charge carriers contributing to
the recorded j-t profile, whereas a direct comparison of the two different types of charge
carriers is shown in Fig. 6.1 c. Electrons hence seem to move slightly faster through the
crystal under an external field due to narrowing of the observed current profile as com-
pared to the transient obtained for holes.

Plotting the ToF transients in a double logarithmic scale enables the determination of the
transit time f;. from the point of intersection of two linear fits, as already shown in the

previous chapters. Following the mobility equation
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the slope of the linear regression relating the transit times extracted from Fig.6.1 b as a
function of the reciprocal value of the electric field gives the mobility of the holes (Fig. 6.1 d,
red squares). By performing the same voltage series as in Fig. 6.1 ¢ under inverted polar-
ity, a set of transients is obtained that allows for the determination of electron mobility
(Fig. 6.1 d, blue squares). The mobility values are very similar, 119 &+ 9 cm?/Vs for
holes and 130 + 6 cm?/Vs for electrons, suggesting comparatively balanced charge trans-
port. Reports of other groups performing mobility measurements on single crystals com-
prise values between 24 (ToF) and 164 cm?/Vs (space-charge limited current technique,
SCLC) [137] for holes and from 67 cm?/Vs (SCLC) [136] up to 115 cm?/Vs (TRMC) for

the sum of hole and electron [138]. In principle, the experimentally derived values from

50



6.3 Results and discussion

ToF are well within this range, nonetheless, a comparison between these values should
be treated with care since extrinsic factors such as contact material or the availability
of probed carriers (photoinduced or injected) might contribute strongly to the observed
experimental results. Furthermore, all available mobility techniques are sensitive on dif-
ferent length scales (microscopic vs. macroscopic) which renders direct comparison of the

values challenging.
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Fig. 6.1 Characterization of the millimeter-sized MAPI crystal via ToF. (a) Schematic
of the experimental configuration. The crystal is contacted via metallic wires which
are fixed on two parallel facets. (b) Representative current-time profiles for different
bias voltages applied to the crystal. The expected kink, typically expected for non-
dispersive transport (see Chap. 3), is smeared out indicating dispersive charge transport.
(c) Extracted transit times as a function of the reciprocal voltage value. The values
correlate linearly, whereas the slope of the fit function is used to calculate the mobilities
of holes and electrons.

To gain further information on extrinsic effects affecting the charge carrier mobility in
hybrid perovskites and the upper limit of reachable values, their experimental determin-
ation may be performed by using the identical technique (ToF) for films with different

grain sizes derived from several processing techniques. The respective mobilities extracted
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Tab. 6.1 Comparison of mobility values for MAPI films comprising differently
sized grains with millimeter-sized MAPI crystal.

Crystal size Fabrication protocol Charge carrier mobility

fast-crystallization deposition pn =6+ 1 cm?/Vs

pe =6 £ 1 cm?/Vs
Psum = 12 £ 2 cm?/Vs

~ 500 nm with DMF/DMSO & CB
(based on [42])
controlled solvent drying
~ 1 um with DMF

(adapted from [139])

pn =8 + 1 cm?/Vs
pe =9 £ 1 cm?/Vs
Msum = 17 £ 2 cm?/Vs

controlled solvent drying
> 3 um with DMF/DMSO
(adapted from [139])

pn =12 £ 1 cm?/Vs
pe = 13 £ 1 cm?/Vs
Psum = 25 + 2 cm?/Vs

controlled solvent drying
with DMF/THTO
(based on [140])

> 10 pm

pn =15+ 1 cm?/Vs
pe = 17 £ 1 cm?/Vs
Psum = 32 + 2 cm?/Vs

pnp =119 £ 9 cm?/Vs
pe = 130 £ 6 cm?/Vs
Psum = 249 + 15 cm? /Vs

inverse temp. crystallization
with GBL
(based on [136])

~ 2.4 mm

for a series of laterally contacted films with varying crystallite sizes are listed in Tab. 6.1
together with the values determined for the millimeter-sized MAPI crystal.

Clearly, the grain size correlates to the ToF-mobilities. The larger the crystals become
due to a modified and adapted fabrication protocol (see Fig.6.2 a-d), the higher is the
mobility for both holes and electrons probed on a micrometer scale. This can be assigned
to a subsequent reduction of grain boundary density and hence to a reduction of sites
where charges can potentially recombine. Furthermore, larger crystals tend to be more
defect-free which is also beneficial for charge transport [131]. The comparison of thin films
with the millimeter-sized crystal reveals that the highest mobilities can be achieved in the
latter, but on the other hand the shape of the transients does not indicate non-dispersive
transport which leads to the assumption that the herein investigated millimeter-sized crys-
tal might have a reduced number of material defects with respect to solution-processed
thin films with the same composition, but is most likely not entirely defect-free to be
denominated as single crystalline.

Besides extrinsic effects, intrinsic effects are said to be present as well in perovskites. These
effects could be responsible for the large mismatch between experimentally determined

and theoretically expected mobilities derived either from charge carrier diffusion lengths
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6.3 Results and discussion

Fig. 6.2 SEM top views of MAPI thin films comprising different crystal sizes and grain
boundary densities: (a) crystal size ~ 500 nm, (b) ~ 1 pm, (¢) > 3 um and (d) > 10 pum,
as indicated in Tab.6.1.

or from the comparison with the inorganic GaAs which exhibits a similar effective mass of
electrons m} and holes mj but a substantially different mobility of more than 1000 cm? /Vs

[141] which can be calculated from

p= (6.2)

where 7 is the momentum relaxation time.

Fundamental limitations to charge carrier mobility in MAPI could arise from higher
electron-phonon coupling since the momentum scattering times have to be smaller than
10 fs for mobilities below 100 cm?/Vs. The required momentum scattering time is hence
substantially shorter than the one observed in GaAs (several hundreds of fs) [131]. From
the Drude model, the temperature dependence of charge carrier mobility (power law
1 o< T—3/2), confirmed by several groups [54,55,59,109], might be described by deform-
ation potential scattering. Due to a large number of atoms per unit cell, many phonon
modes and dynamic disorder in MAPI, currently published experimental results suggest
rather polar scattering in terms of Frohlich interactions being the intrinsic limiting factor
of mobility [142]. With this model describing long-ranged electric fields generated by out-
of-phase atomic displacements as major contributor to electron-phonon coupling, the the-
oretically predicted charge carrier mobility (. = 133 cm?/Vs and ju;,= 94 cm?/Vs, 300 K)
and temperature trend fit the experimental results in single crystals quite well [143]. Con-
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6. The impact of grain size on charge carrier mobility in MAPI systems

sidering polar scattering, the discrepancy between the mobility in MAPI and the mobility
in GaAs can easily be understood, since the higher ionicity of the Pb-X bond, the low-
energy phonon modes and slightly larger effective masses of hole and electron directly
translate to a lower charge carrier mobility in hybrid perovskites [131,144]. A polaronic
description in terms of self-trapping of an electron in the ionic lattice generating the
electric field for Frohlich interactions has also been suggested as the origin for the mod-
est mobility values due to the associated increase in effective masses m} and mj [145].
The polaron-related temperature-activated hopping transport at high temperatures hasn’t
been observed though, so that experimental evidence of this model applied to MAPI is
still lacking [131, 144].

Generally, intrinsic limitations arising from whatever scattering processes could most likely
also be the reason for the apparent mismatch between limited mobility and high diffusion
constant and long carrier lifetime since diffusion is limited by other mechanisms than drift.
This might be a possible explanation for the violation of the Einstein relation D = ukgT/q
(see Chap.2) in metal halide perovskites [28,146].

6.4 Conclusion

In this chapter, the ToF-derived mobility of a millimeter-sized MAPI crystal has been
compared to the mobilities of different MAPI thin films, each one consisting of differently
sized grains. It could be observed that the large crystal reveals substantially larger elec-
tron and hole mobilities as compared to the values in the films, whereas the mobilities in
the latter are strongly affected by the grain size. This trend is most likely to a reduction of
grain boundaries that charge carriers have to overcome when moving across the material
and can be seen as extrinsic factor limiting mobility which could potentially be minimized
by adapting the fabrication technique. Intrinsic factors limiting the mobility on the other
hand are largely discussed in literature and are seen to be the origin of the mismatch
between the experimentally derived modest mobilities and the theoretically expected ones
in MAPI systems. Nonetheless, high charge carrier mobilities are not absolutely mandat-
ory for high-performance photovoltaic devices, but rather an adequate mobility that allows

extraction of photogenerated charges before losses due to recombination occur [147].
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7 Control of perovskite crystal growth by

methylammonium lead chloride templating

State-of-the-art solar cells based on methylammonium lead iodide (MAPbI3) now reach
efficiencies over 22%. This fast improvement was possible with intensive research in the
perovskite processing. In particular, chloride based precursors are known to have a pos-
itive influence on the crystallization of the perovskite. In this chapter, which is based
on the publication Control of perovskite crystal growth by methylammonium
lead chloride templating [116], a combination of in-situ X-ray diffraction and charge
transport measurements is used to understand the influence of chloride during the per-
ovskite crystallization in planar heterojunction solar cells.> MAPbCl3 crystallizes directly
after the deposition of the starting solution and acts as a template for the formation of
MAPDI3. Additionally, the charge carrier mobility doubles by extending the time frame
for the template formation. These results give a deeper understanding of the influence of
chloride in the synthesis of MAPbI3 and illustrate the importance of carefully controlling

crystallization for reproducible, high efficiency solar cells.

7.1 Motivation

With rising global energy demand and the decline of fossil fuels reserves, there is a great
need to develop renewable energy resources. Lately, solar cells based on organic-inorganic
trihalide perovskites, e.g. CH3NH3Pbl3, have emerged as a highly efficient and inexpens-
ive photovoltaic technology [40, 41, 148, 149]. Through optimization of the fabrication
processes [42,150,151], the annealing process [152,153] and the interfaces [111], perovskite
solar cells have already exceeded 22% power conversion efficiency (PCE) [10]. Recently,
several novel crystallization methods have been exploited to fabricate perovskite photo-
voltaic devices with high and reproducible performance [51,154]. In particular, previous
studies show that control of the macroscopic morphology and the crystalline domain size
has a strong influence on the resulting device performance [155-157]. Hence, understand-
ing the crystallization mechanism of the active layer is a crucial factor. In grain bound-
aries and defects, traps for the photoexcited species are located and recombination can
occur [158]. Thus, a good strategy to maximize device efficiency is the reduction of the
number of grain boundaries in the perovskite layer by tuning the deposition technique [52].
A common approach to improve the performance of perovskite solar cells is the use of a

chloride based precursor in the casting solution. In particular, lead chloride (PbCly) and

3 Solar cell fabrication and in-situ XRD analysis done by A. Binek.
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7. Control of perovskite crystal growth by methylammonium lead chloride templating

methylammonium iodide (MAI) mixtures lead to highly efficient devices when employed
in planar heterojunction solar cells [159]. This enhancement is generally attributed to the
formation of bigger crystal domains of the perovskite compared to other precursors and
the related reduction of grain boundaries and defects in the bulk material [157]. However,
the role of chloride during the crystallization process is still unclear, with many groups
reporting no or only small amounts of chloride in the final structure [44,160-162]. Thus,
understanding the crystallization mechanism, and therefore gaining additional handles to
tune the crystal morphology of these systems can open up new strategies to maximize the
device performance. In the following, the crystallization of the perovskite immediately
after deposition is investigated in order to understand and control the crystallization kin-
etics of the system. In-situ X-ray diffraction measurements show that initially MAPbCl;
crystallizes on the substrate, to be fully converted into MAPDI3 after a certain time under
heating. Furthermore, the positive influence of the slow evaporation of the solvent on the
crystal size, morphology and also on the charge carrier mobility in the perovskite layer is
shown. These results help to understand the influence of chloride during the crystallization

process of the perovskite and the origin of the improved performance of the system.

7.2 Materials and methods

The MAPDI3 samples were prepared according to the synthesis route of Eperon and co-
workers [152]. In short, a mixture of lead chloride (PbCly) and methylammonium iodide
(MALI) is dissolved at a ratio of 1:3, and is then spin-coated on a TiOg covered fluorine-
doped tin oxide (FTO) substrate. Afterwards, the sample was kept at room temperature
(RT) for different times to allow for the slow evaporation of the residual solvent, and then
heated up to different temperatures to complete the conversion to the MAPbDI3 crystal
phase. With this procedure, slow formation of the perovskite was enabled, leading to
uniform crystallites. Solar cell fabrication was done following the procedure described in
Chap. 3.

7.3 Results and discussion

To examine the influence of different evaporation times of the solvent at RT on the per-
ovskite morphology, cross-sections were prepared (Fig. 7.1). Short exposure times between
1 min and 20 min resulted in crystallites that are not uniform in size and shape, and a
large number of grain boundaries are visible. In contrast, the SEM images of samples with
a longer crystallization time show bigger and more uniform crystallites, and consequently
a reduction of grain boundary density. To substantiate the uniformity of the MAPDbI3
crystals, smooth cross sections showing high contrast were also prepared with a focused
ion beam (FIB). In the FIB cross-sections (Fig. 7.1 b) the noticeable difference between

fast and slow evaporation of the solvent is even more visible. The 5 min sample exhibits
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Fig. 7.1 Scanning electron micrographs of MAPI-based solar cells. (a) SEM images of
cross-sections of samples with different evaporation times at RT. (b) SEM images of FIB
cross-sections of a 5 min and a 40 min sample, respectively.

a rough surface due to non-uniform crystal formation. In comparison, the 40 min sample
shows a regular brick-like morphology of the perovskite on the substrate.

In order to further understand the crystallization and the influence of the different temper-
ature treatments during the synthesis, in-situ X-ray diffraction measurements (XRD) were
performed under a nitrogen atmosphere with freshly spin-coated samples. Additionally,
the effect of heating steps on the perovskite crystal structure was investigated; such steps
are often used to achieve highly efficient devices for a range of exposure times (Fig. 7.2).
In the first XRD pattern, after 5 min at RT, an intense reflection at around 16° 20 is
observed. Over time, an additional reflection at 14° 20 appears and slowly increases at
RT. The first reflection at higher angles (16° 20) is attributed to the (200) plane of the
MAPbDCI3 perovskite structure, while the second reflection (14° 20) is attributed to the
(002) plane of MAPbI3 (Fig. 7.2 d); no shift is present in either reflection, therefore ruling
out MAPbI3_,Cly mixed phases. The broad reflection between 11.2 and 12.6° 20 is likely
the result of the formation of Pbl,;_,) complexes, which arise as a result of employing
non-stoichiometric perovskite mixtures with an excess of the organic cation [163]. The
difference between both structures is not only the halide, but also the arrangement of
the PbXg octahedra. Heating to 90°C leads to a reversal of reflection intensity of both
perovskite structures, and thus conversion from one structure to the other. Thereby,
the intensity of MAPDbCIl3 is quickly decreased while the reflection of MAPbDI3 gains in
intensity. Furthermore, the second reflection of the iodide perovskite at around 28° 260
also increases during the heat treatment. In the following two temperature steps (Fig. 7.2

¢), the intensity of MAPDCl3 reflections is further decreased and the orientation of the
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Fig. 7.2 In-situ X-ray diffraction measurements with samples prepared according to the
PbCl; route. (a) shows XRD patterns for the RT step from 5 min to 60 min, (b) 90°C
step from 2 min to 120 min and (c¢) 100°C / 130°C at different times and after cooling
down the substrate. (d) Theoretical patterns of MAPbI3 and MAPbCl3 compared with
XRD pattern of the sample after 20 min at RT.

MAPDI;3 crystals is enhanced as the number of reflections is reduced and only symmetric
reflections arising from the c-axis remain. After cooling down to RT, only two reflections
are observed, indexed as (001) and (002) from MAPDI3, indicating that the crystals ex-
hibit a preferred orientation along the c-axis and therefore parallel to the substrate. From
a crystallographic point of view the samples are very similar, however, the cross-sections
show different morphologies. Crystallization of a material from a solution can occur by
cooling down the solution or through evaporation of the solvent [164]. In the case of
the one-step synthesis route for MAPDbI3, supersaturation is induced by evaporating the
solvent. This is achieved through spinning of the substrate, which then leads to the form-
ation of the nuclei. Afterwards, the crystallites grow due to the heating of the substrate.
The fact that chloride, which improves the crystal quality of the perovskite [103], is not
incorporated into the structure of MAPDbIs, indicates that its effect must take place during
the crystallization process.

The crystallization order of the two perovskite structures can be explained with the
Ostwald-Volmer rule, which states that the system with the lower density crystallizes
first [165]. Here, the density of MAPbCI3 [166] was estimated as 1.576 g/cm?®, while a
value of 4.119 g/cm® was obtained for the MAPbI3 [167] compound, and therefore the
chloride-containing material is expected to crystallize first, as observed experimentally. A

schematic of the proposed mechanism is shown in Fig. 7.3.
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7.3 Results and discussion

Fig. 7.3 Schematic mechanism of the crystallization of the MAPbI3 perovskite based
on the PbCly synthesis route in accordance with the Ostwald-Volmer rule.

Here, the sample is left at RT for the slow evaporation of the solvent, where MAPbHCl3
forms on the surface and acts as a template for MAPbI3. Additionally, some crystallites
of MAPbI3 emerged during the RT treatment as observed in the in-situ XRD. These can
then act as seeds for the formation of the MAPDbI3 layer while heating up the reaction.
Over time, the solvent as well as the excess of MA and chloride are evaporated and
highly oriented MAPbDI3 crystals are formed on the surface of the substrate with the
pre-set orientation from the MAPbCl3 template. With this crystallization mechanism,
the morphological differences in the SEM cross-sections can be explained with the time
required by the MAPDLCl3 template to form on the surface. A short time of 5 min at
RT appears to be insufficient to create an oriented and fully formed MAPbCIl3 template.
Therefore, in this case the deposition of MAPbI3 during the heat treatment leads to less
uniform and smaller crystals.

The difference between samples treated for 5 min and 40 min at room temperature was
further investigated by incorporating the resulting perovskite layers in a planar heterojunc-
tion photovoltaic device architecture with TiOo and spiro-OMeTAD serving as the charge
extraction contacts [168]. The current-voltage curves and the efficiency distributions of
the devices are displayed in Fig. 7.4 a and b, respectively. The film treated for 40 min at
RT exhibits enhanced PCE values in comparison to the film treated for 5 min at RT. This
difference can be attributed to the higher crystallinity and more uniform size distribution
of crystals within the film during the MAPDbCl3 template-assisted growth process, as illus-
trated by the in-situ XRD measurements depicted in Fig.7.2 a-d. In the SEM top-view
of both films it is observed that the domain sizes of the perovskite crystals are increased
while the surface density of pinholes is decreased for the film treated for 40 min at RT as
compared to the film treated for 5 min, leading to enhanced PCE and reduced hysteresis
of the device [157]. Additionally, the greater number of pinholes present in the film treated
for 5 min at RT also result in a small open circuit loss due to higher recombination losses,
similar to previous results in literature [152].

In order to investigate the relationship between crystal quality and transport dynamics in
these solar cells, time-of-flight (ToF) studies were carried out for the devices fabricated
from perovskite films treated for 5 and 40 min at room temperature. ToF is a well-

established method to extract the mobility of charge carriers in semiconductors and solar
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Fig. 7.4 Electrical characterization of MAPI-based solar cells. (a) J-V characteristics
of MAPbDI3-based solar cell devices prepared with 5 min and 40 min evaporation time at
RT. (b) Corresponding distribution of efficiencies from 200 solar cells. (c¢) Representative
ToF transient obtained upon pulsed laser excitation. The inset is a double logarithmic
zoom in of the region used to fit the data (see Chap. 3) to obtain the transit time #;,. (see
text). (d) Respective mobilities obtained by ToF measurements of both sample types.
Here it is observed that the incorporation of the material treated for 40 min at RT in
the solar cell leads to an increase of charge carrier mobility by a factor of 2.

cells. Based on the generation of charge carriers by short laser pulses and subsequent
drifting due to an applied bias, the resulting time-resolved photocurrent is used for the
determination of the corresponding mobility (see also Chap. 3) [78]. A representative ToF
transient is depicted in Fig. 7.4 c. From this transient, the transit time t;. is obtained.
The time resolution of the system is approximately 2 ns, allowing for the extraction of

thin film mobilities after weak excitation following the equation:

d2

= — 7.1
Ubias m ( )

W

Here, d is the active layer thickness and U the applied bias voltage. In the current device
structure, hole transport is predominantly measured, as most charges are generated in close

proximity to the electron collection layer (TiOg), while the holes must travel throughout
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7.4 Conclusion

the whole length of the film. Note that the resulting ToF transient characteristics in a thin
film device fabricated for supporting electron transport, for instance by using PEDOT:PSS
and PCBM, would lead to similar results, since electron and hole mobility in MAPT thin
films have been shown to be similar [56]. Further, the penetration depth of light in MAPI
thin films at 550 nm is 0.66 pm as measured by Park [96]. The resulting experimental
observations can be found in Fig. 7.4 d, whereas the experimental error is mainly caused
by the determination of the layer thickness. The slow evaporation of the solvent and the
associated formation of uniform and big crystals of the perovskite for the 40 min at RT
sample can be connected to the enhancement of the mobility of the charge carriers within
the photoactive layer as observed in the ToF measurements. The higher mobility in the
40 min at RT sample is also observable in the J/V characteristic since the series resistance
of the solar cell is lowered, which leads to a higher fill factor (FF). The series resistance
was estimated by fitting the ohmic regime of the J/V curve and yields 12.5 Qcm? for the
5 min and 8.2 Qcm? for the 40 min device. With this increased conductivity of the sample,
the charge extraction by the selective contacts is enhanced, resulting in higher device
efficiency. The results presented here show mobility values two orders of magnitude higher
than previous ToF studies on perovskite solar cells [169]. Note that the morphology of the
perovskite plays an important role for the mobility, as demonstrated here, and thus it can
be expected that the much smaller crystals and thus higher grain boundary density present
in the previous study account for the discrepancy. On the other hand, values obtained
from THz (8.1 cm?/Vs) [16] and microwave (6.2 cm?/Vs) [109] conductivity measurements
on the active perovskite layer only are up to three orders of magnitude higher than the
presented results that have been obtained for complete devices. These differences can be
attributed to the different transport processes and probing dimensions associated with THz
and microwave measurements, in comparison with the complete through-layer transport
probed with ToF methods. Moreover, as the ToF measurement probes the entire device,
there is as well an influence of the transport layer (spiro-OMeTAD) and the according

interfaces on the apparent mobility of the material.

7.4 Conclusion

In summary, the crystallization of MAPDbI3 based on a one-step approach with a chloride-
based precursor was studied. Based on in-situ XRD measurements, a crystallization mech-
anism for the synthesis procedure was proposed. Thereby, MAPbCl3 is assembled on the
substrate during the slow evaporation of the solvent, and over time some MAPDI3 crys-
tals are also formed. While heating up the substrate, MAPDbI3 grows at the expense
of MAPDCIl3, which leads to crystals oriented parallel to the substrate. Furthermore,
a slow evaporation of the solvent during the formation of the MAPbCl3 template influ-
ences the morphology, size and uniformity of the resulting MAPDbI3 crystals. Advanced
electro-optical characterization by time-of-flight studies in this chapter showed that the

charge carrier mobility is doubled for devices based on MAPbI3 that were fabricated with
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more controlled evaporation of the solvent at RT. This indicates that slow evaporation of
the solvent before the heat treatment benefits the solar cell efficiency through enhanced

conductivity and a corresponding increased device performance.
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8 Charge transport limitations in perovskite solar

cells: The effect of charge extraction layers

Understanding the charge transport characteristics and their limiting factors in organo-
lead halide perovskites is of great importance for the development of competitive and
economically advantageous photovoltaic systems derived from these materials. In this
chapter the charge carrier mobilities in CH3NH3PbI3 (MAPI) thin films obtained from a
one-step synthesis procedure and in planar n-i-p devices based on these films are examined.
By performing time-of-flight measurements, mobilities around 6 cm?/Vs for electrons and
holes are found in MAPI thin films, whereas in working solar cells the respective mobility
values are reduced by three orders of magnitude. From complementary experiments on
devices with varying thicknesses of electron and hole transport layers the charge extraction
layers and the associated interfaces rather than the perovskite material itself are identified
as the major limiting factors of the charge carrier transport time in working devices. The
here presented results are based on the publication Charge transport limitations in

perovskite solar cells: The effect of charge extraction layers [170].*

8.1 Motivation

Hybrid organometal halide perovskites, a class of materials revealing outstanding opto-
electronic properties including large absorption coefficients [96] and easily tunable band
gaps [97], have undergone a rapid development [11,96] toward particularly promising can-
didates for integration into photovoltaic devices [74,75]. Facile solution processing at low
temperature and the use of cheap and abundant precursor compounds [44,102] combined
with power conversion efficiencies surpassing 21% [48] make organic-inorganic perovskites
competitive with modern technologies, for example CIGS or silicon [10]. Among a variety
of possible material combinations and device architectures [154,171], the state-of-the-art
layout for planar n-i-p perovskite solar cells comprises the small organic molecule spiro-
OMeTAD as the hole transporter and compact TiOy as the hole blocking layer [92]. How-
ever, these charge extraction materials can introduce some challenging issues to the stacked
system. Spiro-OMeTAD for instance is known to be unstable and suffers from degradation
processes [172,173] whereas TiOy has been suggested to contribute to the hysteretic J-V
behavior [174,175]. Thus, the examination of the physical processes determining and lim-
iting the charge transport properties is essential to balance material suitability (in terms

of stability or production costs) and optoelectronic performance, both being key aspects

4 Thin film and solar cell preparation done by M. F. Aygiiler (group of Dr. Docampo).
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layers

on the way toward further development of high-efficiency solar cells.

In this work, a detailed study of the charge carrier mobilities, playing an important role on
charge carrier transport properties in devices in general, in both perovskite thin films and
stacked solar cells based on methylammonium lead triiodide (MAPI) is presented. From
time-of-flight (ToF) photocurrent measurements mobilities of approximately 6 cm?/Vs are
found for electrons and holes in MAPI films derived from a one-step deposition approach,
whereas device mobilities are decreased by three orders of magnitude. By tuning the
thickness of the hole as well as of the electron transporting material, it could be shown
the transport time of photoinduced charge carriers under a constant external bias does
not reflect the transport characteristics of the MAPI film but is mainly determined by the

charge selective layers.

8.2 Materials and methods

The synthesis procedure for methylammonium lead triiodide thin films is based on a
method recently published by Xiao et al. [42]. A solution containing Pbly (1.25 M, TCI
98%) and methylammonium iodide (1.25 M, Dyesol) in a 4:1 mixture of DMF and DMSO,
respectively, was spin-coated onto the substrate at 1000 rpm for 10 s followed by 5000 rpm
for 30 s. After 7 s of the second spinning step, 500 uL of anhydrous chlorobenzene (Sigma)
were added on top of the substrate. Finally, the substrate was annealed at 40 °C for 40 min
and 100 °C for 10 min. The obtained perovskite films revealed an average thickness of

350 nm, estimated via scanning electron microscopy cross-sections.

In-plane gold electrodes were fabricated using microstencil lithography techniques (see
Chap. 3). Prior to all subsequent optical lithography steps, glass sheets were cleaned with
a 2% Hellmanex solution and rinsed with deionized water. Afterwards the substrates were
sonicated for 5 min in acetone and later with 2-propanol and exposed to oxygen plasma for
10 min to ensure the removal of surface residues and subsequent adhesion of the metallic
contacts on glass. The structures were created via microstencil lithography by depositing
a 30 nm thick layer of gold through a microscale shadow mask via thermal evaporation
under vacuum (10~7 mbar). Finally, the coated glass sheets with inter-electrode distances
between 36 and 80 um were cleaned with 2-propanol.

Deposition of the perovskite thin films was done according to the fabrication protocol
mentioned above. Additionally, the films were coated with a thin layer of poly(methyl
methacrylate) (PMMA) by spincoating 50 mg/mL PMMA in anhydrous chlorobenzene in

order to avoid degradation through ambient moisture.

Photovoltaic device preparation (see also Chap.3) was carried out by successive depos-
ition of electron transport layer (TiOy), perovskite, hole transport layer (spiro-OMeTAD)
and gold front contact on top of FTO (fluorine doped tin oxide) coated glass substrates.
Fluorine doped tin oxide (FTO) coated glass substrates (7 2, Hartford Glass) were pat-
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Tab. 8.1 Preparation parameters for different TiOy thicknesses in perovskite-
based solar cells. The final thicknesses were determined via SEM micrographs.

Spin speed Number of Thickness of TiO, layer
[rpm] layers [nm)]
2000 1 70 + 14
2000 2 120 + 13
2000 3 150 £+ 14
3000 2 105 + 13
3000 3 130 £ 15

terned using zinc powder and 3 M HCIL. Then the sheets were successively cleaned with
deionized water, 2% Hellmanex solution, then once again with deionized water, acetone
and ethanol. Oxygen plasma treatment for 5 min before applying the blocking layer aided
in the removal of organic residues on the surface.

The substrates were then covered with a sol-gel derived TiOy layer by spincoating the pre-
cursor solution, annealing at 150 °C (10 min) and calcining at 500 °C (45 min) in air [92].
For the sol-gel approach a solution of hydrochloric acid in 2-propanol (typically 35 pL of
2 M HCl and 2.5 mL of isopropanol) was added dropwise to a solution of titanium isopro-
poxide in anhydrous 2-propanol (367.5 pL titanium isopropoxide in 2.5 mL of 2-propanol)
under vigorous stirring. Next, the solution was filtered with a 0.25 pm syringe filter and
the remaining clear TiOy solution was spin-coated onto the FTO substrates at 2000 rpm
for 45 s.

To obtain different thicknesses of the blocking layer, TiOy was spin-coated layer by layer.
After deposition of the TiOy solution at 2000 rpm or 3000 rpm for 45 s, the substrates
were annealed at 150 °C and the next layer was spin-coated using the same settings. This
procedure was repeated several times (see Tab.8.1) and the resulting thicknesses were
determined via SEM cross-sections.

After deposition of the hybrid perovskite film following the aforementioned synthesis pro-
cedure and a short cooling period to room temperature, a thin layer of spiro-OMeTAD
serving as hole transporting material was spincoated at different speeds to tune the layer
thickness (see Tab.8.2). For this purpose, a 100 mg/mL solution of spiro-OMeTAD in
anhydrous chlorobenzene was prepared and filtered. Oxidation of the material was per-
formed by adding 10 puL of 4-tert-butylpyridine (Sigma 96%) and 30 pL of a 170 mg/mL
lithium bistrifluoromethanesulfonimidate (Sigma 99.95%) solution in anhydrous acetoni-
trile (Sigma) to 1 mL of spiro-OMeTAD solution. The doped solution was then spin-coated
on the coated substrate, which was stored in a desiccator at approximately 25% relative

humidity to allow for oxidation of spiro-OMeTAD. Finally, 40 nm thick top gold electrodes
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Tab. 8.2 Preparation parameters for different spiro-OMeTAD thicknesses in
perovskite-based solar cells.

Spin speed Duration Thickness of spiro-OMeTAD
[rpm] [s] layer [nm]
500 40 740 + 12

2000 5
1000 40 420 £ 18
2000 5
1500 40 370 £ 10
2000 5
2000 45 300 £ 22
3000 45 260 £ 18
5000 45 170 £ 13

were deposited by thermal evaporation of gold under vacuum (> 5 - 1076 mbar).

8.3 Results and discussion

Pristine methylammonium lead triiodide (MAPI) films and thin MAPI absorber layers
incorporated in photovoltaic devices were derived from a previously published synthesis
protocol describing a fast deposition-crystallization procedure (FDC) [42]. Scanning elec-
tron micrographs of FDC-derived MAPI (Fig. 8.1 a) grown on FTO-coated glass substrates
confirm a high surface coverage of large crystals with few grain boundaries and without
pinholes, resulting in visually smooth films. The respective XRD pattern is shown in
Fig.8.1 b.

To identify the absorber material-related properties affecting the charge transport in
perovskite-based solar cell devices, first experiments focusing on charge carrier mobil-
ities in the pure CH3NH3PbI3 film were performed. For this purpose, the MAPI thin
film was deposited on top of laterally arranged metallic contacts with electrode spacings
d in the range of several micrometers as shown in Fig.8.1 c. To protect the moisture-
sensitive perovskite from degradation in air, the samples were top-coated with a thin layer
of poly(methyl methacrylate) (PMMA), thus permitting experiments under ambient con-
ditions. This architecture allows for photocurrent measurements at different charge carrier
travel distances through the film via the time-of-flight (ToF) measurement technique.

In brief, charge carriers are generated in the perovskite layer upon photoexcitation provided

by a pulsed laser. The created charge carriers are separated by an applied DC voltage and
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(a) (b) (c)

MAPI film | : F1o

Intensity (a.u.)
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Fig. 8.1 Schematic illustration of the employed sample layout and the experimental
setup. (a) SEM micrograph showing a top view of the investigated MAPI thin film.
The image shows a high substrate coverage of the perovskite containing large crystals
without the presence of pinholes. (b) XRD pattern of a MAPI film derived from the
fast-crystallization deposition technique and grown on a TiOx/FTO layer on glass. (c)
Schematic of the laterally contacted perovskite thin film with varying spacings d between
the electrodes. To prevent the film from degradation caused by moisture the MAPI
layer is capped with PMMA. Upon pulsed laser light, charge carriers are induced in the
absorber material and generate a photocurrent which allows for the observation of the
charge carrier transit time used to derive the charge carrier mobility.

start moving toward the corresponding electrode, thus creating a current which recorded
with an oscilloscope (see also description of the employed setup in Chap. 3). Because the
charge carriers are locally created near one electrode, the polarity of the applied voltage
determines whether the contribution of electrons or holes to the photocurrent extracted
at the opposite electrode is observed. Fig.8.2 a depicts the obtained time-resolved pho-
tocurrent traces for different electrode distances after pulsed excitation at 540 nm and
a pulse duration of 7 ns. Because ionic migration within the perovskite film is anticip-
ated and can affect the current flow, the DC field at 5 kV/cm was applied only during
the short measurement period of single seconds to mitigate this influence. Because the
observable influence of ion migration in electrical measurements, i.e. photocurrent transi-
ents, is known to occur in the timeframe of several minutes [66-68], ion migration is not
expected to affect the investigated system significantly.

The shapes of the j-t profiles seen in Fig. 8.2 a indicate dispersive transport which could
follow from a hopping behaviour of charge carriers (see Chap. 3). For this reason the ana-
lysis procedure introduced by Scher and Montroll [79] which has been applied to dispersive
transport in a number of different materials including amorphous silicon and organic ma-
terials [176], was employed. In general, dispersive transport is understood to result from
spatially varying hopping rates due to energetic heterogeneities caused by trapped space
charges. For perovskite systems, detailed studies by other groups have shown that trans-
port is based on a hopping mechanism at room temperature whereas it becomes band-like
at low temperature [55,109,177].

The aforementioned procedure determines two linear fit functions for the plateau and the
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Fig. 8.2 Extraction of the charge carrier mobility in the perovskite layer from photocur-
rent experiments in lateral configuration. (a) Time-resolved photocurrent transients for
three different electrode spacings obtained upon focused illumination close to one con-
tact under DC biasing at 5 kV/cm. The broadening of the ToF traces for increasing gap
sizes reflects larger transit times ;. of the charge carriers through the film. (b) Fitting
routine employed to extract t;.. The determination of the transit time follows a proced-
ure adapted from literature [79] and was performed via linear fit functions. For a higher
reproducibility, an automatic fit routine was programmed based on an iterative fitting of
linear function modeling [93]. After plotting the transient in a double logarithmic scale,
the used algorithm identifies two linear fit functions for the plateau and the decay. (c)
Extracted transit times for holes and electrons as a function of electrode spacing. ¢y,
scales linearly with the corresponding electrode distance, allowing for the determination
of the y and resulting in a value of 5.8 & 0.3 cm?/Vs for holes and 6.3 + 0.2 cm?/Vs for
electrons.

decay of the double logarithmic j-¢ profile whereas the transit time ty. is defined by the
point where they intersect (illustrated in Fig.8.2 b). To enhance the reproducibility of
the determination of 4., a fit routine was programmed based on the iterative modeling
of the slopes of pre- and post-transit linear functions close to the point of interest in the

transient. According to the expression

o d
Bty
with d being the inter-electrode distance and E being the applied electric field, the average

1 (8.1)

charge carrier mobility is obtained by linearly fitting the curve relating the transit time
with the electrode spacing (see Fig.8.2 ¢). The linear dependence of the transit time t;,
on the electrode spacing d is visible in Fig. 8.2 a and Fig. 8.2 ¢, reflecting the respective
distance the carriers need to travel to the distal electrode after being created by focused
laser excitation at the other electrode. As described by the model in Eqn. 8.1 the slope
of the linear regression allows for the determination of the charge carrier mobility in the
MAPI film and results in yip4py p+= 5.8 + 0.3 cm?/Vs and piprapy-= 6.3 + 0.2 cm?/ V.
The applicability of the mobility equation is confirmed by applying different bias voltages
for a fixed gap size.

In the literature different charge carrier mobilities have been reported for MAPI ranging
from 3 cm?/Vs to several tens of cm?/Vs [16,57-59] using contact-less measurement tech-
niques including time-resolved microwave conductivity (TRMC) and THz spectroscopy.
For contacted MAPI films on the other hand, FET and Hall mobility measurements

68



8.3 Results and discussion

spiro-OMeTAD

bgrm{skitq ]

—
(=2
S’
—
(3
S’

& 25 . . T T T 15 T T T T T T

5 20 L 1 14r 1

< 13

E 15 1 = | A ]

2 S pof et -

‘® 10F L N

c _ 170 nm O 1l .. ]

() 370 nm o N

S 5r—— 420mm 1ok ]

c —— 740 nm ]

qé 0 9L i

3 ‘ 4

O -5 s I . I . ! . 1 . A 8 . ! . 1 . 1 . 1 N 1 . ! s

00 02 04 06 08 10 12 100 200 300 400 500 600 700 800

Voltage (V) Thickness of HTL (nm)

Fig. 8.3 Characterization of the MAPI-based photovoltaic devices. (a) Cross-sectional
views of the stacks with varying layer thicknesses of the hole transporter spiro-OMeTAD.
The MAPI and TiOy thicknesses were kept constant at 360 nm and 70 nm, respectively.
MAPI residues visible on the spiro-OMeTAD layer are a result of cutting the sample
prior to the SEM measurement and are not induced by film growth. (b) J-V perform-
ance of working devices with different thicknesses of the hole transport layer (HTL)
under simulated AM 1.5G illumination. (c) Statistical analysis of corresponding power
conversion efficiencies from more than 120 individual photovoltaic devices. Best average
performance was observed for a spiro-OMeTAD layer thickness of 370 nm.

provide lower values between 0.5 and 8 cm?/Vs [60-62]. The charge carrier mobilities
obtained here for contacted films are well within the range of these values. In contrast
to the contact-less techniques mentioned above, which probe a rather local mobility, the
mobilities in lateral direction are probed over several micrometers where the influence of
grain boundaries and defects, i.e. potential trapping sites, becomes significant. To date,
none of the optimized solution-processing techniques available at present (see for example
refs. [42,44,67]) permit film thicknesses exceeding 300-500 nm, thus the thickness depend-
ence of the material cannot be studied in the vertical direction in a significant range.

To gain further insights into the transport processes of photoinduced charge carriers in
working solar cell devices, the studies were complemented by investigating thin film stacks
incorporating the previously analyzed organolead halide perovskite material. With the
MAPI film being sandwiched between spiro-OMeTAD and TiOy as the hole and the elec-
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tron transport layers, respectively, and contact layers (gold and FTO), the illumination of
the perovskite occurs from the transparent FTO side.

In the following experiments the effects of the charge extraction layers on the transit
time of charge carriers were investigated for constant thickness of the absorber material
whereas varying the thickness of the charge extraction layer. Cross-sectional SEM images
of photovoltaic devices confirm the successful tuning of the thickness of the hole transport
layer (HTL) spiro-OMeTAD (see Fig. 8.3 a) ranging from 170 to 740 nm at constant TiOx
and MAPIT thickness (70 and 360 nm, respectively). Note that the MAPI residues visible
on the HTM layer (see for example second cross-section in Fig. 8.3 a) result from cutting
the solar cell shortly before performing the SEM measurement. These residues attach to
the cross-section and are not induced by a non-uniform deposition of the organic spiro-
OMeTAD layer on the absorber material which could occur if the MAPI surface would be
rough. Moreover, the MAPI film thickness seen in the SEM cross-sections corresponds to
the typical values deduced using AFM or profilometers [178,179].

J-V analysis (Fig. 8.3 b) of this type of cells under simulated AM 1.5G illumination con-
firms proper operation characteristics with typical deviations of + 2%. Furthermore, PCE
statistics from more than a total of 120 solar cells indicate that the conversion of incident
light to current reaches the best average performance value of 12.8 + 1.14% for a HTL
thickness of 370 nm (see Fig. 8.3 ¢). Comparable results have been obtained in a similar
HTM study performed by Marinova et al. [180] where the authors observe the best J-V
performance for a spiro-OMeTAD thickness between 200 and 400 nm.

Equivalent measurements on photovoltaic devices with varying thicknesses of the electron
transport layer (ETL) TiOy as well as the corresponding cross-sections of the samples and
additional EQE data (highlighting that there is no significant contribution of the spiro-
OMeTAD layer to the overall photocurrent) can be found elsewhere [170]. Moreover,
additional J-V performance measurements at different pre-bias conditions and scanning
rates (see [170]) were performed to ensure the high quality of the perovskite films studied
in this work and to illustrate the influence of the choice of the parameter set on the hys-
teresis behaviour. However, in the following ToF experiments it is not expected that the
observed hysteresis has a significant influence on the mobility because of a very limited
time frame of the electric field applied to the devices. Subsequently, photocurrent meas-
urements were conducted on the stacked devices with varying thickness of hole or electron
transport layer. For this purpose, the samples were illuminated from the transparent FTO
side using an aperture mask with an active area of approximately 3x3 mm?, identical with
the illuminated area in the cell performance experiments. Fig. 8.4 a illustrates the j-t pro-
files for the stacked devices with different spiro-OMeTAD layer thicknesses. The transit
time was extracted by employing the same fitting routine which was used for the transients
in the lateral configuration. To verify the applicability of Eqn. 8.1 to the obtained data,
the transit times at different applied bias voltages were plotted as shown in Fig.8.4 b.
Note that the hole transporter is not expected to substantially screen the electric field.
Here, the oxidation of spiro-OMeTAD through the addition of LiTFSI, typically referred
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to as "Li-doping", does not generate free carriers. Instead, the increased conductivity and
mobility in spiro are attributed to the smoothing of the potential landscape which en-
hances the probability of inter-molecular charge transfer [181].

From the slope of the linear regression relating t; and Upes (values corrected for a fixed
built-in voltage of 0.022 V as determined in ref. [182]) in Fig.8.4 b a mobility of u =
(6.2 £ 0.4)-1072 cm?/Vs (assuming d = dg7r + dyprapr + dyrr) is derived.
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Fig. 8.4 Photocurrent transients obtained for complete perovskite-based solar cell
devices. (a) Representative transients of photovoltaic devices (as shown in Fig.8.3 a)
with varying thicknesses of the HTL spiro-OMeTAD on top of the photoactive MAPI
layer. (b) Extracted transit times as a function of reciprocal applied DC voltage for a
defined thickness of the spiro compound. The transit time follows a linear dependence
on U™! (see Eqn.8.1). (c) Transit times determined from the transients shown in (a)
versus corresponding spiro-OMeTAD thickness. When increasing the layer thickness of
the HTL the transit time is extended. (d) Effect of ETL (TiOx thickness on the transit
of charge carriers across the stack. Similar to the results shown in (c), the electron ex-
traction layer affects the transport speed of charge carriers. The MAPI layer thicknesses
in (c¢) and (d) were kept constant at 350 nm.
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Several time-of-flight experiments on perovskite-based solar cells have already been per-
formed resulting in a variety of obtained values for charge carrier mobilities, ranging from
4.6:107° and 5.4-10~* cm?/Vs [169,177] to 0.06 and 1.4 cm?/Vs [182]. This variety can
most probably be assigned to different employed sample architectures as it is the case
in refs. [177] and [169] where inverted solar cell devices were investigated with differ-
ent charge extraction materials (PEDOT:PSS and PCBM) . Furthermore, the fabrication
procedure for these absorber layers is based on either a two-step process [169,177], which
results in smaller crystallites and affects the charge transport processes, or a one-step
process employing different synthesis conditions such as varying anti-solvent or annealing
conditions [182]. The evaporation of differing metallic contacts (Al [169,177] or Ag [182]
compared to Au in this study) may also contribute to these varying mobility values as well
as the definition of d. In some reports, d was taken as the thickness of the active absorber
layer only whereas in the present analysis transport through all layers up to the contact
was considered which consequently results in an increase in the respective charge carrier
mobility by about a factor of 4.6.

As seen in Fig. 8.4 the transport of charge carriers is substantially influenced by the thick-
ness of the HTL, which is reflected in larger t4. values starting from 0.82 up to 1.51 us for
increased travel distances, ranging from 170 to 740 nm (Fig. 8.4 ¢). Additional ToF exper-
iments on devices without a HTL and devices incorporating a very thin layer of MAPI are
showing virtually identical transients and underlining that the transit time in devices is
almost entirely dominated by the thickness of spiro-OMeTAD, respectively, are depicted
in Fig. 8.5.

A similar effect is observed for increasing ETL thickness (Fig.8.4 d), where the transit
time increases from 0.87 to 1.05 us with thicknesses ranging from 70 to 150 nm. Note
that the growth of the ETL on the rather rough FTO surface consequently leads to some
variations in the thickness (see reference [170]), resulting in large error bars in the chart.
Furthermore, the chemical fabrication process employed for the samples in these spe-
cific experiments does not allow the creation of uniform films below a certain thickness
of approximately 60-70 nm, thus the present measurements include samples with ETL
thickness exclusively above the minimal obtainable thickness. On the other hand, the
minimum thickness of the spiro-OMeTAD layer is limited by the formation of pinholes to
about 170 nm at which a reduction of the PCE is observed.

For the HTL and the ETL similar slopes of 1.22 + 0.07 and 2.43 4+ 0.36 nm/ns, respect-
ively, were found. Additionally, the calculated mobility values as a function of HTL and
ETL thickness are consistent, assuming d as the sum of the thicknesses of all layers, and
show only minor variations (as shown in [170]).

Based on the charge carrier mobility values obtained from the experiments on laterally
contacted MAPI, the average drift velocity v, of holes through the absorber layer is cal-

culated according to the expression

Vg = pimarin - B (8.2)

72



8.3 Results and discussion

and results in 290 nm/ns. With the thickness of MAPI (approximately 360 nm) in the full
solar cell device, the contribution of the perovskite absorber layer to the overall transit
time of the device can be estimated to be ~1 ns. This number represents an upper limit
because it can be expected that in the vertical solar cell architecture the charges will have
to pass a smaller number of grain boundaries than in the lateral measurements presented
in Fig.8.2. Clearly, the estimated transit time is much smaller than the effective transit
times observed for the HTL and the ETL.
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Fig. 8.5 ToF results for two extreme cases of solar cell devices. (a) Photocurrent curves
obtained for a device without the HTL spiro-OMeTAD and the respective transit times.
The transients are virtually identical since the transport time for a 350 nm thick layer
of MAPI is below 1 ns which is below the temporal resolution limit of the employed
oscilloscope. (b) j-t profiles for a device with a very thin MAPI layer (approx. 100 nm)
and 370 nm of spiro-OMeTAD and corresponding transit times, showing nearly the same
transit time of about 0.95 us at 2 V when incorporating a full-sized MAPT layer of 350 nm
as shown in Fig. 8.2 c. This underlines that the transit time in a device in almost entirely
determined by the thickness of the spiro layer.

From the observations in the ToF experiments performed on the devices, it is suggested

that the effective charge carrier transit times in perovskite solar cells are mainly affected
by the thickness of spiro-OMeTAD and to a lesser extent by the thinner TiOy layer. This
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also leads to a reduction of the PCE for thicker layers and to pinholes and shunting for
thinner spiro-OMeTAD layers, resulting in an optimum thickness of around 370 nm. Fur-
thermore, the derived mobility values in the devices match the hole mobilities in oxidized
spiro-OMeTAD thin films well (p, = 4.6-107% - 1.6:1073 cm?/Vs [181,183]) and further
indicate that the hole transporter determines the transit times in the investigated stacked
perovskite-based solar cells. Consequently, the measurements on the contacted film es-
tablish that the absorber layer and its properties could be excluded from affecting the
transport of photogenerated charges in working devices. This highlights that rather the
thickness of the extraction layers, in particular of the HTL, is a major limiting factor
for charge transport. Recently published investigations already demonstrate different ap-
proaches to replace the commonly employed material spiro-OMeTAD by other organic or
inorganic hole transporters such as EDOT-OMeTPA [184] or graphene [185] and TiOy by
tin dioxide [186].

8.4 Conclusion

In this study, the mobilities of light-induced charge carriers in both individually con-
tacted MAPI thin films and photovoltaic stacks based on this type of hybrid perovskite
were investigated. Employing the time-of-flight photocurrent technique, charge carrier
mobilities of 5.8 + 0.3 cm?/Vs for holes and 6.3 & 0.2 cm?/Vs for electrons in individual
perovskite films in lateral dimensions were observed. Compared to the mobilities determ-
ined for the n-i-p architecture consisting of FTO/TiOy/MAPI/spiro-OMeTAD/Au and
resulting in values decreased by three orders of magnitude, the photoactive perovskite
layer can clearly be excluded from being a charge transport limiting factor in the device.
Complementary ToF experiments on solar cells with varying spiro-OMeTAD thickness
demonstrate a significant increase of the transit time of charge carriers through the device
stack with increasing extraction layer thicknesses. By tuning the TiOy thickness, a similar
effect on the transit times is observed. From this it is concluded that mainly the thickness
of spiro-OMeTAD contributes substantially to the transit time and to the mobility in the
stacked system. Hence, the hole transport layer represents a major transport limiting
factor in the working device that should be considered in efforts aimed at further device

and interface engineering.
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9.1 Summary

Organic-inorganic metal halide perovskites have developed into promising candidates for
next-generation solar cell technologies and other optoelectronic applications within less
than a decade of research activities in this field. In this thesis the opto-electronic and
optical properties of the archetypical hybrid perovskite compound methylammonium lead
triiodide (MAPI), derived from different synthesis protocols, are investigated to provide
new insights into their charge transport properties. Detailed knowledge and proper un-
derstanding of the charge carrier dynamics in neat perovskite films as well as in stacked
thin film devices based on these materials is a key factor for rational design and further
improvement of the material for future applications, in particular for photovoltaics, but
also for light-emitting devices, transistors or lasers.

In Chap.4, pure MAPI films following a two-step sequential deposition crystallization
technique, in which initially a Pbl, layer is deposited on the substrate followed by per-
ovskite film formation due to immersion into a methylammonium iodide solution, are
compared to films that are additionally treated with a chloride-containing precursor salt
during the second step. Although both films are very similar with respect to morpho-
logy and composition, showing crystal sizes around 250 nm and indicating that the same
crystal structure is formed without incorporation of any chloride anion into the final film
structure, substantial differences are observed regarding charge carrier transport and solar
cell performance. By combining time-of-flight (ToF) charge carrier mobility measurements
with time-resolved photoluminescence measurements, an increase of charge carrier mobil-
ities from 1.6 to 2.2 cm?/Vs in chloride-treated films is observed, whereas PL intensity
averaged lifetimes in steady-state conditions alter from 70 to 100 ns. Furthermore, power
conversion efficiencies are boosted from 5.3 to 10.3% on average when incorporated in lab-
scale thin film photovoltaic devices. Deduced from in-situ PL measurements monitoring
the change of charge carrier lifetimes during film formation upon pulsed laser excitation,
this effect can be attributed to a retarded crystallization during film growth triggered by
the presence of chloride anions which results in fewer defects and quenching sites in the
crystals.

Chap.5 compares MAPI films derived from the two-step synthesis protocol with films
obtained from a one-step fast-crystallization approach. Contrary to the sequential depos-
ition, in the one-step protocol the final perovskite solution is coated onto the substrate
while homogeneous film formation is assisted by the addition of an antisolvent such as

chlorobenzene and results in larger grain sizes within the film. The implications of both
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techniques on the transport properties in lateral dimensions are investigated via spatio-
temporal photoluminescence and time-resolved photocurrent experiments. Films that are
prepared following the fast-crystallization route reveal shorter intensity averaged photolu-
minescence lifetimes of 16 ns compared to 38 ns in two-step MAPI and a 3-4 times higher
diffusion constant of 30 cm?/s which is most likely affected by radiative transport. Also,
an enhancement of charge carrier mobilities from 1.6 to 2.6 cm?/Vs and power conversion
efficiencies (PCE) from 7.8 to 12.4% on average in solar cell devices when comparing SDC
to FDC films is observed. The improved charge carrier mobility and PCE can be attrib-
uted to a reduced density of grain boundaries in FDC films.

Chap. 6 describes the experimental analysis of charge carrier mobilities in a millimeter-
sized MAPI crystal by using the time-of-flight technique. Photogenerated charges in this
particular system show hole mobilities of 119 cm?/Vs and electron mobilities of 130 cm?/Vs
which is 10 to 100 times larger compared to the values observed for thin MAPI films with
differing grain sizes investigated by the same technique in lateral direction on a micrometer
scale. MAPI thin film mobilities are strongly affected by the grain size which is accompan-
ied by a corresponding density of boundaries representing potential recombination sites
and energy barriers and hence an extrinsic factor limiting charge transport. Extrinsic
factors can be minimized by the use of suitable conditions such as temperature or type of
solvent during film fabrication as demonstrated within this section where mobilities up to
32 ¢cm?/Vs (sum of hole and electron mobility) are found.

In Chap.7 the crystallization of methylammonium lead triiodide derived from a one-step
approach with a chloride-based precursor and the effect of controlled solvent evaporation
on the optoelectronic properties in the respective devices is studied. By monitoring the
crystal growth with in-situ X-ray diffraction measurements, a crystallization mechanism is
identified where methylammonium lead chloride is formed on the substrate while heating
of the substrate leads to the growth of oriented methylammonium lead triiodide grains at
the expense of the template material. Slow evaporation of the solvent is highly beneficial
for the morphology of the derived films which directly results in improved charge carrier
mobilities by a factor of two (provided that the stacking sequence and the respective layer
thicknesses are identical for the compared systems), enhanced conductivity in the solar
cell devices and increased power conversion efficiencies.

Chap. 8 sheds light on the impact of charge extraction layers on the transport of pho-
toinduced carriers in perovskite-based solar cells. Time-of-flight experiments on a later-
ally contacted individual MAPI film highlight balanced charge carrier mobilities around
6 cm?/Vs for both holes and electrons which represent remarkably high values given the
fact that the investigated thin film system is derived from solution processing. When
applying the same measurement technique in vertical direction to lab-scale photovoltaic
devices based on the same perovskite material being sandwiched between hole and electron
extraction layers (spiro-OMeTAD/Au and TiO/FTO, respectively), the resulting values
decrease by 3-4 orders of magnitude, indicating that the absorber material is unlikely to

limit charge transport in the device. By varying the thickness of the hole transport layer,
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the experimentally determined transit times of charge carriers through the stack increase
with increasing thickness, suggesting the hole transport layer as a major transport limiting
factor in the device and demonstrating the need of further engineering of the device and

the respective interfaces to ensure efficient charge transport in the working solar cell.

9.2 Outlook

Based on the insights gained in this thesis, further experiments should be carried out fo-
cusing on the examination of the composition and the size of the grain boundaries in per-
ovskite thin films. The results could potentially shed light on the charge transfer processes
between individual perovskite crystals in the film. This knowledge might be beneficial for
an improved understanding of charge transport mechanisms in lateral dimensions and
could potentially contribute to an overall model describing the charge carrier dynamics
in perovskite thin film systems. Furthermore, temperature-dependent lateral ToF studies
on perovskite thin films are expected to provide additional information on the nature of
the charge transport and the trap densities as well as the effect of the transition from
the tetragonal to the orthorhombic phase on these parameters. Also, low-temperature
experiments could reveal more details on the origin of the modest charge carrier mobility

values observed at room temperature which are speculated to arise from intrinsic effects.
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