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1. Introduction

The Need for Renewable Energy Sources

There is conclusive evidence that the increase in the Earth’s temperature and the fast
disappearance of snow and ice over the past decades are largely caused by the human
influence on the greenhouse effect, which describes the atmosphere’s ability to trap
the emitted radiation from the planet’s surface. The industrial revolution in combina-
tion with the population growth caused a dramatic rise of greenhouse gases like carbon
dioxide (CO,), methane (CH4) and nitrous oxide (N,O) over the last centuries. For ex-
ample, the CO, concentration in the atmosphere has increased by more than 40 % from
280 ppm to 400 ppm since 1850.!!! These gases absorb energy in the infrared range
of the electromagnetic spectrum and therefore have a huge impact on the observed
global warming by intensifying the greenhouse effect. To counteract this process and
limit the anthropogenic temperature increase to a maximum of 2 °C on average above
pre-industrial levels, 197 nations negotiated an arrangement at the United Nations Cli-
mate Change Conference 2015.?! To this date, more than 180 parties have already rat-
ified to the so-called Paris Agreement.'®! To reach the goal of a maximum temperature
increase of 2 °C, net zero CO, emissions until 2060 to 2070 are required. ¥ It has been
even suggested that the mean average should be limited to a lower value of 1.5 °C in or-
der to reduce the climate-related risks for nature and mankind. ® Calculations revealed
that the existing energy infrastructure will exceed the remaining carbon budget for the
1.5 °C target if operated as historically. More than half of these emissions originate
from fossil fuel-burning power plants, ®! which illustrates that the expansion of power
plants based on renewable and environmental friendly energy sources will be of cen-
tral importance for the civilization in the coming decades. Many nations are already
focusing on increasing the contribution of renewable energy sources to power gener-
ation. In 2018, almost 35 % of the total power generation in Germany was produced
by renewable energy sources. Out of these renewables, photovoltaic (PV) installations
are among the largest clean energy sources with a market share of 20.5 %."! PV sys-
tems have great advantages over other energy sources such as direct access to sunlight
over the entire Earth. The utilization of sunlight would easily cover the world’s energy

demand, which explains the intensified research on solar cells in recent decades.
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Generations of Photovoltaic Devices

Today, the PV market is almost exclusively dominated by silicon (Si) as a photoac-
tive layer. Solar cells of this type can be manufactured from silicon of different de-
grees of crystallinity. Under laboratory conditions, monocrystalline devices can reach
power conversion efficiencies (PCEs) up to 26.3 %, ! while polycrystalline silicon has
a slightly lower record PCE of 21.9 % %! due to losses at grain boundaries. Despite the
lower efficiency, the majority of installed PV systems are polycrystalline. '%! As a conse-
quence of long research activities and improved economies of scale, the dominance of
Si-based solar systems can be explained by the rapid decline in prices over the previous
decades. !

Nevertheless, research is also focused on other material systems and technologies as
illustrated in Figure 1.1. While crystalline silicon solar cells belong to the 1% generation
of PVs, the 2" generation can be described as a thin-film technology since the active
layer thickness of these devices is reduced from hundreds to a few micrometers. Well-
known representatives of this generation include cadmium telluride (CdTe), gallium
arsenide (GaAs) and copper indium gallium (di)selenide (CIGS). Although GaAs cells
are expensive which is one of the main reasons why they are not widely used, they cur-
rently hold the world record in efficiency for a single-junction solar cell at 29.1 %. 11!
Latest solar cell concepts are partially based on even thinner active layers in the range
of a few hundred nanometers composed of organic or hybrid organic-inorganic mate-

rials. These devices are referred to as 3"

generation solar cells. The pioneers of this
generation were the so-called dye-sensitized solar cells (DSSCs) and organic photo-
voltaics (OPVs). The former were introduced in 1991 by O’Regan and Graetzel by com-
bining titanium dioxide (TiO») with a charge-transfer dye to sensitize the light harvest-
ing layer.'?! Although research on organic semiconductors has been going on for many
years, a major breakthrough for OPVs was the combination of two organic films leading
to an acceptor-donor interface which paved the way to efficient organic solar cells. 3!
Over the past decades, fullerenes and their derivates have been predominantly used
as electron acceptor materials for organic solar cells. Very recently, fullerene-free ac-
ceptors with higher absorption coefficients have been proposed to increase the device
performance.1*1% With these newly synthesized acceptor materials, state-of-the-art
OPVs can reach efficiencies of more than 15 %. 6!

Another technology that is part of the 3™ generation of PVs are perovskite solar cells.
Since the first use of a perovskite absorber in 2009, (17 solar cell research was domi-
nated by this class of semiconductors. Starting with a PCE of 3.8 % in a DSSC config-
uration, the efficiency quickly climbed to 10 % in the following years when the liquid

electrolyte was replaced by a solid-state transport layer. 19 Further improvements in
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Figure 1.1.: Three generations of existing PV technologies.

material composition, the introduction of new device configurations with novel trans-
port/interface layers and optimizations in the film formation led to a current record
PCE of 25.2 %.[2! Within only ten years of intensive research, the efficiency of these
devices has improved faster than ever before in the history of PVs. Despite the great
attention paid to this technology, there are still many unsolved problems. The solar
cells still suffer from a deficiency in long-term stability and also the use of toxic mate-
rials should be minimized. More importantly, the understanding of the basic physical
properties and working principles of these devices is still largely missing and prevents
further rise in efficiency. As a recent study emphasized, the greatest potential for fur-

s. 21 How-

ther PCE improvements is to minimize charge carrier recombination losse
ever, carrier dynamics are — so far — mostly studied on pure films, whereas very little is
known about recombination processes in fully operational devices as it is not straight-
forward to address this fundamental topic. This can be explained by the fact that solar
cells are complicated devices composed of a multitude of different layers complicating

the application and interpretation of the experimental methods.

QOutline of the Thesis

The aim of this thesis is to contribute to a better understanding of recombination losses
in fully working perovskite solar cells and the experimental techniques which are ap-
plied to determine these losses. Chapter 2 focuses on introducing the class of lead
halide perovskite semiconductors and their application in PV devices. Chapter 3 ad-
dresses the main charge carrier recombination mechanisms and provides physical back-
ground for the interpretation of the herein performed measurements. The experimen-
tal background on the preparation of perovskite solar cells, the used materials and the

measurement methods are summarized in Chapter 4. The main experimental results
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are then divided into four individual and separate studies. Chapter 5 sheds a light on
the experimental techniques and provides new insights for the interpretation of the re-
sults obtained by these methods. Based on these findings, recombination dynamics
under operating conditions are identified in perovskite solar cells in Chapter 6 by vary-
ing the absorber thickness. With the aim of reducing charge carrier losses, Chapter 7
investigates the impact of post-annealing on the performance and the recombination
kinetics in vacuum deposited PV devices. Chapter 8 provides a detailed analysis on
the commonly applied method of masking the active area during characterization of

perovskite solar cells.



2. Hybrid Halide Perovskites for
Photovoltaic Applications

This chapter provides a detailed overview on the material class of hybrid metal halide
perovskites and their application as photoactive materials in solar cells. First, a short
insight into the crystal structure is given and the precursor materials for perovskite
synthesis are discussed. Afterwards the optoelectronic properties are described, which
underline the suitability for PV applications. Finally, solar cells based on metal halide
perovskites will be discussed in more detail including the device layout and current-

voltage characterization.

2.1. Crystal Structure

The term 'perovskite’ originally derives from the mineral calcium titanium oxide (CaTiO3)
discovered by the Prussian mineralogist Gustav Rose in 1839 in the Ural Mountains and

named in honor of Lev A. Perowski. 22

I Today’s perovskites, which are implemented
in solar cells have very little in common with that mineral except for their ABX3 crys-
tal stoichiometry. In case of photoactive absorbers, A is usually a large cation, B is a
smaller metallic cation and X is an halogen anion. These metal halide perovskites were
first described in 1893, %3 long before the solar cell was invented. As shown in Figure
2.1, the inorganic BX3 sublattice is arranged in an octahedron and stabilized by the
A-site cation which has to be small enough to fit in the interstices. During the inten-
sive research over the last years, many different ion combinations have been identified
for the use in optoelectronic applications. In most cases, lead or tin represent the B
cation in the oxidation state +2 (Pb?* or Sn?") at the body-center of a unit cell, while
the face-centered X positions are halides such as I", Br~ or CI”~ which are arranged
in an octahedron. Organic molecules like methylammonium (CH3NH3*, abbreviated
with MA*) and formamidinium (CHsN,"*, abbreviated with FA*) and inorganic atoms
like Cs™ can be located at the corner positions. The most popular compound, studied
also in the first publication of a perovskite solar cell, is methylammonium lead iodide

(MAPbI3) which crystallizes in a tetragonal symmetry at room temperature where two
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Figure 2.1.: Schematic illustration of the ABX3 perovskite crystal structure. Inorganic BXs
octahedra form a 3D lattice with the empty spaces being filled by the larger A cation.
Widely used components for the preparation of PV devices are also listed, whereby
the most frequently studied combination is MAPbI3. In addition to the tempera-
ture, the choice of the materials determines the symmetry in which the perovskite is
formed.
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lattice constants a and b are of the same value and smaller than the third lattice con-
stantc (a=b=8.86A < ¢ = 12.66 A). %Y I MAPDI; is heated to over about 327 K degrees,
a cubic crystal structure (a = b = ¢ =6.33 A) is formed, while an orthorhombic crystal
is present for temperatures below about 161 K (@ = 8.86 A, b = 8.58 A, ¢ = 12.62 A). 12529
While the cubic structure has the highest symmetry, both tetragonal and orthorhom-
bic phases are formed by tilting the Pblg?~ octahedron around the c-axis resulting in a
reduced symmetry.

In general, the crystal structure is not only a function of temperature but is strongly
influenced by the radii of the individual ions. To predict the structure, distortion and
stability of the crystal, the tolerance factor ¢

= —ATTX 2.1)

V2(rp+rx)

was proposed by Goldschmidt in the 1920s, where r4, rg and rx are the radii of the A,
B and X ions, respectively.®” Most perovskites are characterized by a ¢ value rang-
ing from 0.7 to 1.1. To form a cubic crystal phase, t must be in the range of 0.9 -
1.0, while it takes lower values in the case of less symmetric lattice structures. *!! With
r4 = 0.180 nm for the MA™ cation, 75 = 0.132 nm for the Pb?* cation and rx = 0.206 nm
for the I” anion, ¢ can be calculated to be 0.81 for MAPDIj3 in line with the tetragonal
crystal phase at room temperature. ?”! It is reported, that the tolerance factor is not

sufficient enough to make reliable statements if a stable perovskite can be formed. 3%
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Since the BXg octahedron defines the basic unit for the perovskite structure, the octa-
hedral factor u

I'B

p= (2.2)

rx
was introduced as an additional criterion. 3 It usually takes values in the range of
0.44 < 1 <0.89 and reliably predicts, in combination with ¢, the formation of a per-
ovskite lattice. If y is smaller than 0.44, no BXs octahedron and consequently no per-
ovskite structure can be formed. For MAPbI3, u = 0.54 which verifies the stability of the
compound.

Both the tolerance factor and the octahedral factor developed to widely used quan-
tities in the material screening of new ions for the synthesis of light-absorbing per-
ovskites. The successful story was triggered by the combination of different ions, such
as the mixing of iodide and bromide in MAPb(I; _Br,)3.'** In addition to the exchange
of halides, many researchers tried to find new A-site cations as well. A major break-
through was the alloying of MA* and FA™ cations in (FAPbI3);_(MAPDbBr3) stochiome-
tries leading to the first reported efficiencies of around 20 %. 537! This material com-
position turned out to be also beneficial for the long-term stability, since it is reported
for pure FAPbI3 that two polymorphs with quite different material characteristics exist
atroom temperature: a black perovskite material and a yellow non-perovskite counter-
part. 38 A reduction of the undesirable yellow phase impurities was enabled by the the
introduction of Cs* into mixed cation/mixed halide perovskites. >4 Scientists have
exploited the diversity of the periodic table even further and used additional elements
in the synthesis such as the alkali metal ions Rb* or K*. These ions are expected to be
too small to form a stable perovskite crystal lattice if they are the only A-site cations
in the system. Nevertheless, they can be incorporated into so-called quadruple cation
perovskites which also include MA*, FA* and Cs*.[412l However, NMR studies sug-
gest that only cesium may be integrated into the lattice, while the other smaller cations
are not part of the crystalline framework. 3! With the aim of increasing the stability
also larger organic cations like guanidinium (CHgN3*) were added to MAPbI;.!*4 As
the only A-site cation in the perovskite, they would yield a tolerance factor above 1 and
the formation of a two-dimensional crystal lattice for which reason they can only be
used in mixed perovskites. There are also great efforts to replace lead with less toxic
or even non-toxic metals like tin or bismuth, but these have not been successful yet as

45461 A5 a consequence of the compositional en-

the efficiencies are not yet adequate. !
gineering during the last years, multi-cation perovskites comprising different halides

are among the most stable and efficient perovskite solar cells so far.
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2.2. Optoelectronic Properties

Before the first application in solar cells, perovskites were utilized in many different
applications. For example, the class of oxide perovskites like barium titanate (BaTiO3)
are known for their ferroelectric, piezoelectric, dielelectric and pyroelectric character-
istics. 4”48l Bednorz and Miiller have also discovered superconducting properties at
high temperatures in some perovskite compounds and were awarded the Nobel Prize
for their work in 1987.19 Although known since more than 100 years and extensively
analyzed for magnetic, optical and electronic properties, the last decade has sparked

an unprecedented interest in the family of perovskites.

Band Structure, Absorption and Charge Carrier Generation

The class of metal halide perovskites, where the commonly used oxide anions are re-
placed by halide anions shows semiconducting properties that are a precondition for
PV applications. It is exclusively the anorganic Pblg*~ cage that leads to the forma-
tion of the valence and conduction bands (VB and CB, respectively) and an electronic
band gap as it is schematically depicted in Figure 2.2a. The valence band maximum
(VBM) consists of a Pb(6s) - 1(5p) o-antibonding (o*) orbital with the iodide orbital
being the dominant one. The conduction band minimum (CBM) is composed of a
Pb(6p) - 1(5p) o* orbital, where most of the empty states originate from the lead. [9-5?!
This is in line with the formal electronic configuration of the ions in the lead iodide
octaedron: 5d'°6s26p° for Pb%* and 5p° for I". The fully occupied 5p° orbitals from the
iodide are therefore relevant for the VBM, while empty 6p° orbitals from the lead are
dominant at the CBM. 53! This indicates that lead plays a central role for the optoelec-
tronic properties and explains the difficulty of identifying high-performance lead-free
alternatives. As the VBM and CBM are at the same position (I'-point) of the first bril-
loin zone, MAPbDI;3 is a direct semiconductor and features a band gap Eg of around
1.6 eV at room temperature. 454561 However, there is a discussion going on whether
the band gap is of direct-indirect nature since strong spin-orbit coupling could lead
to Rashba splitting of the CB.5"'58 In contrast to the inorganic counterparts, the MA*
cation does not contribute to the density of states (DOS) at the band edges, but creates
deep states in the bands and thus primarily stabilizes the crystal and ensures charge
neutrality. ®152! However, calculations have revealed that molecular disorder and rota-
tions of the organic cation can influence the band structure significantly and induce
direct-indirect band gap fluctuations. 4969 These rotations also affect the dielectric
properties and might be responsible for the high dielectric constant of the material

like suggested by several reports.[61:62! The degrees of rotational freedom of the MA*
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cation are only relevant for the tetragonal and cubic crystal phase but are restricted in
the orthorhombic structure. 28!

The composition of the valence and conduction band also determines the optical ab-
sorption properties of lead halide perovskites. Figure 2.2b shows the absorption mech-
anisms for materials employed in first, second and third generation solar cells, namely
i) Si, ii) GaAs and iii) MAPbI3. According to Fermi’s golden rule, the transition rate is
determined by the transition matrix from states in the VB to states in the CB and the
DOS in both bands. In comparison to Si, where band transitions require the assistance
of phonons, MAPbI3 possesses a transition probability that is two orders of magnitude
larger since it is a direct semiconductor. %3 In contrast, calculations revealed no sig-

[64] A closer look at

nificant differences in the transition matrices of GaAs and MAPDbI;.
the orbitals that form the VBM and CBM reveals large differences in the DOS of these
two materials. While the VBs are mostly ruled by p orbitals in all compounds, different
orbitals are dominant in the CBs. The GaAs CB is composed of s states, while the CB
from the perovskite is derived from lead p orbitals. Since p states are less dispersive
and have two additional atomic orbitals compared to s states, it can be concluded that
the DOS of MAPDI; exceeds the DOS of GaAs as confirmed by calculations from Yin et
al.[646% Benefiting from both the direct band gap and the p states in both the VB and
CB, perovskites have higher absorption coefficients compared to the fully inorganic
semiconductors which is indicated by the arrow thicknesses in Figure 2.2b. 6465 Ag a
direct consequence, thin perovskite layers in the range of a few hundred nanometers

are sufficient to absorb enough light for highly efficient perovskite solar cells.

A i) Si i) GaAs iii) MAPbI,
o* Sip, s Gas+Ass Pb p
cB 7
% VB ’-—q c* 0
e |
| (5p) LI CORY S P~ P~
Sip As p Pbs+I1p

(a) (b)

Figure 2.2.: (a) Simplified bonding diagramm of MAPbIj; illustrating the formation of both
the valence and conduction band. It is only the s- and p-orbitals of lead and iodine
that are relevant while the MA™ molecule does not lead to any states close to the
VBM and CBM. 5051 () Absorption schemes for i) Si, ii) GaAs and iii) MAPbI3. As
indicated by the black arrows, the perovskite has the strongest absorption due to the
direct band gap and the p orbitals in the VB and CB. 6!
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Another feature, perovskites are known for, are low exciton binding energies Eg. De-
pending on the Ep set by the Coulomb interaction, excitons can generally be classified
into two different categories: the strongly bound Frenkel®”! excitons and the weakly
bound Wannier-Mott %! excitons whose radius exceeds the lattice spacing. First pub-
lications, conducted on MAPDbI3 perovskites, revealed values for the binding energy
in the range of Ep =37-50 meV at 4.2 K pointing towards excitons of Wannier-Mott
type. 6979 As a result of intensified research over the last few years, lower energies in
the range of = 5 — 10 meV were found in room temperature studies. "=’ The observed
values for Ep are typical for semiconductors with large dielectric constants and low ef-
fective carrier masses and are close to those reported for GaAs (Ep = 4 meV).["476! Ag
these binding energies are similar to the thermal energy (kg T = 25.7 meV at T = 300 K),
almost all photogenerated charge carriers are present as free charge carriers and are
not bound as excitons as confirmed by theoretical and experimental studies. """’ The
generation of free charge carriers upon photoexcitation is desirable for PV applications
and in contrast to organic semiconductors, where low dielectric constants and large ef-
fective masses result in Frenkel excitons. " For this reason, the so-called bulk hetero-
junction layout8®8U is required in OPVs to provide efficient exciton-dissociation via

charge-transfer states. 82!

Charge Carrier Transport

The band structure also determines the effective mass m* of electrons and holes and

can be calculated via the relation

PE() "

* — hz ,
m oKz

2.3)

where E(k) is the energy dispersion relation with the wave vector k. The slopes at the
VBM and CBM thus allow conclusions to be drawn regarding the weight of the effec-
tive masses: a flatter band is correlated with a larger effective mass and vice versa.
Since the VB and CB of MAPbI; are mostly dominated by p orbitals, m* is quite similar
for both types of charge carriers. The effective masses for electrons and holes in the
range of m: p = 0.1-0.2 with respect to the electron mass mg were determined using
different measurement methods [">%3 in line with predictions from density functional

[84-86] However, this agreement can only be achieved if spin-orbit

theory calculations.
coupling is included in the calculations. The balanced effective masses in MAPbIj3 re-
sult in an ambipolar conductivity which is beneficial for PV applications. In contrast,

the effective masses of electrons (m; = 0.06 m) and holes (mz = 0.53 myg) in GaAs dif-

10
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fer significantly because the band bending is different in the VB and CB as it is a p-s
type semiconductor (see Figure 2.2b). [6387]

The most important parameter regarding charge transport is the charge carrier mo-
bility p. Several techniques have been employed to determine p in lead halide per-
ovskites which led to a wide range of reported values. Photoluminescence quench-
ing (PLQ) measurements revealed mobilities in the range of u = 1 cm?/(Vs) for both
electrons and holes in MAPbI;. 8889 Other contactless measurement methods, such as
time-resolved microwave conductivity (TRMC) or time-resolved terahertz spectroscopy
(TRTS), where usually the sum Xy of electron and hole mobilities is being probed, re-
vealed values in the range of 20 —70 cm?/(Vs). 993! Even higher mobilities of more
than 100 cm?/(Vs) have been measured on single crystals using electrical measure-
ment methods, like time-of-flight (TOF) or space charge limited current (SCLC). 949!
This large range of reported values might be partially explained by different sample
qualities and preparation methods of the studied perovskite films, but can also be at-
tributed to the applied measurement techniques as the excitation intensities of steady-
state and pulsed methods can vary significantly.®® Furthermore, it is of importance
whether the mobility is investigated locally within a crystal domain or long-range trans-
port properties are measured. For example, the influence of grain boundaries on charge
carrier transport is still being discussed and is not yet fully understood. "%/ A recent
study by Lim et al. has determined long-range charge carrier mobilities of 2 cm?/(Vs)
for polycrystalline MAPbI; films, which is lower compared to the already discussed val-
ues and indicates that these large mobilities describe short-range transport proper-
ties. 9 Although the mobilities for low temperature solution-processed materials (see
Section 4.2) are considered to be high, they are rather small compared to other inor-
ganic semiconductors such as Si or GaAs, where the electron mobility is in the range
of 1500 — 8000 cm?/(Vs). 87190 [n the simple drude picture, i of a conductor depends
only on m*, the average scattering time of a charge carrier 7.4, and the elementary

charge g of a charge carrier via the relation [1°!!

_ q-Tscat

: (2.4)
m

7

Considering the similar values for the effective masses in perovskites and Si/GaAs, the
low mobilities of MAPbI3 have to result from a large variation of 74.,; and therefore
different electron-phonon coupling. In principle, temperature-dependent measure-
ments can reveal the nature of mobility limitations caused by scattering. Several stud-
ies found a power law of y o« T~ leading to the conclusion that elastic scattering
with acoustic phonons is the main limiting factor in the room temperature tetrag-

onal phase. 911021031 1y some cases even stronger temperature dependencies are re-

11
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ported. 104191 In contrast, calculations have demonstrated that the coupling to acous-
tic phonons is rather weak and would limit the mobility to a few thousand cm?/ (Vs). [106:107]
Recent studies concluded both experimentally'°®! and theoretically!'% that scatter-
ing with longitudinal optical phonons associtated with Frohlich coupling is dominant
at room temperature limiting the maximum achievable mobility to 30 — 80 cm?/(Vs),
which is in agreement with experimental results.'%) The theory of enhanced Fréhlich

(111 T line with

interactions is supported by the polar nature of Pb-I bond in MAPbI;3.
this picture, Zheng et al. clarified that the formation of large polarons also plays an im-
portant role for charge carrier transport and decreases u by a factor of two. ') How-
ever, the temperature dependence of this scattering theory does not match with experi-
mental results and is thus still under debate since scattering with polar optical phonons
scales theoretically with p oc 7702, 11941131 Since the temperature dependence of mo-
bility is typically ruled by a superimposition of different scattering processes, it is also
suggested that non-conventional models should be used for the description of carrier
charge transport in lead halide perovskites. [113114]

Furthermore, the mobility as well as the charge carrier lifetime 7 determine the dif-

fusion length Lp which is defined as!!!®)

Lp= E ut. (2.5)
q

Here, T is the temperature and kp the Boltzmann constant. Considerations on charge
carrier recombination and its impact on 7 will be provided in Chapter 3. Lp speci-
fies the mean free path length between the generation and recombination of a charge
carrier in a semiconductor and is an important parameter, as it defines the optimal
layer thickness of a solar cell. It is also considered to be a quality factor of a material
since it comprises both the transport and recombination properties. The chronologi-
cal evolution of the experimentally determined diffusion lengths for MAPbI3 is shown
in Figure 2.3, where the data is visualized with different colors depending on whether
the value was determined on a film (blue) or a crystal (green). The diffusion length of
a few nanometers in 2009 was increased by several orders of magnitude within a few
years and now amounts to several hundred micrometers determined on single crys-
tals.>116] Intensive optimization of the preparation and deposition methods of per-
ovskites has allowed even polycrystalline films to have long diffusion lengths in the
range of ~ 10 um and thus being close to single crystal quality.®>!'” Since state-of-
the-art perovskite solar cells typically only have thin active layers of a few hundred

nanometers, the high diffusion lengths allow for efficient charge carrier extraction.
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Figure 2.3.: Evolution of measured Lp values for MAPbI; in the last decade. Through pro-
cess optimization, the diffusion length of the charge carriers in films (blue points)
could be increased by several orders of magnitude. In addition, values determined
on crystals (green points) are presented to show that the polycrystalline films are

of almost single crystalline quality. Values are collected from the following Refer-
ences [17,88,89,92,95,115-120]

So far, mostly MAPbI3 as the most representative absorber was discussed in this
section. However, the exchange of individual ions can have a significant influence
on the optoelectronic properties. Depending on the chemical composition, the band
gap can be continuously tuned over a wide range. By replacing or intermixing I~ with
Br~ or CI7, the band gap is increased to 2.33 eV for pure methylammonium lead bro-
mide (MAPbBr3) and 3.12 eV for methylammonium lead chloride (MAPbCly).!121:122]
Other works have successfully substituted the A-site cation by Cs™ (cesium lead iodide,
CsPbls: Eg = 1.73 eV) or FA* (formamidinium lead iodide, FAPbl;: Eg = 1.48 eV). [123:124]
Band gap tuning also has been exploited by replacing the Pb?* cation with other met-
als like tin where methylammonium tin iodide (MASnlI3) leads to Eg = 1.30 eV. Interest-
ingly, the band gap does not follow a linear trend if Sn®* is mixed with Pb** and Eg
decreases even further to 1.17 eV for both MASng 75Pbg 2515 and MASng 50Pbg 5013 com-
pounds as reported by Hao and coworkers. [!2°! This variability has allowed perovskites
to be employed not only in single-junction devices, but also in a multi-junction con-
figuration in tandem solar cells!'?®127 and other applications. For example, exten-
sive research efforts are also focused on the implementation in photodetectors, 128129
light-emitting diodes (LEDs), [130131] Jagers [132:133] or scintillators 134 for the detection
of ionizing radiation.'*® Due to their optoelectronic properties and versatility, lead
halide perovskites thus represent a new class of interesting organic-inorganic semi-

conductors offering a wide range of possible applications.
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2. Hybrid Halide Perovskites for Photovoltaic Applications

2.3. Perovskite Photovoltaics

This section describes the working principle of perovskites solar cells and gives a short
introduction to the variability of possible device layouts. Further, the current-voltage
characteristic is explained and the most important PV parameters like the PCE are in-
troduced. In the end, the so-called current-voltage hysteresis, often observed in per-

ovskite solar cells, will be discussed.

2.3.1. Device Layout and Working Principle
Perovskite Solar Cell Architectures

The scientific interest in solar cells based on metal halide perovskite materials during
the last decade led to a multitude of different device architectures. Kojima et al. imple-
mented both MAPbI3 and MAPbBr3; in DSSCs, where the thin perovskite layer replaced
a dye.!”! These electrochemical cells typically employ a um-thick mesoporous TiO,
layer on which the dye/perovskite layer is deposited. The photogenerated electron-
hole pair is separated and the electron is transferred to the titanium dioxide lattice and
further to an electrode. The mesoporous structure complicates the contact between
the dye and a hole extraction layer, which is necessary to transport the positive charge
to the counter electrode. To overcome this issue, a liquid electrolyte is used, allowing
for a full penetration of the TiO,/dye network. The first perovskite solar cell used the
redox pair I,/I™ as an electrolyte. In this system, the I” ions get oxidized to elementary
iodine by transferring an electron to the perovskite layer. Then, it gets reduced again
at the counter electrode to close the electrical circuit. The energy of electrons in the
valence band of the perovskite has therefore to match the oxidation potentials of the
halides in the electrolyte. In contrast, excited electrons from the perovskite cannot flow
to the liquid electrolyte since no states at the corresponding energies are available.

It took 3 years for the perovskite to re-enter the PV stage with a more than twofold in-
crease in efficiency from 3.8 % to around 10 %. !9 This was realized by introducing the
solid-state hole transport layer (HTL) 2,2,7,7-tetrakis(N,N-p—dimethoxy-phenylamine)—
9,9-spirobifluorene (spiro-MeOTAD) to replace the liquid electrolyte which also im-
proved the device stability significantly. The concept of a so-called solid-state DSSC
was already introduced in the 90s by Tennakone, ['3¢! Murakoshi"®”! and Bach.!138 A
milestone in the development of perovskite PVs was the replacement of n-type TiO,
with insulating aluminium oxide (Al,O3) which increased the PCE even further. 18] Two
important conclusions were drawn from this work: first, it became apparent that an

additional capping layer of perovskite on top of mesoporous TiO, does not limit the ef-

14



2.3. Perovskite Photovoltaics

ficiency, which clearly distinguishes the structure from a regular DSSC. Second, charge
transfer to TiO, was not needed since the transport of electrons in the perovskite was
faster than in mesoporous titanium dioxide, which was interpreted as a clear indication
of amibipolar transport. These publications are considered as pioneering works guid-
ing further research on perovskites and paved the way for the layouts currently in use.
Figure 2.4a depicts the architecture just described, which is one of the most frequently
employed designs for perovskite solar cells. A glass substrate is initially coated with the
electrode, a transparent conductive oxide that must be light-transmitting since the fi-
nal solar cell is illuminated from the glass side. In case of the mesoporous architecture,
fluorine-doped tin oxide (FTO) is preferred because it resists the necessary sintering of
the mesoporous TiO; layer at 400 — 500 °C. Electron transport in porous TiO; is usually
limited by trapping and detrapping in sub-band gap states''3%! and leads therefore to
low mobilities of around 1072 cm?/(Vs), 140 which explains the faster transport in the
perovskite film observed by Lee et al. when TiO, is replaced by insulating Al;03.18 In
the past years, a number of other mesostructures were also implemented as electron
transport layers (ETL) such as zinc oxide (ZnO),!"*! zirconium dioxide (ZrO,)#? or
tin dioxide (Sn0O5).'*3! The porous network is then infiltrated by the perovskite with a
closed capping layer. An HTL in combination with an electrode completes the solar
cell. Among the HTM’s, spiro-MeOTAD is the most commonly chosen material, al-
though a variety of other compounds can also be used. '*4 Gold, silver or other metals
are then applied as the electrode.

The ambipolar transport and the high carrier diffusion lengths (see Section 2.2) also

allow the mesoporous network to be substituted by a planar transport layer as illus-

transparent conductive oxide transparent conductive oxide

glass substrate glass substrate
(a) mesoporous device layout (b) planar device layout

Figure 2.4.: Device architectures for perovskite solar cells. In (a), a mesoporous scaffold
is used as a transport layer, while a planar configuration is shown in (b). The glass
substrate is coated with a transparent conductive oxide acting as an electrode and
followed by a transport layer, which can be either planar or mesoporous. The active
layer with the perovskite and another transport layer are located above. Finally, a
metal electrode completes the solar cell.
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2. Hybrid Halide Perovskites for Photovoltaic Applications

trated in Figure 2.4b. Here, the perovskite is embedded between the HTL and ETL re-
sulting in a p-i-n or n-i-p configuration. Instead of FTO, indium-doped tin oxide (ITO)
is often implemented as an transparent conductive oxide. Various transport materi-
als have been established in the meantime, whereby poly(3,4—ethylenedioxythiophe-
ne):poly(styrenesulfonate) (PEDOT:PSS) 145 and poly-(bis(4-phenyl) (2,4,6-trimethyl-
phenyl)amine) (PTAA) [14¢! are the most prominent representatives of the HTLs and the
Ceo [1#>147] fullerene or [6,6]-phenyl-C-61-butyric acid methyl ester (PCg; CM) [148:149]
are frequently used as ETLs. Often a sequence of several transport layers 1615 is com-
bined or dopants!'®11%? are added to increase the conductivity and improve charge
carrier extraction. The great potential of this design, which is similar to those of or-
ganic solar cells, was demonstrated by Liu et al. in 2013, when PCEs of over 15 %
were achieved. 13 The planar device architecture exhibits several advantages over the
mesoporous design such as simplified fabrication and usually reduced hysteresis dur-
ing current-voltage measurements as discussed in more detail in Section 2.3.2. Never-

theless, PCEs of over 20 % can be achieved regardless of layout. [154

Operating Principle

The working principle is quite similar in both type of devices and depends strongly on
the optoelectronic properties of the perovskite itself. To generate electricity, a number
of different steps are necessary as summarized in Figure 2.5. In the very first step, an
incident photon is absorbed. According to the photovoltaic effect, [15>1%6] which de-
scribes the interaction of light with matter, an electron is lifted from the valence band
to a higher energetic state in the conduction band of the semiconductor (i). If the en-
ergy of the photon is not sufficient, no absorption can occur, while charge carriers with
excess kinetic energy are created if the energy is higher than E; (ii). For MAPbI;, it
has been shown that the cooling of these so-called hot-carriers (due to a larger effec-
tive temperature compared to the temperature of the crystal lattice) is regulated by the
emission of longitudinal optical phonons, providing lifetimes in the range of 1 — 100 ps
which is longer compared to conventional semiconductors. 157158 The slow thermal-
ization processes are attributed to a hot-phonon bottleneck caused by an increased
phonon reabsorption in the presence of a non-equilibrium phonon population at high
carrier densities."*15% Irrespective of whether charge carriers were generated accord-
ing to (i) or (ii), they are initially present as excitons, which is indicated in step (iii). As
already described in Section 2.2, these are weakly bound Wannier-Mott excitons which
get separated on the ps time scale.[15%! The fact that hot charge carriers are present as
free carriers qualifies lead halide perovskites as candidates for hot carrier solar cells,

where excited charge carriers with excess energy get separated and extracted before
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absorption separation and transport
ho ~ Eq ho > Eq ® cathode

G  anode

Figure 2.5.: Schematic depiction of the working mechanism of a perovskite solar cell. Pho-
tons with the energy of the band gap (i) or with a higher energy (ii) are absorbed and
generate a weekly bound exciton. After the separation of the electron hole pair (iii)
both types of charge carriers diffuse to the respective contacts (iv) and get extracted
(v). Further details are given in the text. For clarity, charge carrier recombination is
neglected and will be discussed in Chapter 3.

they relax to the VBM and CBM, respectively. [161:16%) After the carriers are separated and
a splitting of the electron and hole quasi Fermi levels Er,, and Ef,, is established, they
must move to separate electrodes. For this reason, every solar cell requires a build-in
asymmetry that ensures that charge carriers with different polarities can be collected
and extracted independently at individual contacts (steps (iv) and (v)). Accordingly,
the transport layers and contacts are of central importance for the working principle
of perovskite solar cells and a prerequisite to obtain a diode structure. Usually a good
transport layer is characterized by a selectivity to only one carrier type. This can, for ex-
ample, be achieved by energy level alignment, allowing one kind of carriers to enter the
layer and blocking the opposite charge carriers due to alack of free energetic states. 1!
Wiirfel et al. also demonstrated that a difference in electron and hole conductivities
in two regions of a device already can be sufficient to obtain charge carrier separa-
tion. !64! When the HTL and ETL get in contact with the perovskite, the Fermi level Ex
equilibrates over the whole device and the difference of work functions of the trans-
port layers results in a build-in voltage V;;. Depending on the solar cell technology, V},;
can be present over the whole absorber width or narrowed down to a thin space charge
region. The role of Vj; is intensively discussed in literature, since its strength and the
length over which it extends has a direct influence on charge carrier separation mech-
anism both in the dark and under illumination.!1%>16¢! The interplay of the build-in
voltage, charge carrier drift and charge carrier diffusion was very recently investigated
by the group of Nazeerudin.'5”! The authors varied Vj; by shifting the work function
of the ETL by about 1 eV and observed very similar V,.’s, indicating that the build-in
electrical field plays a minor role in the operation mechanism. The open-circuit volt-

age is therefore controlled by charge carrier recombination and the quasi Fermi levels
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in the perovskite with the transport layers following the respective levels. As a direct
consequence, a flat band structure is assumed to exist in the perovskite and carrier
transport should be ruled by diffusion and not by drift due to electrical fields. 167168l
This result is also supported by cross sectional Kelvin probe force microscopy mea-
surements, which revealed a field-free MAPbI3 layer embedded in a device configura-
tion under both short- and open-circuit conditions. [!5%! The observed field-screening
is attributed to the rearrangement of mobile ions in the perovskite film, which will be
further addressed in Section 2.3.3. In line with previous statements, calculations [165]
have demonstrated that PV devices benefit from diffusion dominated transport if the
diffusion length is higher than the active layer thickness which is indeed the case for
most lead halide perovskite solar cells (see Section 2.2). Nevertheless, the exact work-
ing principle of perovskite solar cells still remains topic of ongoing research and more
experimental work is necessary since a better understanding would help to boost the
PCE even further.

2.3.2. Current-Voltage Characterization and Photovoltaic

Performance

The main characterization of PV devices is realized by measuring the current depen-
dence on a externally applied voltage, which is usually referred to as the current-voltage
(j-V) response. In order to compare different solar cells with each other, standard illu-
mination conditions have been introduced. The AM1.5 G spectrum with an irradiance
of 100 mW/cm? is often termed “1 sun” illumination and defines the incident power Py,
the solar cell is illuminated with. The spectral distribution is set by the global (G) stan-
dard reference spectrum (average of direct and diffuse solar irradiance) passing the air
mass (AM) under the solar zenith angle of cos(1/1.5) = 48.19°.117% The j-V characteris-
tics normalized to the active area of a typical perovskite solar cell both in the dark and
under 1 sun illumination are summarized in Figure 2.6a in a linear and in Figure 2.6b
in a semi-logarithmic representation. Several points of interest are highlighted for the
illuminated curve, namely the the short-circuit current density (js.), the open-circuit
voltage (V,.) and the maximum power point (MPP). When both contacts are connected
through an external circuit and no voltage is applied, the resulting current is called j.,
where the corresponding band diagram is depicted in Figure 2.6c. In this scenario, the
Fermi level is equilibrated over the whole device and the photogenerated charge carri-
ers get extracted at the respective contacts. As discussed already in the previous Sec-
tion 2.3.1, charge transport can occur via both drift or diffusion, depending on V},;. For

clarity, mobile ions (see Section 2.3.3) and doping are not considered in Figure 2.6¢. In
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Figure 2.6.: (a) Current-voltage characteristics in the dark and under simulated AM1.5 G il-
lumination (left axis) and the power density (right axis) of a perovskite solar cell. The
maximum power point indicates the part of the j-V curve where the power density
has its maximum (green dashed line). The fill factor is defined by the maximum
power point and corresponds to the ratio of the maximum power density and the
product js - V.. (b) Semi-logarithmic representation of both j-V curves including
a fit according to Equation 2.8. In addition, band diagrams of a solar cell are shown
under (c) short-circuit and (d) open-circuit conditions. (163,166] At short-circuit, the
photogenerated charge carriers are extracted, whereas at open-circuit conditions,
the generation rate equals the recombination rate and the resulting quasi Fermi level
splitting creates V..

contrast to short-circuit, current flow is suppressed and no charge carriers get extracted
under open-circuit conditions when the quasi Fermi level splitting (Er;, and Ef),) due
to photogenerated charge carriers is fully compensated by an externally applied bias,
the V. (Figure 2.6d). Under these conditions, both the VB and the CB are aligned flat
and the recombination rate balances the photogeneration rate. This point is therefore

of particular interest for investigating recombination losses in PV devices and will be
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addressed in this thesis. Increasing the voltage further to values above V. leads to an
injection of charge carriers, which recombine inside the device. Another feature of the
illuminated j-V response is the MPP, located at the voltage where the power density
j(V)-V (Figure 2.6a, green line) has its maximum (P,,,y). The MPP determines the fill
factor FE which is defined as

FF = Pmax__ jmpp-Vmpp

= ; (2.6)
Jsc* Vo Jsc* Voc

and can be understood as the ratio between the theoretically possible power (js. - V()
and the maximum power output of the device which is illustrated by the two grey
squares in Figure 2.6a. Thus, it describes the "squareness" of the j-V curve. With the

above-mentioned PV parameters, the PCE of a solar cell can be written as

Pmax — jsc'Voc'FF
P P '

PCE = (2.7)
Highly efficient solar cells therefore require that js., V,. and FF are optimized at the
same time. To obtain the maximum power, an external load must be adjusted such
that the solar cell is at the MPP under illumination.

In general, the relation between current and voltage of a solar cell can be described

by the generalized Shockley equation 7!

JWV)=jo Jph> (2.8)

e(V_szeries)) _ 1] + V_szeries _

exp(
nidkBT Rshunt

where jj is the dark saturation current density, n;4 is the diode ideality factor, Rgerjes
is the series resistance, Rsp,y, is the shunt resistance and j,, is the photocurrent den-
sity. The impact of these parameters is demonstrated in Figure 2.6b by fitting the j-V
response in the dark (j,, = 0) with Equation 2.8 (red dashed line). The exponential
diode behavior of the device is controlled by the combination of the material proper-
ties jo and n;4. Recently, Cuevas pointed out that a more suited expression for jj is
"thermal equilibrium recombination current" since it corresponds to the recombina-
tion of charge carriers generated by the thermal background radiation.!!”? In case of
ideal diodes (n;4 = 1), jo contains all information about charge carrier recombination.
However, in many cases n;; deviates from unity and is therefore also used as an ad-
ditional parameter describing the dominant recombination processes in solar cells as
discussed in Section 3.3.1173174 The divergence of the exponential behavior is a conse-
quence of resistive losses induced by Rgejes and Rgj ¢ Resistances inside the device
and from the electrical circuit are included in R.,ies, Which can negatively influence

the FE The impact of the series resistance can be observed for high voltages in Fig-
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ure 2.6b. Ry, accounts for leakage currents inside the device, for example caused
by pinholes and affects the diode current at low voltages. In case of low Rgpypy, it is
even possible that the open-circuit voltage is reduced. High parallel resistances and

low series resistances should therefore always be aimed for.

Bucket Analogy

To illustrate the introduced PV parameters, a solar cell is compared with a bucket in the
following. The comparison between a bucket and a solar cell is based on lectures from
Yablonovitch and was recently adopted by a book['”! from Green and co-workers. A
modified version is shown in Figure 2.7 to demonstrate the different states in which the
solar cell is operating under js., MPP and V,. conditions. A PV device is symbolized by
an empty bucket, which gets filled with water drops representing excited charge carri-
ers in the active layer. At the bottom, a valve controls the water flow and therefore also
the water level and pressure inside the bucket. Both, water flow and water level corre-
spond to the current and the voltage of the solar cell. The water flow drives a wheel,
where the dissipated power depends on the product of flow and pressure. This is the
analogy to the power generated by a PV device. Thus, the valve controls the rotational
speed of the wheel and determines the current state of the bucket. In the solar cell pic-

ture, it corresponds to the resistance of the load which is connected to the device. In the

(i) short-circuit conditions: (ii) maximum power point: (iii) open-circuit conditions:

band gap

Figure 2.7.: Bucket analogy of the working principle of a solar cell. The bucket represents a
PV device where the height corresponds to the band gap of the active layer. A water
wheel has its equivalence in the power output of a solar cell. When it rains, the water
drips into the bucket and the position of the valve determines the condition that
sets inside. Under (i) short-circuit, the valve is fully open, all the water flows out and
the water level, which corresponds to the voltage, is close to zero. At (ii) MPP, the
valve is set so that the product of water level and water flow (current in a device)
is maximized and the wheel turns at the highest rotational speed. In contrast, the
valve is completely closed under (iii) open-circuit and the resulting water level is
equivalent to V.. [175]
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case of an open valve, the collected water drops out of the bucket, preventing the wa-
ter level from increasing. Since no pressure can build up, the wheel does not turn and
no power is generated. This situation corresponds to a solar cell under (i) short-circuit
conditions. The power output can by increased by closing the valve continuously un-
til it reaches the MPP. At this point, the water level and water flow are optimized such
that wheel rotates with the maximal rotational speed, which is equivalent to a solar
cell operating at its (ii) MPP. If the valve is further closed, the wheel gets slower again
and the dissipated power decreases towards zero in the case of a closed bucket. This
state corresponds to (iii) open-circuit conditions, where the maximum water height is
reached and the solar cell provides the V,.. However, under these conditions, the water
level would increase until it finally spills over which cannot be observed in real devices
since the V, is always smaller than Eg. Therefore, additional loss processes, the re-
combination of charge carriers, must be considered and will be discussed in Chapter
3.

2.3.3. Hysteresis Effects

One of the most controversial phenomena in perovskite solar cells is the so-called hys-
teresis. It describes slow, time-dependent processes that usually occur in electrical
measurements. During current-voltage characterization, the direction of the measure-
ment, i.e. whether the voltage is swept from negative to positive (forward) or vice versa
(backwards), can have a large influence on the resulting current. Figure 2.8 shows
two sets of j-V curves in the dark and under illumination, where the degree of hys-
teresis differs significantly and complicates the determination of PCE. The scan rate
was 0.5 V/s such that the entire measurement was performed on a time scale of sec-
onds. Both devices show a higher performance when the current response is mea-
sured from positive to negative voltages. The difference between the studied devices
are the transport layers surrounding the MAPDbI3 film. In case of Figure 2.8a, a p-i-n
architecture is used with PEDOT:PSS as the HTL and a combination of PCs;BM and
Ceo as ETLs. In Figure 2.8b, the perovskite is sandwiched between planar TiO, and
poly(3-hexylthiophene-2,5-diyl) (P3HT) leading to a n-i-p layout. Obviously, the im-
plemented transport materials and the structure of the device strongly influence the
gap between the forward and backward scans in line with other reports. 176183 The
composition of the perovskite also determines the extent of hysteresis, where the in-
corporation of FA*, Cs*, Rb* and K* as the A-position cations having a diminishing
effect. [184-186] However, it is not only the materials involved that play a role, but also
the conditions under which the solar cell is being measured. Numerous publications

have shown that the bias prior to a j-V loop, 18%187188] the applied voltage range ['8%
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Figure 2.8.: Examples of j-V characteristics from MAPDI3 solar cells with hysteresis. When
a voltage is applied, the measured current in the dark and under 1 sun illumination
depends on the direction of the voltage sweep which complicates the PCE determi-
nation. The device in (a) uses PEDOT:PSS as a HTL and a combination of PCg;BM
and Cgg as ETLs and corresponds therefore to a p-i-n layout. In contrast, the curves
in panel (b) are determined on a n-i-p solar cell, where a compact TiO, layer acts
as the ETL and P3HT as the HTL. In both cases, ITO and gold are employed as elec-
trodes and the scan rate was set to be 0.5 V/s.

and the scan rate18719% are also important. The anomalous behavior can also be af-
fected by light soaking 1911921 and temperature. (193194

In principle, hysteresis during j-V characterization is a property common to all types
of solar cells. For example, silicon PVs or DSSCs also reveal differences between for-
ward and backward sweeps at sufficiently high scanning speeds. [!9>1%9! This is ascribed
to capacitive effects in the device, where charge carriers cannot follow the voltage cy-
cling. In the simplest case, the solar cell acts as a plate capacitor and gets charged dur-
ing the forward scan and discharged during the backward scan. Additional contribu-
tions to hysteresis may be caused by trapping and release of charge carriers, when the
release rate of traps is slower compared to the scan velocity. However, these effects only
become visible during short measurement times in the millisecond range, which is in
clear contradiction to perovskite solar cells. Here, the hysteresis is more pronounced
and sometimes still present at very slow scan rates.'®” It has been even shown that
the PL intensity measured on films or the V,. and PCE of full devices can build up to
several hundred of seconds. 182190,197] Consequently, additional effects must be taken

into account to explain the observed anomalies.
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Ferreoelectricity

The physical origin of the hysteresis effect has been debated for a long time and vari-
ous explanations have been proposed. Initially, polarization of the perovskite was sug-
gested to be responsible for hysteresis, because a large variety of ABX3 compounds is
known for its polarizability which causes, for example, ferroelectric behaviour. How-
ever, there are a several conflicting works on the presence of ferroelectricity. Theoret-
ical studies opened up the possibility that lead halide perovskites show spontaneous
electric polarization in the tetragonal phase. Different origins have been suggested like
oriental polarization from the MA™ dipole or ionic polarization induced whether by
a displacement between MA™ and the lead iodide sublattice or a shift of Pb?>* within
the Pblg*~ octahedral.!!98-2001 Qut of these possible contributions, the largest part is
attributed to the asymmetric organic cation. 9829 In line with these reports, Pecchia
et al. proposed ferroelectric order in MAPDbI3 at length scales of 8 — 10 nm where elec-
trons and holes can accumulate separately. (2011 1y contrast, it is also calculated that the
ferroelectric behaviour is not stable at room temperature and can only be observed for
temperatures below 50 K. 22! Additionally, experimental works spread further confu-
sion within the scientific community as contradictory results on the question, if lead
halide perovskites are 232061 of ferroelectric nature or not, 297298l exist. It is postu-
lated that dipoles in the perovskite would result in an internal electrical field which can
strengthen or weaken an externally applied field leading to the observed differences in
scan directions during j-V characterization. 18209 However, this theory seems un-
likely to be the main origin of hysteresis since the timescale of switching domains are
reported to be in the range of ~ 0.1 — 1 ms and thus intrinsically too fast compared to
the observed effects on the timescale of seconds (see Figure 2.8).[21% It is also demon-
strated, that the rotations of the organic cation do not influence photogenerated charge

carriers at all. (62

Trapping and Detrapping of Charge Carriers

Further speculations exist, that charge trapping and detrapping processes may be in-
volved in hysteresis during j-V measurements. ?!! Trap states are associated with de-
fects in the crystal lattice that are able to trap electrons or holes. These processes can
occur in the bulk of the perovskite and at the interfaces to the transport layers. It is
suggested that photogenerated charge carriers are trapped when a forward bias is ap-
plied and then released again when the voltage is set to zero again during a measure-
ment. This mechanism can then result in differences between the forward and back-

ward scans. 212 The theory is supported by different works where passivating layers are
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implemented in devices to reduce the amount of traps states leading to a decreased
hysteresis. For example, the group of Snaith passivated the surface of TiO, with the
fullerene Cg resulting in an increased PCE and a reduced current-voltage discrepancy
between both scan directions. ?!3! Similarly, Shao et al. deposited PCs;BM on top of
a perovskite layer and measured that the amount of surface trap states is reduced by
more than two orders of magnitude, again decreasing the hysteresis significantly.17®!
This theory therefore supports the large influence of the transport layers on the emer-
gence of hysteresis. However, since the presence of trap states is not a property that
is exclusively encountered in perovskite solar cells, there must be further explanations

for j-V hysteresis.

Mobile lons

Over the past few years, a consistent majority of publications have identified mobile
ions as the main cause of the observed dynamic phenomena. Ionic conduction in fully
anorganic perovskites like CsPbCl; or CsPbBr3 has already been demonstrated in 1983
by Mizusaki et al., where the authors concluded that the halogen ions are highly mo-
bile.?'* Possible movement of mobile ions is depicted in Figure 2.9, where the va-
cancies Vj, Vpp, and V4 are filled by adjacent ions. Iodide migration occurs along
the edges of the octahedron, while lead and methylammonium have to diffuse longer
distances to find neighbouring empty positions. In addition, interstitials can also con-
tribute to the ionic conductivity. Many researchers focused on the identification of
the dominant mobile species in both theoretical and experimental works. Calculations
revealed a huge range of activation energies E, for ion migration in lead halide per-
ovskites with EX =0.1-0.6 eV, EN4=0.5-1.1 eVand EL? = 0.8 - 2.3 eV. 215217 From these
values it can be concluded that the ionic transport is predominantly driven by A- and X-
site ions. Various experimental works confirmed the movement of individual ions and

their vacancies. It is shown that I~,[197:219-221] \fA+ [221-226] 51,4 in some cases even

Pb-I plane

MA-I plane
=

Figure 2.9.: Schematic illustration of possible transport mechanisms for ions in MAPbI3.
V1, Vpp and V4 represent the different vacancies in the crystal lattice. Ionic trans-

port is not necessarily related to vacancies, but can also be supported by intersti-
tials. (2152181
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Pb?* [222.227] jons are moving in the crystal lattice under electrical fields. Further, the
diffusion coefficients have been determined to be in the range of 10~ cm?/s for iodide
and 107! cm?/s for methylammonium. However, the concentration of MA" ions is
one order of magnitude higher compared to mobile I~ ions.??!! Senocrate et al. con-
cluded that the experimentally observed ionic conductivity in MAPbI; is higher than it
is calculated in the case of pure MA* movement pointing towards iodide-driven hys-
teresis effects.??®! The effect of illumination on the ionic conductivity has also been
investigated leading to the conclusion that light generates additional iodine vacancies
in the perovskite. *?8 Very recently, Meggiolaro et al. tried to obtain a more compre-
hensive picture of mobile ions and they linked the variation of measured activation
energies and diffusion parameters to the polycrystallinity of perovskite films where the
surfaces dominate ion migration behavior. ??%! This is in line with reports, where grains
boundaries have been identified as the main transport pathways for ions. 230

The extact mechanism how mobile ions influence electrical measurements like j-V
characterization is still under debate. Figure 2.10 illustrates the ion distribution and
its impact on band alignment at both short-circuit and open-circuit conditions under
equilibrium. For clarity, only methylammonium and iodide ions/vacancies (MA™, I,
V;,4 and V7) are included in the scheme since these are believed to contribute most
to hysteresis effects like discussed before. Under j,. conditions (Figure 2.10a), mobile
ions move trough the perovskite film according to the build-in electrical field (see Fig-
ure 2.6¢). This results in the screening of the built-in potential, which can not further
act as a driving force for the extraction of charge carriers leading to a reduced j. as
shown in Figure 2.8b. When a forward voltage is applied and the scanning speed is
faster compared to the moving ions, band valleys are generated in the CB and VB forc-
ing excited electrons to accumulate close to the HTL and holes close to the ETL. Both
types of charge carriers are therefore trapped at the wrong electrodes which leads in
case of non-selective contacts to increased charge carrier recombination at the inter-

[231,232] 1f the applied voltage approaches and exceeds

faces reducing both FF and V.
Vue, the driving force that separates ions, vanishes. This situation is summarized in
Figure 2.10b, where the ions are uniformly redistributed again. In the backward scan,
FF and V,, are increased since the charge carrier transport and recombination are not
negatively affected by an unfavorable ion distribution in the device. It is obvious that
hysteresis effects therefore can be described as a combination of ionic and electronic
charge carrier distributions in the device. The hypothesis of non-selective transport
layers in combination with mobile ions is supported by a large number of transient

experiments, like the slow build-up of open-circuit voltage after switching on the light
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Short-circuit conditions at equilibrium: Open-circuit conditions at equilibrium:
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Figure 2.10.: Impact of mobile ions on band energetics at (a) short-circuit and (b) open-
circuit conditions under equilibrium. ?31232! At j.. conditions, the build-in potential
forces the ions to move close to the interfaces to the transport layerts. This results
in a screening of the build-in field, where the extracted charge carriers are mostly
driven by diffusion. In contrast, when the device is stabilized under V,. conditions,
the ions are redistributed again. Further explanations on how mobile ions can influ-
ence current-voltage measurements are provided in the main text.

and drift-diffusion simulations and is therefore widely accepted to be the main cause
of hysteresis, [218:232-237]

During the last years, many researchers focused on the elimination of current-voltage
hysteresis in perovskite solar cells. Various approaches were applied to both the per-
ovskite itself and the surrounding transport layers. To suppress ion movement, Ferdani
et al. substituted the organic cation to increase the activation energy for ion diffusion.
It was demonstrated, that partial replacement of methylammonium by guanidinium in
MAPbI; suppressed iodide transport. 23 Other attempts optimized the transport lay-
ers and the interfaces to reduce charge carrier recombination and the observable hys-
teresis. [176:179:239.2401 To quantify the extend of hysteresis effects, several publications
introduced the hysteresis index HI,?!44! which quantifies the difference between
the forward and the backward j-V scan. To give an example, according to Li et al., it

can be expressed as follows (244!

_ PCEback_PCEfor
PCEpack

HI

) (2.9)

where PCEf,, and PCEj correspond to the PCE determined from forward and back-
ward scan directions, respectively. A solar cell without hysteresis thus has a HI value
of zero, which increases the larger the difference between forward and reverse direc-
tion gets. However, it is under debate if HI is a useful parameter to describe hysteresis

in perovskite-based devices since it does not account for all relevant conditions like
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for example the material system or the scan speed. ?**! In contrast, it is suggested to
monitor the stability of the important parameters such as js., Vo, and PCE over time.
For this reason, several authors developed protocols and guidelines for a correct PCE
determination of perovskite solar cells highlighting the importance of stabilized PV pa-

rameters, [246-248l
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3. Charge Carrier Recombination

InN Semiconductors

The following chapter provides insights into loss processes in semiconductors, namely
charge carrier recombination. Carrier recombination dynamics are very relevant for
the functionality of optoelectronic devices. An overview over the most important re-
combination mechanisms will be given, including their impact on the charge carrier
lifetime 7. Finally, it will be highlighted how these recombination mechanisms are con-

nected to PV parameters like V. in fully working devices.

3.1. Recombination Mechanisms

Recombination of charge carriers is of fundamental importance for semiconductors
in electronic devices like solar cells, LEDs and transistors. In general, all processes
which lead to a depopulation of the excited species are described by recombination
mechanisms and are therefore considered as charge carrier losses. In PV devices, these
carriers cannot consequently get extracted anymore. Thus, in order to increase the
efficiency of a solar cell, every researcher strives for a reduction of unwanted recom-
bination processes. An overview over possible loss mechanisms relevant for the oper-
ation of PVs is provided in Figure 3.1. These processes can be categorized according
to the number of involved particles. Monomolecular or first-order recombination de-
scribes processes with only one particle. This can, for example, be the recombination
of an exciton. As discussed in Section 2.2, photoabsorption yields mostly free charge
carriers instead of excitons. Accordingly, this type of recombination can be neglected
for perovskites, but plays an important role in OPVs. 249! On the other hand, Shockley-
Read-Hall (SRH) recombination is considerably more important for perovskite solar
cells (see (i) in Figure 3.1). In this case, a trap (defect) leads to an energetic state within
the band gap which captures an electron or hole by simultaneous emission of phonons
and mediates therefore a recombination event. Since only one charge carrier is re-
quired for the process, it also represents first-order recombination. At higher charge

carrier concentrations, (see (ii)) band-to-band or second-order (bimolecular) recom-
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Figure 3.1.: Overview of different charge carrier recombination mechanisms in semicon-
ductors. Trap-assisted recombination is shown in (i), which is induced by energetic
states inside the band gap. This process is usually dominating at low carrier concen-
trations, where the density of trap states rules. This mechanism is often described
by Shockley—Read-Hall theory and corresponds to a first-order process. A direct re-
combination of an electron in the CB and a hole in the VB with the emission of a
photon is called (ii) band-to-band recombination. Since two particles are involved
in the process, it is often referred to as a second-order process. A three particle loss
mechanism is (iii) Auger recombination, where the energy which results from a di-
rect electron-hole recombination is transferred to another electron or hole. For all
these processes energy and momentum conservation must be fulfilled.

bination starts to be dominant which involves both an electron in the CB and a hole
in the VB. Here, the recombination event depends on the product of the electron and
hole carrier concentrations n and p, which can be summarized as n?. The recombina-
tion of free charge carriers normally induces the emission of photons, for which reason
these processes are also referred to as radiative recombination. If the excess energy is
directly reabsorbed by a third charge carrier, the process is called Auger recombination
and corresponds to a third-order mechanism scaling with n3. The excited carrier, inde-
pendent ifitis an electron or a hole, thermalizes then back to the band edge by emitting
phonons. Just like SRH recombination, this mechanism is also part of non-radiative re-
combination processes and dominates under high charge carrier densities.?>” Since
non-radiative recombination losses lead to the emission of phonons, they increase the
lattice temperature of the solar cell absorber.

Taking all these processes into account, the time-dependent change of charge carrier
density n can be determined by the differential equation

dn

— =—lkyn-kyn®—kyn®, 3.1
17 1n—Kn 3N (3.1)

with kj, k2 and k3 as the respective rate constants of first-, second- and third order
recombination. For simplicity, the generation, diffusion and drift of charge carriers is
neglected in this expression. Since the dominating processes for each rate constant are

known, ki, k> and k3 can also be substituted by the rate constants ksgpy , kraq and kayg.
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These processes can be divided into two categories: avoidable and unavoidable charge

carrier recombination as will be further outlined in this chapter.

3.1.1. Shockley-Read-Hall Recombination

Charge carrier recombination via defects is an important loss mechanism in semi-
conductor devices. This type of recombination is usually described within the frame-
work of Shockley-Read-Hall recombination, developed in the middle of the 20th cen-
tury. 1212521 A localized trap can result in an energetic state within the band gap which
can mediate recombination events between electrons and holes from the CB and VB,
respectively. If a trap captures a charge carrier, this carrier can either be released again
by thermal activation or it recombines with a particle of opposite polarity. Therefore,
the time until both carrier types are captured is in competition with the release time of
the trapped carrier and therefore determines the effectiveness of the defect state. Im-
purities, where the time of capturing both charge carriers is shorter than the release
time are called recombination centers.?>! In order to ensure energy conservation,
trapping and detrapping is always related to the emission and absorption of phonons.
The energetic position of the defect state and thus the energy difference to the CB or
VB determines the number of phonons required for capturing a charge carrier. It fol-
lows intuitively that defect states which are located in the middle of the band gap have
the highest probability of mediating a SRH recombination event since energy exchange
with the crystal lattice is less likely when the energetic distance between two states is
large. Hence, a separation into deep traps which act as SRH recombination centers and
shallow traps which are prone to release the captured charge carriers is therefore useful
and frequently used in literature.

According to Shockley-Read-Hall theory, the recombination rate Rsry of photogen-
erated charge carriers via a recombination center with the energy E7 can be expressed
using the equation
np - nl2

Tp(n+n)+T,(p+ps)

Rsru = (3.2)

where n and p are the electron and hole concentrations, n; is the equilibrium carrier
concentration of electrons/holes and 7, and 7, are electron and hole carrier lifetimes.
n; and p; describe the electron and hole densities when the Fermi level equals the

energy of the trap through which the charge carriers recombine and equals

Ec—-E
n; = Ncexp (—u)
kgT
(3.3)
Pt 1% kg T

31



3. Charge Carrier Recombination in Semiconductors

with the N¢ and Ny as the effective density of states close to the band edges. The
charge carrier lifetimes 7, and 7, depend on the defect state density N, the capture
cross section o and the thermal velocity v, via

Tn'p - (3.4)

and correspond to the smallest mean time for a charge carrier between generation and
capture. The detailed derivation of these equations can be found in References 179253/,
In case of multiple defects, the SRH rate is a sum over all energies Er. Under the as-
sumption that photogenerated carriers and one SRH lifetime 75y dominate (np > nf,

n> ny, p > p,), the rate can be approximately simplified to 2>4-2%6!

RSRHO( (35)

TSRH

A closer look on Equation 3.2 reveals that SRH recombination is the largest, when the
energy level of the defect is in the center of the band gap (both Ec — Er and Er — Ey are
maximized) and the semiconductor is undoped, such that n = p. However, it does not
explain the physical origin why recombination via defect states of different energies
proceeds differently. 2%

To get more insights into the physics behind SRH recombination, the parameters
defining Equation 3.4 have to be discussed in more detail, namely vy, 05, and Ny.
The product of the thermal velocity and the capture cross section is often referred to
as the capture coefficient ky,, which is expressed in units of m®/s.125"! This kinetic fac-
tor has been widely described by the theory of multiphonon processes as introduced
by Huang and Rhys 58 and others.!?°%26% In this model, a band-like state and a de-
fect state are represented by two parabolas with the same shape, but shifted in energy
E and the configuration coordinate Q, which represents the potential energy surface.
This situation is exemplary visualized in Figure 3.2. The configurational space or coor-
dinate includes all changes of a defect state and its neighbors and is therefore a more
comprehensive parameter than the bond length alone. 261262! A non-radiative transi-
tion from the upper parabola is enabled by tunneling and/or thermal excitation to a
vibrationally excited state of the lower parabola. The energetic difference of the two
minima of the parabolas AE corresponds, for example, to the energy difference be-
tween the CBM and the impurity state and defines the number of phonons P needed
for a transition via AE/hw, where hiw corresponds to the phonon energy. In general, a
high number of P results in a low value of the capture coefficient. ?>”) However, it is not
only the number of phonons which is important for a transition but also the shift in Q,

which is quantified by the so-called Huang-Rhys factor Syg. It describes the strength
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Figure 3.2.: Schematic illustration of a phonon-assisted transition between two states which
are represented by the green and blue parabolas, where the upper one describes the
CB and the lower one a defect state. E; and E, correspond the energetic positions
and define the number of photons P needed to mediate the transition. The shift in
Q is described by the Huang-Rhys factor Sgr. In order to couple to a vibronic state
of the lower parabola, an electron needs to be thermally activated (high T, charac-
terized by the energy barrier Eg) or to rely on a tunneling process (low T) as shown
in the zoomed part. Modified from Reference (257

of electron-phonon coupling with higher values indicating a stronger coupling. As dis-
cussed in Chapter 2.2, lead halide perovskites are polar semiconductors and thus polar
coupling seems justified. For this case, Ridley developed a complicated, but still ana-
lytical solution for Sr, which depends on several parameters such as the phonon en-
ergy, the lattice constant, the high- and low-frequency limit of the permittivity € and e,
and the radius of the defect.?”! The Huang-Rhys factor includes therefore the micro-
scopic characteristics of the involved states and is different for every single defect or for
example band-to-band transitions (see Section 3.1.2). It scales with the difference in Q
with a high shift in Q leading to large Syr values and vice versa. With the knowledge
of both Syr and P, the capture coefficient/transition rate k;,, = v;,0,, , between the
parabolas can be calculated for differently charged defects as recently demonstrated
by Kirchartz et al.!?%%! The authors assumed a longitudinal optical phonon energy of
16.5 meV corresponding to Pb-I modes as determined by Sendner et al.!'!3! Thus, a
trap located in the middle of the band gap (0.8 V from the band edges) would require
49 phonons to be emitted making SRH recombination in general unlikely to occur. Fur-
ther, it was found that the defect energy level has a strong impact on kj, , with midgap
impurities leading to the highest transition rate. In addition, it is concluded that po-
lar materials with heavy elements and low phonon energies like MAPbI3 are highly
sensitive to AE, where the transition rate from non-midgap defects is substantially
lower compared to classical semiconductors. ?*® This feature provides lead halide per-

ovskites with the ability to be tolerant to defects as long as they are not in the middle
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of the band gap. The defect density Nt, also part of Equation 3.4, and the nature of
defects will be addressed in the next section.

Nature of Defects in Lead Halide Perovskites

Various theoretical publications focused on the calculation of energetic states and their
formation energies for all different types of defects like vacancies, interstitials and anti-
sites. For MAPDI;3, it follows that 12 different intrinsic defects are possible which can
be divided into 3 vacancies, 3 interstitials and 6 anti-sites. Many publications agree
with the statement that most defects do not create states in the middle of the band
gap, but that these states are rather located in the bands or close to the band edges. For
example, Kim et al. conclude that vacancies such as Vp;, and V; only generate levels
close to the band edges opening up the possibility to act as doping sources. 253 Schot-
tky defects, where anion and cation vacancies occur together, do not even lead to traps
states inside the band gap. Another study by Yin et al. agrees with these results that
most intrinsic defects create only shallow energy levels except anti-site substitutions
like iodine on a lead or methylammonium position. 264 Luckily, these anti-sites suffer
from high formation energies and are thus unlikely to be present in a large quantity.
In 2015, a more fundamental study suggested the iodine interstitial and the iodine oc-
cupying a methylammonium position as possible candidates for recombination cen-
ters. ?6°! However, most of the theoretical studies focus on bulk defects and do not take
into account surfaces or grain boundaries, which are always present in polycrystalline
films. For this reason, some studies also analyzed defects related to grain boundaries
and predicted no appearance of deep trap states. 64266 This is in line with Uratani et
al. where the authors predicted high formation energies for surface defects in case of
stoichiometrically balanced growth conditions. (267!

In contrast to theoretical works, experiments usually focus on the determination of
trap state energies and the corresponding defect densities since many experimental
techniques do not allow for the identification of the exact nature of the studied de-
fects. Using thermally stimulated current measurements, Baumann et al. reported
on traps with a depth of 0.5 eV with a rather low density of 10!°> cm™3, probably not
relevant under operating conditions.?®®! This energy level was confirmed by Martin
et al. and additional traps were found at 0.18 eV by applying the same experimen-
tal technique. % A large variation of defect energies (0.16—0.66 eV) was measured
via admittance spectroscopy, where the densities were determined to be in the range
of 1015 - 1017 cm™3. 270271 A trap density of 10'® cm™3 was also implemented as a fit-
ting parameter to model transient PL decays."® Further, it has been highlighted that
grain boundaries do not act more dominant as recombination centers than the bulk
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of the material and therefore no changes in trap energies or densities are generally ex-
pected. 2”2 Measurements were not only conducted on polycrystalline films, but also
on crystals as demonstrated by Adinolfi et al. Performing space-charge limited current
measurements on MAPbI3 single crystals, trap densities were calculated to be in the
order of 10! — 10'2 cm™3, distributed within 0.25 eV near the band edges. (2731 The fact
that mostly defects, which are not located in the middle of the band gap and moderate
trap densities are reported is in line with the theoretical predictions. The high distribu-
tion of the reported values can be probably related to different preparation methods,
the choice of precursor materials and the different measurements techniques.

The defect properties of lead halide perovskite can be attributed to electronic struc-
ture already discussed in Chapter 2.2. As depicted in Figure 2.2a, the CBM of MAPbI3
is mainly derived from empty Pb 6p orbitals, while the VBM is composed of Pb 65 and
I 5p orbitals. Since the VB originates from an antibonding coupling, the VBM is above
the atomic Pb and I orbitals. If, for example, an Pb vacancy is formed, it is surrounded
by I dangling bonds leading to an energetic defect state between the I p orbital and the
VBM and thus not within the band gap. Similar considerations can be also made for an
iodine vacancy, when the defect is formed by Pb dangling bonds. The energy level of
the corresponding state should be located between Pb p atomic orbital and the CBM
forming a shallow trap state. %> Obviously, the defect tolerant nature can be ascribed
to the antibonding orbitals forming the bands. This is in contrast to many classical
semiconductors like Si or GaAs, where the VB is formed of bonding orbitals and the CB
is formed of antibonding orbitals both originating from the same atomic states. Any
vacancy therefore induces defects with energies deep inside the band gap.?*”?74 The
unusual feature of the antibonding character in the VBM of lead halide perovskites is
considered to be the origin for their defect tolerance, >’ which can mostly be found

in metal-non-metal systems. !/

3.1.2. Radiative Recombination

Band-to-band recombination describes a process, where an excited electron from the
CB recombines directly with a hole from the VB. This process is accompanied by the
emission of a photon, hence the term radiative recombination is often applied. To sat-
isfy the momentum conservation, semiconductors with an indirect band gap rely on
the additional emission of phonons during the recombination event. For this reason,
recombination between carriers from the VBM and CBM is disfavored in contrast to di-
rect semiconductors like MAPbI;. Considering the multiphonon model, as discussed
for the description of SRH recombination, direct recombination via the emission of

multiple phonons is highly unlikely to occur, hence it can be neglected for inorganic
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lead halide perovskites. (2561 This is in contrast to OPVs, where it has been demonstrated
very recently that direct non-radiative recombination occurs in organic semiconduc-
tors and scales with the energy levels of the donor-acceptor materials.?”® This is as-
cribed to intramolecular vibrations, whereby the C-C double bond in particular plays
a significant role due to a large vibrational energy of 160 meV, for which reason only a
few phonons are required to mediate transitions. Since these bonds are unavoidable in
conjugated polymers, it sets an undesirable intrinsic limitation for OPVs.

The radiative recombination rate is typically expressed by 23!

Ryaq = kraa(np — n?). (3.6)

Under thermal equilibrium, the principle of detailed balance between absorption and
emission links the radiative recombination coefficient k,,4 to the absorption coeffi-
cient a. According to van Roosbroeck and Shockley,?’”! the relation can be written

as
00

Kraans = f 4nn?a(E)¢yy(E)dE, 3.7)
0

where n, is the refractive index and ¢ spectral black-body radiation. The equa-
tion shows, that the radiative rate under thermal equilibrium equals the generation
of electron-hole pairs by thermal background radiation. It is noted, that k. is car-
rier density independent and a material property which cannot be influenced by traps
or defects like SRH recombination. Further, the van Roosbroeck-Shockley equation
implies that highly absorbing materials also have high radiative rate constants. Re-
cently, Davies et al. >8] measured absorption spectra and applied Equation 3.7 in or-
der to calculate k,,4 and compared the obtained values to extracted fitting parameters
from previously published transient terahertz photoconductivity measurements. !
The authors found coincidence between both methods and determined k;,; =0.5-
1.0-107% cm3/s at room temperature, clearly showing that a radiative recombination
in MAPDI; event can be treated as an inverse absorption process. These values for
the radiative rate constant are in a similar range as reported in a multitude of publi-

5. 1922791 The gmall variation of

cations obtained by fitting transient optical experiment
reported values underlines the intrinsic nature of the parameter. To put the values in
perspective, indirect semiconductors such as Si demonstrate lower radiative rate con-
stants (kygq = 5-1071° cm?/s). 280

Nevertheless, the determination of k,,; is often complicated due to a multitude of
different effects that result in the rate appearing lower. For example, it has been sug-

gested that a direct-indirect nature of the band gap due to the Rashba effect slows down
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radiative recombination. 28! The strong spin-orbit coupling in combination with an
inversion symmetry breaking rising from polar distortion could split the spin degen-
erate band edges in k-space. 282283 Therefore, it is speculated that a phonon-assisted
recombination pathway could decrease the observed values for k;,;. However, the ef-
fect of Rashba splitting on recombination rates is under debate, since a recent publica-
tion verified the direct band gap via fast transient absorption and photoluminescence
measurements. 234 The authors observed an increase in PL intensity within the first pi-
coseconds indicating that radiative recombination has an increased probability if the
carriers thermalize to the band edges, which is a unique feature of direct semiconduc-
tors. Another effect, which can effectively prolong the measured lifetimes, is the re-
absorption of a previously emitted photon. ?8°! This process is called photon recycling
and is known to occur in direct semiconductors with high absorption coefficients. It
has been shown for lead halide perovskites, that photon recycling can increase carrier
lifetimes and mask internal radiative recombination rates. Further, it can increase the
device performance. [286-288]

Since radiative recombination is determined by the material and is unavoidable,
it sets an intrinsic limit for the open-circuit voltage and efficiency of any PV device.
For this reason, it is also considered as the basis for the calculation of the Shockley-
Queisser limit, which expresses the maximum theoretical efficiency of a single-junction

solar cell. [289]

3.1.3. Auger Recombination

Similar to SRH recombination, Auger recombination describes a non-radiative recom-
bination event, when the energy and momentum of an electron-hole recombination
is transferred to a third particle which subsequently thermalizes back to the VBM or
CBM. This type of recombination is usually important, when the carrier density is high.
Then, the probability that the third particle is close enough to recombination event of
two other charge carriers is increased. Auger recombination strongly depends on the
electronic band structure and is also affected by impurities and phonons which are
involved in the conservation of the momentum.!?°"! The inverse process of Auger re-
combination is called impact ionization, where an highly energetic electron collides

with another electron in a crystal and creates an electron-hole pair. 21!

In general, the recombination rate can be expressed as!163291

RAug = (kAug,n ‘n+ kAug,p -p)(np— nlz), (3.8)
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where kayug,n and kayg p are the corresponding Auger rate constants, depending on if
an electron or a hole is involved as a third particle. Similar to radiative second-order
recombination, Auger recombination also represents an unavoidable loss channel in
solar cell materials. Wang et al. have demonstrated the impact of Auger recombination

under high illumination intensities in perovskite-based concentrator PVs, 250!

3.2. Charge Carrier Lifetimes

As already indicated in Equation 3.1, all discussed recombination processes occur in
parallel and therefore shorten the lifetime of photogenerated charge carriers and pre-
vent them from surviving in the valence and conduction bands. For this reason, each
charge carrier has a finite lifetime, which represents the time until it returns back to
a non-excited state via one of the possible recombination processes. In general, the
charge carrier lifetime describes the carrier concentration as a function of time.
The total recombination rate R is therefore the sum of the rates of all possible recom-
bination processes 17"’
R = Rspu + Rraa + Raug- (3.9)

Inserting Equations 3.2, 3.6 and 3.8 yields the full expression

1
k= +kraa + (Kaug,n-n+ Kaug,p- - n), 3.10
o taprpy  Kradt Kaugn nt Kaugp:p)| (np=ng), - (310

which represents a more detailed reflection of Equation 3.1. Since no analytical so-
lutions exist for the full expression, numerical solutions usually need to be taken into
account. Nevertheless, the focus on special cases with the involvement of several sim-

plifications can still lead to analytical solutions 16329

as will be exemplary shown in
the next paragraph.

Considering the SRH process as the only recombination mechanism in combination
with one SRH lifetime 75z and a photogenerated charge carrier population as previ-

ously discussed in Equation 3.5, the recombination rate is

_dn_  n 3.11)
S dr TsrH '
Thus, the solution of this differential equation reads
n(t) =n(0)-exp (— ), (3.12)
TSRH
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where 7(0) corresponds to the initial photo-induced charge carrier density. In this case,
the charge carrier lifetime 75gp is a constant value and independent of charge carrier
density and includes characteristics of the material and the involved states (see Equa-
tion 3.4). However, this case is far from being general, as usually different recombina-
tion processes exist in real materials.

Generally, the presence of one recombination mechanism in a device allows to de-
fine a lifetime which characterizes this single process. If each of the recombination

processes summed up in Equations 3.9 and 3.10 are described by a lifetime, the total

lifetime 7 can be calculated by adding up the different lifetimes reciprocally 17?29
1 1 1 1
—= + + . (3.13)
T TSRH Trad TAug

It is worth to note here, that the total lifetime is charge carrier density dependent and
thus varies with time.!%3! As a direct consequence, lifetime comparison between dif-
ferent material systems and PV devices can only be conducted as the charge carrier
density is simultaneously measured as highlighted by Pivrikas et al.?% and Stranks et
al.'?%% in a scientific discussion. Nevertheless, many publications only report pure life-
times but fail to provide information regarding the measurement (illumination) con-
ditions and therefore the charge carrier density. By conducting PL measurements, for
example, it is only possible to determine the lifetime, but the carrier concentration in
the sample cannot be measured directly. For this reason, the intensity of the laser pulse
is used to estimate the charge carrier density in the film. In contrast, the present the-
sis will focus on the determination and analysis of charge carrier lifetimes in relation
to the corresponding measured charge carrier densities. This is a huge benefit of the
herein employed transient electrical methods (see Section 4.3 for details on the work-
ing principle of these techniques) as they allow to identify how carrier lifetime scales
with carrier concentrations. As a consequence, the dominant recombination mecha-

nism can also be calculated as it is shown in Chapter 6.

3.3. Relationship between Recombination and PV

Parameters

In the previous sections, various recombination processes that can occur in semicon-
ductors and thus also in solar cells were explained. So far, no connection has been
established to PV parameters such as the open-circuit voltage. In an ideal case, a semi-
conductor absorbs all photons corresponding to energies, which are higher than the

band gap. Since real devices do not have an external quantum efficiency of unity over
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the whole spectral range of sunlight, j. is lower compared to a perfectly absorbing so-
lar cell. However, under j. conditions, all photogenerated charge carriers should leave
the device as long as extraction time is longer than the recombination lifetime. This
assumption is justified for perovskite solar cells, since high mobilities and diffusion
lengths in combination with thin active layers allow for a fast extraction. The situation
can be different in OPVs, when excitons move trough large polymer domains providing
low carrier mobilities and promoting therefore a recombination event prior to charge
separation at an acceptor-donor interface. (249]

However, maximizing only the photocurrent is not sufficient to increase the effi-
ciency as the electrical power depends on the product of both current and voltage.
Hence, V. has also to be increased for prepare high performing solar cells. Under
steady-state open-circuit conditions, the externally applied voltage compensates the
generated voltage from the device such that generation equals recombination and car-
rier extraction is completely suppressed. Recombination losses therefore prevent the
quasi Fermi level splitting from reaching its full potential and decrease the maximum
achievable voltage. Accordingly, the V,, itself is already a quantity which describes the
amount of recombination losses in fully working devices. For this reason, a connection
between recombination parameters (such as charge carrier lifetime and density and
the diode ideality factor) and the open-circuit voltage is necessary and will be intro-
duced in the next part.

After charge carrier generation and thermalization to the VBM and CBM, both elec-
trons and holes are in their respective bands for a finite lifetime until they disappear by
recombination. Under steady-state illumination, the electrons and holes are in thermal
equilibrium with the lattice and the charge carriers occupy the states in their bands
according to a Fermi distribution at the device temperature. It follows for density of
electrons in the CB!17")

Ec — Egp )
n=Ncexp|———— 3.14
c exp ( kg 3.14)
and in the same way for holes in the VB
=Nyexp|————— 3.15
p = Nyexp ( KT 3.15)
From these equations, the quasi Fermi levels can be determined to be
N,
Epn = Ec— kg Tln(—c) (3.16)
n
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for the electron quasi Fermi level and

N,

Erp :EV+kBTln(—C) (3.17)
p

for the hole quasi Fermi level. From a thermodynamic perspective, the quasi Fermi

levels of electrons and holes correspond to their electrochemical potentials 7, and

Np- [170.296] The total energy of an electron and a hole can be calculated as the sum of

their electrochemical potentials corresponding to the externally measurable voltage V

via

N¢ N
eV:nn+np:Eg—kBTln( < V).

np
It follows that the electrochemical energy of an electron-hole pair is not exclusively

(3.18)

determined by the band gap, but also ruled by the effective densities of states and the
charge carrier concentrations. This expression links the external parameter voltage
with internal parameters such as the carrier density and corresponds to the starting
point for the discussion on the impact of different recombination mechanisms on V..

Under open-circuit, the generation rate G and recombination rate R cancel out, such
that G=R. Assuming pure radiative recombination, the recombination rate can be
written as R = k,,4np according to Equation 3.6 if the photogenerated charge carrier
densities are substantially higher than the intrinsic ones. In this case, the product np

in Equation 3.18 can be replaced by G/ k;,4 and it follows

NeNyk
Vo, rad = Eg — kp Tln(u).

G (3.19)

This equation quantifies the impact of the radiative rate constant on V,.. For a given
generation rate, it ultimately sets an intrinsic limit for the V. of a solar cell, since both
Eg and k; 44 are material constants. This limit is often referred to as the radiative limit
since it describes the maximum achievable photovoltage V., r,q in a PV device. More
details regarding this parameter will be provided in Chapter 7.

Analogous to the previous consideration, the voltage for pure SRH recombination
can also be calculated under the assumptions that n and p are predominantly photo-
generated (n = p) and one dominant SRH lifetime as in Equation 3.5. It follows for the

SRH limited voltage V. sru

N¢Ny
2
T5pp G’

V)

TSRH

eVOC,SRH:Eg—kBTln( ) :Eg—ZkBTln( (3.20)

In this case, the photovoltage depends on the SRH lifetime, which is a parameter that

is determined by material properties like the defect density (see Equation 3.4). Thus, it

41



3. Charge Carrier Recombination in Semiconductors

can be addressed in order to increase V. by the reduction of non-radiative recombi-
nation losses.

However, the cases of pure radiative or SRH recombination rarely occur in real solar
cells and a simultaneous combination of both mechanisms is more suited to describe
carrier dynamics. If both recombination processes are present, G= R = k;gqnp + n/Tsry

and the V, ;44+sry can be calculated in analogy to both above-mentioned cases based

=2
—_1 / L
o T1/4Gkraa + 7

2krqa

on Equation 3.18 and reads

eVoc,rad+sra = Eg —kpTIn | Nc Ny - (3.21)

Equation 3.19, Equation 3.20 and Equation 3.21 underline, why V. is sometimes re-
ferred to as the recombination parameter since it exclusively depends on the interplay
between generation and recombination.

In the next step, a connection between the dominant recombination mechanism and
n;q will be developed. Under open-circuit, the Shockley Equation 2.8 can be solved for

Voc with j=0and j,p, = jsc

VOC:”“d—’CBTln(&H) :-’“d—’CBTm(?—"). (3.22)
q Jo q Jsc

Ithas to be noted, that the impact of R, ¢ is ignored since external current flow is sup-
pressed under these conditions. In addition, Ry, is neglected as the current is small
compared to the recombination current trough the diode at sufficiently high voltages.
Subsequently, the + 1 term in the logarithm of Equation 3.22 can also be ignored as the
fraction jg./ jo is usually orders of magnitude larger. By comparing the second term
in Equation 3.19 and Equation 3.20 with Equation 3.22, the similarity of the logarith-

(174 Accordingly, the prefactor in

mic expression is noticeable as G corresponds to j.
front of kg T can be identified as n;,4. It follows from Equation 3.19, that for pure radia-
tive recombination n;4 = 1. In case of pure SRH recombination, Equation 3.22 reveals
niq = 2. The ideality factor can therefore be used as a direct measure of the dominant
recombination mechanism, where a value of 1< n;; <2 indicates that both types of
recombination are present. 297!

In addition to the already discussed cases in Equation 3.19 and Equation 3.20, there
are also further limits for ;4. A detailed analysis of recombination pathways and their
relation to ;4 can be found in References!! 742982991 For example, n;,4 = 1 also applies

to SRH recombination in heavily doped semiconductors since n = p does not hold any-
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more. In case of a n-doped material, n corresponds to the density of ionized dopants
N}, (n= Nf)) and n > p in the low injection regime. It follows for a pn-junction that
the ideality factors are different depending if a SRH recombination event takes place in
the quasi-neutral or the depletion region. Surface recombination due to non-selective
contacts can lead to n;; < 1. If SRH recombination takes place through a series of re-
combination centers and the recombination is dominated by more than one trap, n;4
can exceed values of 2, 17429

After js. and V. are discussed, the influence of recombination on the last important
parameter, the FF, is still missing. The fill factor depends on both, the resistive losses in
the device (including shunt and series resistance) and the recombination losses and is
therefore the most complicated parameter in solar cells. Since no closed form solution
for the FF exist, it can only be described empirically as will be demonstrated in Chapter
8.

Extending the Bucket Analogy

Once the basics of charge carrier recombination have been introduced, the unfinished
picture of the water bucket from Chapter 2.3.2 can be completed. Recombination pro-
cesses prevent solar cells from reaching their full voltage potential and therefore hinder
the water bucket from being completely filled. Figure 3.3 depicts a water bucket under
open-circuit conditions (closed valve), as it has already been shown on the right-hand

side in Figure 2.7. Because the valve is closed, no water flows out of the bucket and

Vloss,rad
Q.
4]
()]
he]
c
3| 8
>

Figure 3.3.: Extented water bucket analogy under open-circuit conditions from Figure 2.7
where charge carrier recombination prcoesses are included. Recombination pro-
cesses lead to a leaky bucket where the shape and the size of the holes characterize
the recombination mechanisms. The lateral opening of the bucket represents un-
avoidable losses due to radiative recombination and accordingly limits the water
level/the maximum achievable voltage. The other holes represent SRH recombina-
tion which can be avoided.
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the water level reaches a maximum, which originates from the interplay between the
incident water drops (generation) and charge carrier recombination processes. The
introduced recombination losses correspond to holes of different sizes and shapes re-
ducing the water height significantly. SRH processes are illustrated as holes close to the
bottom of the bucket, since they are usually dominant at low charge carrier concentra-
tions. Because SRH recombination is avoidable, the holes also can be closed, for ex-
ample by a reduction of the defect density. Further, there is an opening over the whole
height of the bucket corresponding to radiative recombination losses. This mechanism
is not visualized by a circular hole, but by a larger opening that cannot be closed and
extends all the way to the bottom. This ensures that generation equals recombination
under very low light intensities even in case of no SRH processes being present. It ac-
cordingly limits the water height if all SRH recombination holes are closed and prevents
the water bucket from overflowing. As real devices always suffer from recombination
losses, the leaky bucket is a better representation in comparison to the bucket in Figure
2.7.
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As already introduced in Section 2.3.1, perovskite solar cells consist of individual layers
of both organic and inorganic nature. In the following chapter, the materials used in
this thesis will be discussed and a short introduction into solar cell preparation will
be given. Furthermore, the working principle of the experimental methods will be
presented. Different measurement techniques are used to investigate recombination
processes in fully working devices under operation conditions. Open-Circuit Voltage
Decay and and Transient Photovoltage are measured to determine the lifetime of the
charge carriers, while the Charge Extraction method is applied in order to calculate the

corresponding charge carrier concentration.

4.1. Materials

Optoelectronic devices based on perovskite semiconductors rely on a complicated in-
terplay between different materials. As already introduced in Figure 2.4, different de-
vice layouts are established in the field of perovskite PV. The versatility of these lay-
outs has also contributed to a multitude of different transport layers and electrodes
which are used to prepare solar cells. In this thesis, both n-i-p and p-i-n solar cells
are studied in a planar device configuration. A mesoporous TiO, scaffold is not em-
ployed as an electron transport layer, since it usually suffers from more pronounced
j-V hysteresis (see Section 2.3.3) and demonstrates slow transient behavior in opti-

cal and electronic measurements. 3%

I Since the PCE of a perovskite solar cell is not
exclusively determined by the active layer, but also affected by charge selective lay-
ers, extensive studies on the identification of high-performing transport materials ex-
ist. 144301 Fijgure 4.1 provides an overview over the herein investigated transport lay-
ers. VB and CB energies of MAPbI; and the energies of the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of the dif-
ferent organic compounds are included in the diagram. The HOMO and the LUMO
correspond to the VB and CB in organic materials and originate from different hy-
bridizations of the s and p orbitals of carbon. The hybridization leads to alternat-

ing single and double bonds and therefore creates a delocalized n-electron system,

45



4. Experimental Methods
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Figure 4.1.: Energy levels of the HOMO’s and LUMO’s and the corresponding chemical
structures of the hole and electron transport materials used in the herein presented
studies. For comparison, the VBM and CBM of MAPbI3 are included. All organic
transport layers have the conjugated m-electron system in common. Values for en-
ergy levels are taken from References !144145302,303]

which provides semiconducting properties. 34 The chemical structures are also illus-
trated in Figure 4.1, highlighting that all molecules are composed of such conjugated
m-electron systems. As HTLs, N4,N4,N4",N4"-tetra([1,10’-biphenyl]-4-yl)-[1,1":4’,1"-
terphenyl]-4,4"-diamine (TaTm), poly[N,N-bis(4-butilphenyl)-N,N-bis(phenyl)-benzi-
dine] (p-TPD) and poly(3,4-ethylenedioxythiophene):polystyrene sulphonate (PEDOT:PSS)
are used, while Cgp, PC1BM and 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP)

represent the ETLs. In the following, a brief description of these materials will be given.

TaTm

The arylamine derivative TaTm is a HTL, where the HOMO energy of -5.38 eV matches
with the VB of the perovskite. With a LUMO energy of -2.30 eV, it provides an energetic
barrier for electrons from the CB of MAPbI3.3%! It is often implemented in fully evap-
orated n-i-p and p-i-n perovskite solar cells, since it exhibits reproducible sublimation

conditions and allows for highly efficient PV devices, [303-305.306]
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p-TPD

Another wide band gap semiconducting arylamine, which is also serves as an HTL, is
p-TPD. It consists of a nitrogen atom with three aryl groups and belongs to the class of
polymers. With a HOMO level of -5.4 eV, it demonstrates good band alignment for the
injection of holes from the perovskite. Additionally, the LUMO energy of -2.4 eV en-
ables an efficient blocking of electrons. Its first implementation in perovskite PV was
reported in 2013 by Malinkiewicz et al.!3%?! It developed into a frequently used trans-
port material, not only in perovskite PV, 397308 hut also in the field of organic LEDs. 309!
After the preparation of thin p-TPD layers, the material displays hydrophobic character
due to the butylene group, which complicates the perovskite deposition on top, since
perovskites precursors are typically dissolved in hydrophilic solvents (see Section 4.2).
To overcome the wetting issue, several strategies®!1%311l have been proposed, like the
additional deposition of an amphiphilic interfacial compatibilizer between p-TPD and

the perovskite. (308!

PEDOT:PSS

The last HTL is the water-based PEDOT:PSS, which is a mixture consisting of two com-
ponents. Figure 4.1 shows the chemical structure of the individual ingredients, with
the upper structure representing the PEDOT and the lower structure the PSS. The con-
jugated polymer PEDOT is consists of polythiophene and is mainly responsible for the
high electrical conductivity with values up to 4600 S/cm, 3'?] while the PSS counter-
part is based on polystyrene sulfonate. In thin films, both polymers are strongly inter-
linked, which results in a high transparency in the visible part of the electromagnetic
spectrum. Furthermore, by tuning the PEDOT:PSS ratio, the conductivity can be con-
trolled over several orders of magnitude. (8131 1 aqueous solution, PEDOT:PSS forms
micelles, with PSS forming the interface to H,O molecules while PEDOT is embedded
in the inner part of the aggregates, which leads to a high solubility and excludes toxic
solvents.3'¥ Over the past decades, these properties have contributed to the develop-
ment of PEDOT:PSS into a frequently encountered material in organic and perovskite

solar cells. 3153161

Ceo

Nowadays, a large number of different fullerenes exists with the most popular being the
buckminsterfullerene Cg. For its discovery in 1985, Kroto and coworkers were awarded
the Nobel Prize in chemistry in 1996.317! Within a short period of time, considerable

improvements in synthesis have contributed to the fact that the material could be pro-
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duced in larger quantities and thus also studied more easily.3'8319 It consists of 60
carbon atoms, which together form 12 pentagons and 20 hexagons arranged in an
spherical configuration, for which reason the molecule is often called buckyball. Due
to its high electron affinity, it is often employed as a electron transport layer in per-
ovskite solar cells. Electron mobilities in the range of 1073 - 1072 cm?/(Vs) are usually

d 329321l in combination with diffusion lengths of 400 nm allowing for sufficient

S. [322

reporte
transport in PV device I Furthermore, the material features a LUMO energy match-
ing to the CB of the perovskite and has a band gap of about 1.9 eV.*23 Since it is not
soluble in organic solvents, it is usually deposited by thermal evaporation, as shown in

Section 4.2.

PCsBM

In order to make the Cgyp molecule solution processable, Hummelen et al. synthesized
PCg:BM, which is functionalized with a phenyl and methyl butyrate side chain. 34
This chain increases the solubility in organic polar solvents and leaves the optoelec-
tronic properties of pure Cgp almost unaffected. Both, the energy levels and the elec-
tron mobilities are similar in both fullerene derivates. 22321325 The molecule has a
successful history in OPVs, as it has been applied as an electron acceptor for many
years until the efficiency was outnumbered by introducing fullerene-free acceptors. 119!
Together with the Cgp and other fullerene derivates, it is one of the most commonly

used ETLSs in perovskite PV.

BCP

With a LUMO energy of -3.5 eV, BCP is not considered as a conventional transport layer,
but acts as a buffer layer between the fullerene and the metal electrode. It was of-
ten employed in OPVs to reduce recombination losses at the acceptor-electrode inter-
face 326! and therefore also adopted for perovskite solar cells. Even though its working
principle is not yet fully understood, recent studies suggest that thin BCP layers reduce
undesired charge accumulation in the ETL and replace the Schottky barrier with an

ohmic contact, which increases the PCE and improves device stability. (327,328]

4.2. Device Preparation

Intensive research over the past years has allowed the development of various methods
for the preparation of perovskite solar cells. All devices studied in this work were fab-

ricated in a planar device configuration as depicted in Figure 2.4b. For this approach,
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a glass substrate coated with ITO provides the basis (VisionTek Systems Ltd., United
Kingdom). With typical film thickness of only 100 — 200 nm, ITO exhibits a high average
transmission in the visible range of up to 92 % and a low specific electrical resistance
in the order of 107 Qcm. 3% In order to define the active area precisely and prevent
short circuits when contacting the device, the substrate is patterned with a chemical
photolithography process. Afterwards, the substrate is prepared for further process-
ing by different cleaning steps. It is cleaned for 10 minutes each in water, acetone and
isopropanol before being treated for 30 seconds in an oxygen plasma to completely re-

move organic contamination.

Preparation of the HTL

An HTL is first deposited on the cleaned glass substrate. As already mentioned in the
previous section, this can be either TaTm, p-TPD or PEDOT:PSS. In case of TaTm (No-
valed, Germany), the substrate is transferred to a vacuum chamber integrated into a
nitrogen-filled glovebox and evacuated to a pressure of ~ 1075 mbar. The material are
then sublimed at temperatures around 250 °C to achieve a constant evaporation rate of
0.5 A/s. The evaporation rate and thickness (10 — 50 nm) are controlled by quartz crys-
tal microbalance sensors. In contrast, p-TPD and PEDOT:PSS are processed from solu-
tion via spin coating. p-TPD (1-Material, Canada) is dissolved in 1,2-Dichlorbenzene
with a concentration of 7 mg/ml and spin cast in an inert nitrogen-filled glovebox re-
sulting in a layer thickness of 10 nm. Afterwards, the substrates is annealed at 110 °C to
remove residual solvent. Aqueous PEDOT:PSS solution (Clevios™ P VP AI 4083, Her-
aeus, Germany) is deposited (40 nm) under ambient conditions without any further

modification and annealed at 130 °C inside the glovebox.

Preparation of the Perovskite

The herein investigated perovskite layers are prepared by various methods, as schemat-
ically illustrated in Figure 4.2. Most methods involve the use of lead iodide (Pbl,) and
methylammonium iodide (CH3NH3I or MAI) as reactants, whereby the formation of

the perovskite is described by the reaction equation
Pbl, + CH3NH3I — CH3NH;5PbI;. 4.1)

Similar to the HTLSs, perovskite films can be prepared either from solution or by ther-
mal evaporation in a inert nitrogen-filled glovebox. When processing from solution, a
distinction is made between the one-step and the two-step process. At the beginning

of the one-step process, often denoted as the mixed precursor approach, a Pbl, (Sigma-
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Aldrich, Germany) stock solution is prepared by dissolving 1.5 mol in a 4:1 volume mix-
ture of N,N-Dimethylformamide (DMF) and Dymethylsulfoxide (DMSO) and stirred
over night on a hotplate adjusted to 25 °C. Afterwards, a small amount of MAI (Lumtec,
Taiwan) is added to a second vial. Shortly before use, the Pbl, solution is heated to
180 °C to ensure that the lead iodide is completely dissolved. After cooled down to
room temperature again, the Pbl, solution is added to the MAI vial such that the molar
ratio between Pbl, and MAI is 1:1 to obtain the required ratio from Equation 4.1. The
resulting Pbl,/MAI solution is than stirred for at least 2 hours to ensure optimum in-
termixing and deposited by spin casting. During rotation of the spin coater, additional
(non-dissolving) solvent (usually Chlorbenzene) is dispensed on the sample to wash
out the solvents from the perovskite solution. Since the solvent is not dissolving the
perovskite, but helps to remove the other solvents, the procedure is often referred to as
anti-solvent washing. Introduced in 2014, it is considered as a major breakthrough in
the preparation of perovskite films as it improves the horizontal growth conditions and
reduces unwanted vertical elevations, resulting in much smoother and more homoge-
neous layers. 339-332] Eurther, it also increases the device reproducibility. The substrate
is then annealed at 100 °C for 15-30 minutes to remove residual solvents and allow for
full perovskite conversion. Further details on the application of the one-step approach
can be found in Reference 333,

In the two-step process, which has been established by Xiao et al. in 2014, two indi-
vidual solutions have to be prepared. ¥3¥ First, a 600 mg/ml solution of Pbl, in DMF is
prepared and stirred over night at 70 °C before use. The solution is then spin cast on
the substrate, followed by an annealing step of 15 minutes at 70 °C. After cooled down
to room temperature, a MAI solution (40 mg/ml in Isopropanol) is deposited by spin
coating. It is important to use an orthogonal solvent in this to prevent the dry Pbl,
layer from being washed away. The substrate is then annealed at 100 °C for 1 hour to
start the interdiffusion process and allow for the chemical reaction between the two
layers. However, this approach often suffers from low PCE values and an insufficient
reproducibility due to unreacted Pbl, at the bottom of the substrate. To avoid this is-
sue, it was suggested to add a small amount of MAI already to the Pbl, solution. [33%336]
In this case, MAI is already present in the Pbl, layer leading to a larger disorder and
therefore an increased volume of the crystal. If the MAI solution is spin coated in the
next step, it is easier for the MAI to penetrate trough and react with the Pbl, leading
to an accelerated conversion and less unreacted salts afterwards. The best results are
usually obtained with a molar ratio of 0.2 with respect to Pbl,. In addition, it has been
shown that it is beneficial to anneal perovskites in DMSO solvent vapor atmosphere in

order to increase the domain size of the polycrystalline layers and ensure a complete
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Thermal evaporation:

Figure 4.2.: Overview of different fabrication methods for perovskite films. Perovskite lay-
ers can be prepared either by dissolving both salts (Pbl, and MAI) and depositing the
solution via spin-coating or by applying thermal evaporation. Solution-based meth-
ods are usually divided into one-step and two-step deposition. Further explanations
are provided in the main text.

reaction. '8! For this reason, the substrate is annealed at 100 °C in a closed metal box
with a few ul of DMSO after spin coating the MAI salt. Both modifications (adding a
small amount of MAI in the Pbl, solution and annealing in a solvent atmosphere) im-
prove the PCE and reproducibility of the solar cells noticeably and are applied to all
studied devices in this work, which were prepared by the two-step approach.

The third method for preparing thin perovskite layers is thermal evaporation. Two
crucibles, one filled with Pbl, (TCI Chemicals, Japan) and the other one filled with MAI
(Lumtec, Taiwan) are heated in an evacuated evaporation chamber under a pressure
of 10~% mbar. To achieve evaporation rates of 0.5 A/s for Pbl, and 1.0 A/s for MAI, the
crucibles were heated to 250 °C and 70 °C, respectively. The co-deposition of both ma-
terials leads to perovskite films, where the thickness can easily be controlled via the de-

position time. To obtain homogenous substrate coverage, the substrate holder, which
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is located above both crucibles, is rotating during evaporation. All fully evaporated
perovskite solar cells studied in this work are prepared by the group of Dr. Henk Bolink
from the University of Valencia (Spain). Further information on vapor-deposited per-

ovskites is provided in Reference 337!,

Preparation of the ETL

After the preparation of the perovskite film, the electron transport layers are deposited.
If the perovskite absorber is prepared by spin coating, it is necessary to smooth the sur-
face with a 20 nm PCg;BM (Solenne, Netherlands) layer. For this reason, a 20 mg/ml
solution from 1,2-Dichlorbenzene is spin cast on the perovskite, followed by anneal-
ing for 1 hour at 100 °C resulting in a film thickness of 10-20 nm. In the next step, the
substrate is transferred into an evaporation chamber, where 20 nm of Cg( (Solenne,
Netherlands), 8 nm BCP (Sigma-Aldrich, Germany) and a 60 nm gold electrode are de-
posited via evaporation under a pressure of 10-® mbar. The evaporation rate is kept
constant at < 0.5 A/s for Cgg and BCP, but is higher for the gold (= 1.0 A/s). In case of
fully evaporated solar cells, Cgo (Sigma-Aldrich, Germany) is directly employed on top
of the perovskite layer with an evaporation rate of 0.5 A/s until a thickness in the range

of 10 and 50 nm is reached.

4.3. Transient Electrical Techniques

The following section briefly introduces the transient electrical methods which are ap-
plied in this thesis to study charge carrier recombination processes in perovskite solar
cells. In complete devices, charge carrier recombination parameters, like the charge
carrier lifetime or the density are not directly accessible. For this reason, steady-state
and transient behavior of V,, is often studied, since charge carrier generation equals
recombination under open-circuit. As discussed in Chapter 3, first insights on re-
combination can be already obtained by determining the diode ideality factor. To
gain further information, both charge carrier lifetime and the corresponding density
are herein measured with optoelectrical methods. All time-resolved measurements
are performed in a closed-cycle helium cryostat to avoid water-induced degradation
processes within the solar cells and precisely control the device temperature (by a
Lakeshore 332 cryogenic temperature controller). In order to obtain recombination
parameters for different open-circuit voltages, the illumination intensity is varied over
several orders of magnitude. For all measurements, a high power LED array, which
is driven by a Keithley 2602 Source Meter, is employed to generate steady-state illu-

mination conditions. To calibrate the LED current, j;. of every device is first mea-
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sured in an inert glovebox under a simulated AM1.5 G spectrum with an irradiance of
100 mW/cm?. Then, the device is transferred into the cryostat and the LED current is
adjusted such that the device generates the same j;. as previously determined in the
glovebox. This intensity is defined as 1 sun illumination. The intensity can be changed

by varying the LED current and using neutral density filters.

4.3.1. Open-Circuit Voltage Decay

Open-Circuit Voltage Decay (OCVD) experiments are a simple tool to study internal
recombination losses in solar cells. First recombination studies by employing voltage
decay measurements on germanium were conducted already in 1955 by Lederhandler
and Giacoletto. 338! After broad application in classical pn-junctions, OCVD was also
adopted to study charge carrier dynamics in DSSCs, 339340) OpVs 341l and very recently
in perovskite solar cells. 342!

A schematic presentation of the measurement procedure is shown in Figure 4.3. Dur-
ing the whole experiment, the device is kept under open-circuit conditions via a 1 TQ
high-impedance voltage amplifier (Femto Messtechnik GmbH). The solar cell is then
illuminated with a LED to generate an excited carrier population which leads to an
open-circuit voltage. It is important to illuminate for a sufficiently long time (usually
in the order ms to s) to ensure that steady-state conditions are reached in the device.

At time fy, the illumination source is turned off and the voltage decay is monitored as
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Figure 4.3.: Working principle of OCVD measurements. A solar cell is kept under open-
circuit and illuminated with a constant light source. After reaching steady-state con-
ditions, the light is switched off and the voltage decay is recorded as a function of
time. The resulting decay curve can be analyzed by using Equation 4.3 to obtain the
carrier lifetime Tocvp.
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a function of time using an Agilent Infinium 90254A digital storage oscilloscope. Since
electrical current is impeded all the time, the only way for charge carriers to relax back
to their equilibrium states is via recombination processes inside the device. V,. is then

affected by the decreasing carrier density since it follows the relationship

T
Vo = kBT-ln(n—’;). 4.2)

n;

This expression can be directly obtained, if Equations 3.14 and 3.15 are multiplied with
each other and NCNV-eXp(—%) is replaced by nf Since recombination processes are
not instantaneous, the time evolution of the open-circuit voltage allows conclusions to
be drawn regarding the charge carrier lifetime. As previously demonstrated in a various
publications, 340:343344] the charge carrier lifetime 7ocyp can be determined from the

slope of the voltage decay according to

(4.3)

niakpT (dvoc(t))_l
TocvD = — .

q dt

The main benefit of employing lifetime determination from OCVD signals arises from
the fact that it is a continuous measurement providing high resolution in voltage and is
collected in short time. All OCVD results shown in this work were usually averaged over
4 - 8 individual measurements to increase the signal-to-noise ratio, which is important
for the analysis of the data. To increase the signal quality even further, additional math-

ematical smoothing is employed prior to taking the derivative.

4.3.2. Transient Photovoltage

Another possibility to determine the charge carrier lifetime in solar cells is the small-
signal method Transient Photovoltage (TPV). The basic idea of the method can be
dated back to 1955, where it was developed to study germanium and silicon. ®*®! The
method experienced great attention during the last decade in the investigation of novel
thin-film solar cells such as OPVs 346347 and perovskites. 348349

A simplified overview on the working principle is provided in Figure 4.4. A solar cell
is first illuminated with constant bias light and kept under open-circuit conditions dur-
ing the whole measurement by using the same experimental setup as for OCVD mea-
surements. The steady-state V. is then perturbated by a small optical pulse gener-
ated by a Nd:YAG (neodymium-doped yttrium aluminium garnet) laser (A1 =532 nm,
EKSPLA PL-2210) with a pulse duration of 80 ps. Upon laser excitation, the addition-

ally created charge carriers lead to an increase in voltage AV,.. In order to maintain
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quasi-equilibrium conditions, the laser intensity is attenuated with neutral density fil-
ters such that the relation AV,. < V,. holds, which is relevant for further evaluation
of the voltage transient as will be explained in the next paragraph. Since the device is
kept under open-circuit conditions the whole time, the additionally generated charge
carriers An have to recombine until the steady-state carrier concentration originating
from the bias LED light is reached again.

The small optical perturbation leads to an increased total charge carrier density,

which can be expressed as n + An. With insertion into Equation 3.1 it follows

d(n+A
% = — (ky(n+An) + ka(n+ An)? + ks (n+ An)®)
A An)\? An\?
= | kin|1+ 22 4 ko (1+—n) +kgn’ (1+—n ] (4.4)
n n n
14+2(28)4(2n)? 14+3(28)43(An )24 (Any®

Considering the small-perturbation approximation AV, < V,. such that An <« n, all
terms (A—n”)x with x being larger than 1 are neglected and the expression can be rear-

ranged

d(n+An) N

dr n

A A A
kln(l + _n) + kyn? (1 +2—n) + kyn® (1 +3—n)
n n

:—[k1n+k2n2+k3n3]—An[k1+2k2n+3k3n2]. (4.5)

du kers
The first bracket can be identified as the rate equation without the small perturba-
tion, while the second bracket is independent of An and can be treated as an effective
recombination coefficient k. s . Thus, the recombination rate for the additionally gen-
erated charge carriers (being proportional to AV, can be written as

dAV,. dAn An

koA = —. 4.6
ar > dr effRN Tan (4.6

Here, k. is expressed by the small-perturbation lifetime 74,. Solving the differential

equation yields an exponential relationship between An and 7, according to

r
An = Angexp (— ) (4.7)
TAn

and the measurable voltage decay back to the steady-state V,, via

r
Voc(t) = VOC + AVOC eXp (_ ) . (4.8)

TAn
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Figure 4.4.: Schematic illustration of an TPV experiment. The solar cell is kept under open-
circuit conditions and illuminated with constant background illumination. At ¢ = £,
a short laser pulse generates additional charge carriers in the device such that the
voltage rises by AV,.. If the small perturbation meets the requirement AV, < V.,
the resulting voltage transient can be used to determine the charge carrier lifetime
at the particular background illumination/open-circuit voltage.

By fitting the measured voltage transient with an exponential decay, the charge carrier
lifetime can be determined as a function of illumination/open-circuit voltage. Usually
TPV experiments are conducted at a multitude of different background illumination in-
tensities, where AV, = 5— 15 mV to meet the requirement AV, < V,.. The advantage
of TPV consists in the simpler evaluation with an exponential fit function compared to
OCVD, where the derivative of an large and equally noisy transient signal needs to be
calculated. In order to increase the signal quality also for TPV, a transient is recorded
100 times and then averaged. Since the measured lifetimes are a function of V,. and
therefore n, the equally important parameter of carrier density needs also to be deter-

mined to correctly understand recombination dynamics under operating conditions.

4.3.3. Charge Extraction

Charge Extraction (CE) is often selected to determine the charge carrier density in a
solar cell under a specific illumination intensity. 2493°0-3521 A CE experiment is con-
ducted directly after TPV at the same illumination intensity to correlate the obtained
values with each other. Prior to each measurement, an j-V measurement under il-
lumination is performed (Keithley 2602 Source Meter) to identify V.. The CE proce-
dure itself is divided into two different steps, as illustrated in Figure 4.5: first, the so-

lar cell is illuminated with constant light and the previously measured V,, is applied,
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Figure 4.5.: Simplified scheme of a CE experiment. In the first step, the solar cell is illumi-
nated with a constant illumination source and the measured V. is applied. Under
these conditions, no current is flowing and the device is under open-circuit. In the
second step, the illumination source is turned off and the solar cell is simultane-
ously switched from open-circuit to short-circuit conditions. The resulting current
transient is then recorded, integrated and normalized to the volume of the active
area to calculate the charge carrier density, which was stored in the device under the
particular illumination intensity.

such that the device is kept under open-circuit and a steady-state carrier population is
generated. At t = £y, the illumination source is turned off and the device is simultane-
ously switched to short-circuit conditions. This is realized by a fast Texas Instruments
SN74IVC1G3157 analog switch (with response time of 3 ns), which is triggered by an
Agilent 81150A pulse generator. The resulting current transient is amplified by a Femto
DHPCA-100 current-voltage amplifier and recorded by the same digital storage oscillo-
scope as used for OCVD and TPV. The current transient is then averaged 15 times to im-
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prove the signal-to-noise ratio. By integrating the obtained current to get the extracted
charge Q.y;, the charge carrier density stored inside the device under the particular
illumination intensity can be calculated via

Qext 1 Estop

- - 1(2) dt, 4.9
" Adqg AdqJy, (2) (4.9)

where A is the active area of the device, which is defined by the overlap of ITO and
the metal electrode (see Section 4.2). The thickness d of the active layer is individ-
ually measured for every solar cell with a Veeco Dektak 150 profilometer. The time
fstop is defined by the moment, where I(#;0p) = 0, which is typically reached on the us
timescale for perovskite solar cells. The combination of both TPV and CE measured at
the same illumination conditions allows for a detailed analysis of recombination losses
in fully working devices under operating conditions and provides a powerful toolbox to
determine the rates and orders of recombination processes.

However, the recorded current transients do not necessarily have to originate from
charge carriers inside the active layer, but also can be affected by charges stored in the
transport layers or at the electrodes. For this reason, additional measurements are per-
formed in the dark to account and correct for these capacitive charge carriers. The ex-
act procedure and discussion will be provided in Section 5.6 and the general influence
of capacitive effects on the introduced transient electrical techniques will be studied in
Chapter 5.
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Abstract. Lifetime evaluation of so-

lar cells is frequently conducted via

W
PR

|

. =
both optical and electrical means £ e i

with the purpose of obtaining a | P3HT:PCBM MAPbI;

o—

deeper understanding of the dom- ¢ cathode (% @e6
2Ll /CN
. . .o, . 0: | \ -~ ‘E
inant performance limiting recom- _\”_/_ & 7\‘/@ 2, capl
bination mechanisms. Here, these é@\J@:\\; 7
Rshun B
previously assigned lifetimes are re- ,'\l t \1 BrEdo Do)

7l

evaluated as often being severely in-
fluenced by capacitive decay rates of spatially separated charge carriers. This
misconception hence explains the sometimes observed irregularities between
optically and electrically determined lifetimes. In addition, it is revealed that
not only the lifetimes determined by OCVD and TPV, but also charge carrier
densities derived from CE measurements can be affected by capacitive charge
carriers. It is shown that capacitive effects are very often ruling these mea-
surements and therefore interfere with the assignment of important recom-
bination parameters. To explore this limitations in more detail, an analytical
expression outlining under which conditions relevant bulk recombination pa-
rameters are electrically accessible in thin-film solar cells is provided. In order
to make general statements regarding different PV devices, the study includes
not only perovskite solar cells, but comprises also other technologies such as
OPVs and Si solar cells.

This chapter is partially based on
D. Kiermasch, A. Baumann, M. Fischer, V. Dyakonov and K. Tvingstedt. Revisiting lifetimes from tran-
sient electrical characterization of thin film solar cells; a capacitive concern evaluated for silicon, organic

and perovskite devices. Energy & Environmental Science, 11, 629-640 (2018). DOI: 10.1039/C7EE03155F
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5. Capacitive Effects in Transient Electrical Measurements

5.1. Introduction

Thin film solar cells made from novel materials with high absorption coefficients are
generally much cheaper to produce than their thicker counterparts and therefore rep-
resent a promising alternative to low-cost large-scale electricity production. However,
thin solar cells made from innovative materials such as organics or metal halide per-
ovskites need to have high PCE’s to be able to compete with the already commer-
cially established technologies. To grasp what limits the voltage produced by solar cells
under illumination, it is necessary to understand the mechanisms behind the disap-
pearance rate of the photogenerated electrons and holes in the device. The build-up
and disappearance of charge carrier densities in solar cells involve a variety of pro-
cesses including absorption and charge carrier generation, separation, transport via
drift and diffusion, recombination in the bulk, via traps, at the surfaces or from the
electrodes themselves. All these processes occur on a time scale ranging from sub-
picoseconds %3354 to in some cases several seconds or even hours.!3%! Effectively
designing PV components for optimized PCE always relies on maximizing the carrier
generation and transport processes and simultaneously minimizing the recombina-
tion processes towards the radiative limit of the corresponding material. 3%

The lifetime of photogenerated charge carriers is one of the most important param-
eters in solar cells, as it rules the recombination rate that defines the open-circuit volt-
age (see Chapter 3) and the required minimum extraction time. Identifying the dom-
inant recombination mechanism and the corresponding rate (lifetime) is accordingly
an important subject of any PV researcher, independent of material and technology.
Both optical and electrical transient measurements are therefore frequently employed
with the purpose to approach this. Contactless optical methods such as terahertz spec-
troscopy, [2°% transient absorption, 3%7! transient photoluminescence, [°1358-3611 and tran-
sient microwave photoconductivity >3%2! all provide information related to the overall
disappearance rate of excited states or charge carriers in the active material. These
methods are widely performed on pure absorber materials without transport layers
and at excitation intensities that differ from operating conditions. Direct electrical
measurements on PV materials embedded in a device configuration probe instead the
disappearance rate of excess carrier densities and the corresponding quasi Fermi level
splitting as introduced in Section 4.3. Monitoring the rate at which this property decays
provides accordingly the sought-after information of how the associated excess charge
carriers disappear in a solar cell. In the time-domain, the most common methods em-
ployed are based on measuring the decay of V., either by the full signal OCVD method

or by the small-perturbation technique of TPV. In the corresponding frequency-domain,
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the rates are monitored by impedance spectroscopy 263369 or intensity modulated

(237 All rate determination methods need a comple-

voltage or current spectroscopy.
mentary technique to identify the relationship between carrier density and voltage. In
case of the time-domain methods, this is provided by either combining Transient Pho-
tocurrent (TPC) with TPV (usually referred to as Differential Charging) or alternatively
by the CE method. The frequency-domain-methods rely instead on the integral of var-
ious forms of differential capacitance-voltage measurements. 3643671 Both the time-
domain and frequency-domain methods are therefore in principle able to determine
the charge carrier lifetime as a function of carrier density.

However, there is caveat with these methods originating from that they were initially

s. 1338 Devices

developed for thicker indirect band gap germanium or silicon solar cell
comprising these inorganic crystalline materials are very different compared to many
novel thin-film solar cells mostly in terms of their carrier lifetimes, but also in their
band gaps, thicknesses, capacitances and layouts. Thin-film solar cells are necessar-
ily relying on materials with higher absorption coefficients leading to active layer film
thickness in the range of 20 — 500 nm. The high absorption coefficient allows a smaller
thickness that however leads to devices with larger (geometric) capacitance values.
Electrical characterization methods employed to determine recombination dynamics
under operating conditions are therefore not always easily transferable to new genera-
tion thin-film PV devices.

Charge carrier lifetimes determined from the analysis of electrical transients are for
most of the mentioned PV technologies ranging typically from 1 microsecond at sun
intensities up to several milliseconds or even seconds at reduced intensities. These
long lifetimes of excess charge carriers are quite peculiar, as they are several decades
longer than those determined via complementary optical measurements such as tran-
sient photoluminescence. This discrepancy in lifetimes has not only been frequently
observed in OPVs, 368359 hut also in perovskite solar cells during the last years. 370371
Both optical and electrical methods are claiming to probe charge carrier lifetimes rel-
evant for steady-state conditions, but obviously cannot both be correct if determined
at equal carrier densities. In addition, a strong non-linear dependence of charge car-
rier lifetimes on voltage is observed, when transient electrical methods are employed
to study recombination losses. The observed strong dependence on illumination in-
tensities has been interpreted as that the dynamics cannot be described by first-order
recombination processes, where the lifetime should be constant over at least a small
range of excess carrier densities (and consequently V,.’s). In case of DSSCs, the very

S [340]

long lifetimes up to several second are generally attributed to a slow second-order

chemical reaction rate between electrons and ions present in the electrolyte. However,
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Figure 5.1.: Principle of increased carrier lifetimes by carrier trapping and detrapping pro-
cesses. An electron is trapped and released at shallow traps, which do not act as SRH
recombination centers until it finally recombines radiatively or non-radiatively via a
deep trap. This procedure can prolong the effective carrier lifetime.

a quite identical dependence is also observed in most organic and perovskite based
solar cells studied so far. In these solid-state components, slow chemical reactions are
not suitable to generally explain the charge carrier kinetics. A power law dependence
of recombination rates with second- or higher-order recombination kinetics in combi-
nation with assumptions of trapped charges in a broad DOS has often been ascribed to
account for both the strong dependency of voltage and the very long lifetimes. In this
common picture, the long lifetimes originate from a non-linear relationship between
trapped and free charges, where shallow traps slow down the overall recombination
rate and not speed up recombination as it is generally the case for deep mid gap trap
states. 379 This trapping-detrapping procedure is illustrated in Figure 5.1, where an
electron gets trapped and detrapped until it recombines radiatively with a hole or non-
radiatively via a deep trap. However, it is unclear why the long lifetimes often occur
exclusively in electrical measurements on devices while optical methods are not af-
fected. Obviously, the presence of transport layers and electrodes influences the mea-
sured lifetimes.

In this chapter, both theoretical and experimental evidence is provided for that car-
rier trapping is not responsible for the slow recombination rates often encountered
in thin-film solar cells. Charge carrier lifetimes are determined via both OCVD and
TPV methods on a multitude of different PV technologies indicating that some of the
obtained lifetimes are very often associated with a capacitive discharging rate instead
of bulk recombination in the active layer. In addition, it is revealed that the same ef-
fects also influence CE experiments, which also complicates the determination of the
corresponding charge carrier densities. The objective of this study is therefore to ex-
perimentally clarify the general influence of quasi-static capacitive effects on charge

carrier lifetime and density determination by electrical time-domain approaches.
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5.2. Devices and Current-Voltage Characteristics

For sake of technological generality, four different solar cells with very diverse prop-
erties are experimentally evaluated to highlight the overall message. Three of these
devices correspond to novel thin-film solar cells, while the fourth one is a classical
monocrystalline Si photodiode (S1787-04, Hamamatsu) included as an additional ref-
erence. Further information regarding the Si device can be found in Reference 372,
Figure 5.2 summarizes the different device architectures of the thin organic and per-
ovskite solar cells. In both organic devices, 30 nm of PEDOT:PSS act as the hole trans-
port layer (see Section 4.1) and 3 nm calcium with 110 nm of aluminium are used as
the electron selective contact. Both metals are deposited via thermal sublimation. For
the active layers, a mixture of an electron donor and electron acceptor were dissolved
and deposited via spin coating resulting in the well-known bulk heterojunction lay-
out. The P3HT and PCg;BM active layer was deposited by spin coating a chloroben-
zene solution (36 mg/ml total concentration with a molar ratio of 1:0.8) to obtain a
layer thickness of 150 nm. For the other OPV device, Poly[N-9’-heptadecanyl-2,7—car-
bazole-alt-5,5-(4’,7'-di-2—thienyl-2’,1’,3’-benzothiadiazole)] (PCDTBT) was dissolved
together with PCg1BM in molar ratio of 1:4 and a total concentration of 20 mg/ml. This
configuration rendered a film thickness of 80 nm. The perovskite device is based on
p-TPD as HTL and a combination of Cgy, PCs;BM, BCP and gold as the electron se-
lective contact. The MAPbI3 active layer was prepared by the two-step interdiffusion
process outlined in Section 4.2. Since all devices employ the same fullerene, it is further
abbreviated with PCBM instead of PCg;BM.

To put the selected set of photovoltaic devices and their performance in relation to

each other, their dark and illuminated j—V curves are presented in Figure 5.3. Measure-

’ - - ) ’ p— ’ / o
ITO ITO 7
glass substrate glass substrate glass substrate
(a) P3HT:PCs;BM (b) PCDTBT:PCg;BM (c) MAPbI3

Figure 5.2.: Device layouts of the studied thin-film PVs. Two organic solar cells in a bulk het-
erojunction architecture consisting of (a) P3HT:PCg;BM and (b) PCDTBT:PCg; BM
and a perovskite (c) MAPbI; based device are investigated.
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ments in the dark are presented on a logarithmic scale, while the illuminated curves are
depicted on alinear scale. In order to determine ;4 and jj, the exponential term of the
Shockley Equation 2.8 is used as a fit function and the obtained values are summarized
in Table 5.1. The extracted n;4’s vary from exactly one for the Si photodiode to exactly
two for the perovskite cell, with both OPV devices ranging in between. A closer look at
the illuminated j-V characteristics reveals that the PCDTBT:PCBM solar cell shows the
lowest PCE of 2.8 %. Both, the Si and the P3HT:PCBM devices have a PCE of 3.9 %, while
the perovskite solar cell is the most efficient device with a PCE of 12.2 %. In case of the
perovskite device, both the forward and backward measurements are shown, proving

that only minor hysteresis behavior can be observed.
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Figure 5.3.: j-V characteristics for all four studied PV devices (a) in the dark and (b) un-
der illumination. The grey dashed lines correspond to exponential fits according
to Equation 2.8 in order to determine j, and n;4. For the MAPDI; solar cell, both
the forward and backwards scans are shown to illustrate only minor current-voltage
hysteresis. All extracted PV parameters are summarized in Table 5.1

device nig  JjolAm™] joc [Am™?] Vo, [V] FF[%] PCE [%]
Si photodiode | 1.0 5.2-1078 101 0.56 69 3.9
P3HT:-PCBM | 1.3 4.6-107" 99 0.63 62 3.9
PCDTBT:PCBM | 1.7 1.7-107% 58 0.90 52 2.8
MAPbI; 20 42-1078 198 1.10 56 12.2

Table 5.1.: Extracted PV parameters from Figure 5.3 for all studied devices from j-V charac-
teristics in the dark and under 1 sun illumination.
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5.3. Determination of Charge Carrier Lifetimes

In this section, charge carrier lifetimes are determined using transient electrical meth-
ods and different recombination regimes are identified. These techniques have ad-
vantages in comparison to optical measurements, as they are able to determine re-
combination dynamics on a wide range of timescales in fully working devices. Figure
5.4a shows normalized TPV transients in a semi-logarithmic plot for the set of stud-
ied devices. The background illumination intensity was adjusted to be 1sun. The
decays of all thin-film devices are well-described by a single-exponential fit accord-
ing to Equation 4.8, revealing the shortest lifetime for the perovskite (r = 0.39 us) and
the longest transient for the P3HT:PCBM device (7 = 2.87 us). The decays for the Si de-
vice are summarized in the inset, where the illumination intensity corresponds to 1 sun
and 0.001 suns. In case of the lower intensity, the data is fitted by a single exponential
function leading to 7 = 142.7 us, whereas at 1 sun illumination, a double exponential
nature is detected with time constant of 7, =2.53 pus and 7, =48.1 pus. OCVD transients
for the same devices are presented in Figure 5.4b. Prior to the decay, every device was
illuminated with 1 sun intensity. Quite different decay dynamics can be observed be-
tween the studied devices: for example, the P3HT:PCBM solar cell displays the shortest
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Figure 5.4.: (a) TPV decays for the studied thin-film PVs at an illumination intensity of 1 sun.
The data is fitted with an exp. decay according to Equation 4.8 in order to extract the
TPV lifetime 7. The logarithmic representation clearly shows that all decays are well
described by a single-exponential decay. This is contrary to the Si device, which is
shown in the inset. Here, at low light intensities (0.001 suns), a single exponential
decay is observed while at higher intensities (1 sun) a double-exponential decay is
measured and hence two lifetimes can be extracted. (b) OCVDs for all devices, where
the solar cells were illuminated with 1 sun prior to the decay.
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time to reach 0 V among the thin-film PVs even though its TPV lifetime is the longest
one. The perovskite and the Si device demonstrate the longest OCVD decays with up
to 115 s for the silicon device. Furthermore, all devices have different slopes strongly
depending on the time after the light was switched off which indicates differences in
the responsible recombination mechanisms during each decay.

To examine how the obtained TPV lifetimes scale with open-circuit voltage, mea-
surements are performed for a plethora of different logarithmically spaced steady-state
light intensities ranging from a minimum of 107 suns up to a maximum of 3 suns. It
is noted that for this range of intensities the requirement AV, < V. is ensured for
every measurement (see Section 4.3.2). The determined lifetimes are plotted as a func-
tion of V. in Figure 5.5a. In addition, OCVD lifetimes (solid lines) determined from
Figure 5.4b by applying Equation 4.3 are included. The obtained lifetimes vary from
a few hundred nanoseconds to even seconds for the range of measured open-circuit
voltages. It can be confirmed that the measured lifetimes and their relation to V. in-
deed are identical within very respectable accuracy for all materials such that 77py =
Tocvp- TPV additionally provides two clearly identifiable lifetimes in the high-voltage
regime of the Si device, whereas the OCVD only succeeds in identifying the longer
lifetime. That the inverse derivative of the large signal OCVD generally equals small-
perturbation lifetimes from TPV or Intensity-Modulated Photovoltage Spectroscopy
(IMVS) was also observed for DSSC 349344 and recently for perovskites. 373 After hav-
ing confirmed the overall identity between OCVD and TPV lifetimes in all four devices,
the general behavior of how the determined lifetimes relate to internal voltage is evalu-
ated. For the Si photodiode, two quite constant charge carrier lifetimes are found for all
voltages above 0.4 V. These lifetimes are individually associated with the thin back p-
layer and the front thicker n-layer. Accordingly, the recombination is truly of first-order
type with constant lifetimes in this regime as expected for heavily doped semiconduc-
tors. At lower voltages (< 0.4 V), only one value can however be recognized, where the
determined lifetime is rapidly increasing with decreasing voltage. The large set of TPV
illumination intensities as well as the OCVD measurements easily allow to identify that
in this region the logarithm of the lifetime scales linear with voltage. As it is impossi-
ble that the dominant recombination dynamics should make a transition from a first-
order process at high carrier densities to a higher-order process at low carrier densi-
ties, this cannot be the origin of the voltage-dependent lifetimes below 0.4 V. These
voltage-dependent lifetimes are also observed for the other PV devices. While the per-
ovskite solar cell shows an almost constant slope over the whole intensity range, both
organic devices exhibit regions of different slopes. In case of the PCDTBT:PCBM device,

a transition occurs from a nearly constant lifetime at voltages below 0.5V to a steeper
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Figure 5.5.: (a) Charge carrier lifetimes determined via TPV and OCVD for the four solar
cells. Slope alterations lead to the presence of different regimes, where the lifetimes
can be constant (at high or low voltages) or voltage-dependent (for intermediate
voltages). For a better overview, a simplified scheme of these different regimes is
provided in (b), where the solar cells are categorized according to the presence of
different slope alterations.

slope for higher V,.’s. A similar transition is visible for PSHT:PCBM at around 0.2V
with the addition of another slope alteration being evident at roughly 0.5 V. A simpli-
fied scheme of the observed lifetime transitions is illustrated in Figure 5.5b. All devices
have the highest slope at intermediate voltages in common. However, both organic
cells demonstrate a transition to a more constant lifetime at low voltages, whereas the
Si and to a minor extend also the P3HT:PCBM solar cell exhibit another transition to
a constant lifetime at higher V,.’s. To explain these different lifetime regimes, a com-
plete picture of the underlying recombination mechanisms will be developed in the

following based on experimental and theoretical results.

5.4. Effect of External Conditions on Voltage
Decay

To understand the electronic behavior of PV devices, research is very often based on
equivalent circuit modeling. This allows for a detailed description of all currents and
voltages present in a solar cell, which opens up the possibility to study the different
electrical components a solar cell consists of. In this section, the impact of these com-
ponents will be investigated in more detail to obtain a better understanding of how

they affect lifetime determination by transient electrical methods.
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Figure 5.6.: Equivalent circuit of a solar cell. Photocurrent source, shunt resistance and
a capacitor are connected in parallel to a diode. In addition, a series resistance is
included. In order to describe real solar cells correctly, all these components need to
be considered.

Figure 5.6 displays a widely used equivalent circuit model for solar cells. In the ideal
case, a PV device can be described only by a photocurrent source, which generates the
current and a diode being connected in parallel. 374375 Sometimes, additional diodes
are included to account for different recombination mechanisms. /%376 In reality, such
ideal devices do not exist, since resistive losses are always present and have to be ac-
counted for by implementation of additional components in the equivalent circuit.
The influence of resistive losses is well-recognized in literature and often included in
the evaluation of j-V characteristics and other experimental observations. 353743771
Since the transient electrical methods employed in this work are conducted under
open-circuit conditions, Rs.rjes does not affect these measurements and accordingly
can be ignored in further analysis. On the contrary, the capacitor connected in parallel
is only poorly considered in literature. Thin-film PVs consist of active layers with thick-
nesses of several hundred nanometers, which are embedded between two electrodes
leading to capacitances that are often not negligible. For this reason, the influence of
the capacitor on transient electrical methods is studied in this section. In addition, the
impact of Ry, and the illumination intensity will be evaluated in order to obtain a
complete picture of all parameters and determine the conditions under which relevant

recombination parameters can be obtained.

Effect of lllumination Intensity

By first changing the starting steady-state voltage by employing different light intensi-
ties covering several decades, the influence of light intensity on OCVD can be exam-
ined. Figure 5.7 summarizes the decays for starting light intensities ranging between
107% and 2.7 suns. For the Si device, the curves can be separated into a fast recombina-
tion regime at early timescales (< 1073 s) and a slower recombination regime, where all

measurements converge into the same decay at longer time scales. Although the start-
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Figure 5.7.: OCVD curves with different starting open-circuit voltages for the (a) Si, (b)
P3HT:PCBM, (c) PCDTBT:PCBM and (d) MAPDbI; solar cells. The voltages are var-
ied by changing the light intensity over several orders of magnitude.

ing (steady-state) voltage scales perfectly with the logarithm of the light intensity, the
initial decay is quite different depending on the starting value. Thus, the attendance
of the early regime is intensity dependent and can be observed for all voltages above
0.4 V corresponding to illumination intensities ranging between 10~ and 1072 suns.
The P3HT:PCBM and MAPDI; devices require 1 sun or even higher intensities to iden-
tify a slightly differing decay at early time scales. In case of the PCDTBT:PCBM solar
cell, no attendance of an additional initial decay can be observed. Both organic de-
vices show an additional slope alteration after the decays merged to one single curve
at around 0.2V for the P3HT:PCBM and 0.5V for the PCDTBT:PCBM solar cell. This
behaviour will be addressed in the next section. Further, the most complicated decays

are found for the perovskite solar cell, where the whole decay is intensity dependent
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and the curves do not end up in the same trace like observed for the other devices.
Obviously, the initial light intensity determines the shape of the decay also at long
timescales. In addition, a shoulder around 0.7 V appears, when the device was illu-
minated with high light intensities prior to the decay, which is known as a “persistent
photovoltage” effect often observed for perovskites. 342! Even though the main origin
is not fully clarified yet, it is assumed that the presence of mobile ions is responsible
for this behavior (see Section 2.3.3). In addition, mobile ions could also explain the
recorded slope alterations at longer times scales since the initial ionic displacement
can indeed be intensity dependent, if, for example, additional ions are generated upon

photoexcitation, [235237,378,379]

Effect of Capacitance and Shunt Resistance

To ascertain the rationality of the lifetime assignment, both external parameters, the
capacitance and shunt resistance, are varied by placing these additional components
in parallel to the set of studied solar cells. These additional components should demon-
strate their impact on the obtained lifetimes without affecting the bulk recombination
dynamics.

Figure 5.8 displays the influence of both external components on the OCVD traces.
By placing additional capacitors (of 6.8 or 15 nF) in parallel with the solar cells under
study, the decay is prolonged in a linear fashion. In case of the Si device, this is how-
ever only the case in the later region of the decay, whereas the initial drop is unaffected
by this modification. Obviously, the additional capacitors dominate large parts of the
measurements, which is the first experimental confirmation that also the pure cells are
(to avery different extent) here ruled by the relaxation of spatially separated capacitive,
and not bulk, charge carriers. In case of the PCDTBT:PCBM device, even the entire volt-
age range is completely modified by the external capacitor, while the P3BHT:PCBM solar
cells shows a larger deviation only at longer timescales. To then finally ascertain that
this long-lived decay is indeed only associated with carriers stored at or in the direct
vicinity of the electrodes, various shunt resistances are connected in parallel with the
device. These external loads evidently speed up the decay and substantially reduce
the assigned lifetimes, but again only in the time region that was ruled by capacitive
discharging. The charges located at the electrodes are now provided with an alterna-
tive faster route to relax, a simple external resistor. Bulk carrier recombination rates
certainly remain unaffected (as shown by the fast initial decay in Figure 5.8a) by ex-
ternal shunting, as long as R, is not also limiting the steady-state V. itself as it is
the case for both organic devices for very low shunt resistances in the kQ-range. 3!

Here, the starting V, is heavily reduced even though the illumination intensity is kept
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Figure 5.8.: OCVD decays with additional capacitors and resistances placed in parallel to
the (a) Si, (b) P3HT:PCBM, (c) PCDTBT:PCBM and (d) MAPbI3 solar cells at an illu-
mination intensity of 1 sun. The capacitors prolong the decay, while the additional
resistances decrease the time until V,. relaxes back to zero again.

constant at 1 sun. Thus, charge carrier recombination via the external shunt is faster
compared to internal bulk recombination, preventing the quasi Fermi level splitting
to build up as much as in the unshunted case. Figure 5.9 displays the corresponding
dark j-V curves of the shunted devices. While the Si device has a high shunt resistance
preventing any leakage currents even at low voltages, both organic thin-film solar cells
demonstrate leakage recombination trough internal shunts. However, by introducing
additional resistors, which are lower compared to the internal shunts, the leakage cur-
rent is increased by several orders of magnitude and subsequently hiding the expo-
nential diode behavior. From these observations it can be concluded, that the OCVD

slope alteration for the pure solar cells in Figure 5.7b at 0.2 V and Figure 5.7c at 0.5V
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Figure 5.9.: Current-voltage characteristics in the dark with additional resistors placed in
parallel to the (a) Si, (b) P3HT:PCBM, (c) PCDTBT:PCBM and (d) MAPbIj3 solar cells.
Additional measurements under 1 sun illumination are included to identify the con-
ditions under which V, is affected by leakage recombination.

is correlated with the internal shunt resistance. Accordingly, this is the first hint that

the lifetimes of both organic devices are ruled by the Rgj;,;C-time at these low volt-

ages (region (iii) in Figure 5.5b). Furthermore, it can be stated that C does not only play

a role at the lowest voltages, but also for intermediate voltages in region (ii) in Figure

5.5b, since OCVD is influenced by both external components in this regime. This is

nicely demonstrated for the Si cell for voltages lower than 0.4 V (Figure 5.8a) or for the
PCDTBT:PCBM device for voltages above 0.5 V (Figure 5.8¢). Since the Si solar cell has a

high internal shunt resistance, this part of the decay is not related to the Ryj,;,,,; C-time,

but is also characterized by another form of capacitive discharge. It is accordingly a

strong confirmation that the decay at intermediate voltages, where the lifetime scales

72



5.4. Effect of External Conditions on Voltage Decay

exponentially with voltage (Figure 5.5), is indeed only associated with capacitive carri-
ers and not necessarily with charges trapped in tail states of the DOS in the bulk of the
material as explained in Section 5.1.

As already noticed for the OCVD transients in Figure 5.8, the placing of additional
capacitors in parallel to the solar cell slows down the decay and therefore increases
the recombination lifetime in a wide range of voltages. In contrast, additional shunt
resistors have the opposite effect by speeding up the voltage decay. The influence of
the external components on the calculated charge carrier lifetimes determined by TPV
and OCVD is exemplary summarized in Figure 5.10 for the Si solar cell. The introduc-
tion of a low shunt resistances results in a constant lifetime at the smallest voltages. By
combining the 6.8 nF capacitor and the 25 MQ resistor, the Rg,,,C time can be cal-
culated to be 0.17 s, matching perfectly with the determined constant lifetime via TPV
of around 0.18 s. If only the 25 MQ resistance is included during the measurements,
the constant Rgy,,;C time at low voltages can be calculated to be 0.033 s. From this
value, it can be concluded that C = 1.32 nE The exact origin of this internal device ca-
pacitance will be discussed later. To summarize, the constant lifetimes at low V,.’s in
region (iii) in Figure 5.5b originate from capacitive charge carriers which are stored at
the electrodes and recombine via the device shunt resistance. This process results in

the Rgpyun:C-time of the device measured by TPV and OCVD. Furthermore, for inter-
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Figure 5.10.: Impact of additional capacitors and shunt resistances on charge carrier life-
times determined by (a) TPV and (b) OCVD for the Si solar cell. Additional capacitors
increase the calculated lifetimes, while placing additional shunt resistances in paral-
lel to the device has the opposite effect. For low voltages, the lifetimes correspond to
the RC time constant. In contrast, for high open-circuit voltages, the obtained life-
times are not affected by the external components, since real bulk carrier lifetimes
are measured.
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mediate voltages in the range of 0.2 V to 0.4 Vin Figure 5.10 or region (ii) in Figure 5.5b,
it is obvious that the external components have a huge impact on the obtained life-
times. Considering the equivalent circuit in Figure 5.6, the assumption follows that it
corresponds to a capacitive discharge not via the shunt resistor, but via the diode itself.
This hypothesis will be examined in more detail in the following section. For high V,.’s
above 0.4V, both measurement techniques lead to lifetimes, which are not affected by
the addition of external components. This confirms finally, that these lifetimes origi-
nate from the bulk of the Si device and correspond therefore to real internal charge car-
rier lifetimes. Bulk carriers can only be released thermally or by applying an external
electric field but would not notice whether the electrodes are shunted or not. The aim
of employing transient electrical methods is therefore to identify the slope deviation of
determined lifetimes at high voltages in order to study charge carrier recombination in
the absorber of the device. Taking again Figure 5.5 into account, it can be concluded
that no one of the studied thin-film PVs shows an as clear slope alteration as it is the
case for the Si device. Accordingly, no bulk recombination lifetimes of the photoac-
tive layers can be identified and the determined lifetimes are ruled by the discharge of

capacitive charge carriers.

5.5. Analytical Description of OCVD and Lifetimes

Following the findings of the previous section, the focus shifts now to an analytical de-
scription of the capacitance affected lifetimes. Firstly, it will be demonstrated how large
parts of the OCVD transient can be described via discharge of a capacitor either via the
shunt resistor or the diode, but only in the time region where the device capacitance
is the main contributor to the decay. Secondly, the obtained lifetimes will be analyzed
in more detail and described as the sum of the real bulk carrier recombination lifetime

and the capacitive discharging time.

Modeling of OCVD Transients

In the following, the voltage resulting from capacitive effects will be described for dif-
ferent cases of the equivalent circuit introduced in Figure 5.6. Starting with the most
simple case, it can be assumed that the device consists of a shunt resistance in paral-
lel with a capacitor. Here, the current I in the circuit results from the discharge of the

capacitor through the resistor, such that

v v
dr Rshunt'

I= (G.1)
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Thus, it follows for the relationship between voltage and time

t
V(t) = Vt:o +€Xp (—m) , (52)
shunt

where V;- is the initial voltage at time =0 and Rg,,,C in the denominator of the
exponential function can be identified as the previously measured time constants for
the lowest open-circuit voltages.

A more sophisticated case is a capacitor placed in parallel to a diode without the
inclusion of any resistive effects. To describe this circuit, the time derivative of the
charge on the capacitor leads to a current through the diode, which has already been

introduced in Equation 2.8. The differential equation can thus be written as

I——Cdv—l(ex( qv )—1) (5.3)
B dr 0 P nijgkpT ’ '

where I is the dark saturation current. According to Ref. 38" the solution reads

Vi=oq )) ( lyqt )
1-{1-exp[- L L
( exp ( njaksT exp CnjqkgT

This expression describes the decaying voltage of diode-capacitor (DC) circuit, where

V() = —nidiBTln

. (5.4)

the measured lifetime cannot be identified as easy as in the RC circuit. The parame-
ters n;q and Iy can, for example, be determined from current-voltage characteristics in
the dark, whereas C can be used as a fit parameter or determined via other techniques,
like CE (see Section 5.6) or Impedance Spectroscopy. 3817383 It should be noted, that
the DC decay differs significantly from a RC decay, since it scales with the logarithm
of time. This expression can be further simplified depending on the time region un-

der focus. Taylor expansion of the t-dependent exponential term under the condition

Iyqgt
Cniod T < 1leadsto
nigksT ( Vi=0q ) lyqt ( ( Vi—oq ))]
V(t)=- 1 — + 1- — . 5.5
(1) | exp njakgT CnijgkgT exp njakgT (5.5)

Since the initial voltage V;-( for the set of studied devices is larger compared to the
thermal voltage kp T/ g, the second exponential term is negligible compared to 1, such
that

nidkBTl

V(t)=- . (5.6)

ox (_ Vi=oq )+ loqt
P nigkgT CnjakgT

From Equation 5.6, two cases can be investigated in more detail. For short times (¢ — 0),

the second term in the bracket can be neglected leading to the intuitive result V(t) = Vi~.
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For intermediate times, where the second term in the bracket dominates and the con-

dition exp(— n‘i/;?BqT) <z nllf’d‘;;T <« 1 holds, Equation 5.6 becomes
Vo :_nidkBT Lygt 5.7)
Cn,—dkBT ' '

On this time scale, where the condition is satisfied for most parts of the OCVD tran-

sient, the voltage decay demonstrates a logarithmic dependency on time. For verylong

times, where eXp(— n‘i/;:kOBqT) Cnlioqu;T (includes also the previous time region), Equa-
tion 5.4 can be simplified to
njakgT Lygt
Vit)=———In|l1-exp|-————=]|, (5.8)
q CnjakgT

which satisfies the necessity of decaying to zero for long times. Equations 5.6 and 5.7
provide analytical and quite simple expressions to fit OCVD traces in the intermediate
time regime and verify the assumption if an DC circuit describes the long decays cor-
rectly. Furthermore, in order to estimate when the decay reaches V(t) =0V, Equation

5.7 can be solved for t, resulting in the following relationship

niakgTC

(5.9)
qlo

end =
This expression is only valid, if the device has a high shunt resistance such that any
leakage currents are suppressed, otherwise the Rg,,,:C decay outlined in Equation 5.2
would provide an alternative faster route for the voltage to drop.

In order to investigate the impact of the discussed capacitive effects on OCVD, Figure
5.11 summarizes the measured OCVD decays in combination with modeled Rj;,,;C
and DC circuits. Panel 5.11a displays the light-dependent transients for the Si device,
where the data is described by a DC decay according to Equation 5.6. All necessary
parameters are taken from dark j-V curves (Figure 5.3 and Table 5.1) and a value for
the internal device capacitance is determined from the constant Rgj,,,,;C lifetimes at
low voltages in Figure 5.10a. Accordingly, not additional fit parameters are needed. In
case of low light intensities (< 1073 suns), the entire voltage transient can be described
by a DC decay. From Equation 5.9, the time when the voltage has decayed to zero can
be calculated to be ¢,,4 = 100 s matching the observed time. This clearly confirms the
previous assumption that the intermediate part of the OCVD trace is a DC decay. It
should be noted here, that the position and slope of the curve at around 1073 s - 1072 s
is not exactly reproduced, which might be not surprising since only a constant capaci-

tance is used for the calculations. It is well known for Si pn junctions, that also a deple-
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Figure 5.11.: (a) Intensity-dependent OCVD transient for the Si device proving that at low
light intensities the entire decay can be well described by a DC decay according to
Equation 5.6. Bulk recombination dynamics can only be detected by combining
high light intensities (= 1073 suns) and measuring on short time scales (< 1073 s).
(b) OCVD transients for the same device with additional components clearly prov-

ing that the emerging differences are modeled by both Rgj,,,;C (Equation 5.2) and
DC circuits.

tion layer capacitance is present in these kind of devices as they rely on doped materi-
als. Since a depletion layer capacitance is voltage-dependent, the analysis introduced
above lacks of providing analytical solutions and numerical methods need to be used
instead. Furthermore, taking into account the early time regime at higher light intensi-
ties, the models fails to describe experimental data. This is accordingly the next proof,
that this regime is dominated by recombination of charge carriers in the bulk and is
not affected by capacitive effects. It is therefore important to always perform the mea-
surements at sufficiently high intensities in order to prevent measuring only capacitive
discharges. To further assure the capacitive assignment in these measurements, Figure
5.11b illustrates the impact of additional capacitors and shunt resistors, where again
the DC circuit and now also the Ry, C circuit (Equation 5.2) provide quite accurate
descriptions of the decays over wide range of time scales.

Having confirmed that large parts of OCVD decays are indeed superimposed by ca-
pacitive effects for the Si device, the studied set of thin-film PVs is also analyzed by
means of the introduced models. OCVD transients under 1 sun for these devices are
summarized in Figure 5.12 together with modeled Ryj,,,,;C and DC decays. Values for
the geometric capacitance are determined from CE measurements in the dark, as it
shown in Section 5.6. In case of the P3HT:PCBM device, the decay between 10~ s and
1072 s cannot be perfectly described by the DC decay indicating that a geometric ca-
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Figure 5.12.: OCVD measurements for all thin-film PVs studied in this chapter indicating
that large parts of the transient are ruled by Rg,,:C (for both organic solar cells)
and DC (for all three devices) decays, where it is assumed that C = Cgeo (Cgeo is de-
termined from CE measurements without illumination as demonstrated in Section
5.6). While the PCDTBT:PCBM solar cell is completely dominated by a pure geomet-
ric capacitance, the P3HT:PCBM device suffers obviously from an additional deple-
tion layer capacitance as the DC circuit is not able to precisely describe the decay.
The decay of the MAPbI3 solar cell fits mostly to a geometric capacitance, but is af-
fected by ionic displacement.

pacitance is not sufficient. Therefore, it is concluded that this device also has a addi-
tional depletion layer capacitance similar to the Si diode. Indeed, Lee et al. suggested
that a depleted layer in the active material can occur close to the cathode interface. (384
However, at the highest voltages, a small onset is identified pointing towards recombi-
nation of charge carriers in the bulk. At lowest voltages, a Rgy,,,:C circuit describes
the decay more accurate in line with the observation of shunt recombination in dark
current-voltage characteristics. The PCDTBT:PCBM device is however fully ruled by
a capacitive discharge via the diode (< 107! s) and via the shunt resistance at longer
times. Neither one of these regions has therefore anything to do with charge carrier
lifetimes in the bulk under steady-state conditions. Here, the determined geometric
capacitance is sufficient to describe the entire decay which confirms the absence of
additional capacitive effects. It can accordingly be concluded that no recombination of
charge carriers in the bulk is observed and OCVD fails in the determination of recom-
bination parameters. The perovskite solar cells displays a tiny onset of bulk recombi-
nation at shortest times, but is to a large extent also ruled by a DC decay originating
from a capacitance most probably of geometric type. The small deviations at longer

times originate from ionic effects as previously discussed.
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Analytical Limit for the Identification of Bulk Carrier Lifetimes

To narrow down the regions of useful lifetime information available in electrical tran-
sient measurements of solar cells, the analytical approach for charge control in a diode
as proposed by Castaner and co-workers will be reevaluated in this section. [385386! The
two clear processes identified in the Si diode allow for a analytical expression of the
entire voltage decay of the device and the lifetimes ruling in both regimes. The differ-
ential equation for charge control (Q(#)) in a diode with the inclusion of an arbitrary

form of capacitance (internal or external) reads

e _ Q0 _ .dv(y
dr Thulk dr

) (5.10)

where 75,k is a real lifetime of excess charge carriers and C is the introduced device
capacitance, which may also be voltage dependent if, for example, a depletion layer
approximation is instead suited. The second capacitive term has in many earlier rate
equations for thin-film PVs unfortunately not been accounted for, but is very necessary,
if the sample has electrodes present. Analytical solution to Equation 5.10 exists and
is provided already in Reference 3851 for ¢(V,,), if a constant geometric capacitance is
assumed, which to a first approximation is sufficient for the herein intended message.
It reads

g Cgeo

_ q _ 9
t—TbulkkBT(Vrzo Voc(l‘))+kBT i

_quc(t))_ (_th:O)]
exp( ks T exp T )| (5.11)

Figure 5.13 shows the analytical solution to Equation 5.11 with the same constant ca-
pacitance used previously of 1.32 nE Different values for the bulk carrier lifetime 7,
ranging over six decades from 7 ns to 7 ms are chosen. It has to be noted, that x- and
y-axis are switched for a better comparison to the OCVD measurements. The OCVD
transient for the Si device under 1 sun illumination is included, where the relevant bulk
carrier lifetime has been determined to be in the range of 70 us (Figure 5.5a and 5.10).
The calculated decay for an internal bulk carrier lifetime of 70 us matches perfectly
with the measured decay, which is the final confirmation that charge carrier recombi-
nation lifetimes are observed at high voltages/short time scales. Only if such a regime
can accordingly be identified, it is possible to assign the decay to originate from bulk
carrier recombination. These internal carrier lifetimes can thus only be measured if
the capacitive lifetimes from a DC decay are exceeded. In case of shorter lifetimes in
the ns range, the decay would be entirely ruled by the capacitive discharge over the

diode. However, independent of 7, all decays finally catch up with the DC decay
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Figure 5.13.: Analytical description of charge carriers in a diode as calculated from Equation
5.11. The effect of different bulk recombination lifetimes is clearly visible in the early
time regime where 7, is longer compared to the DC lifetime. In addition, the
OCVD trace for the Si device under 1 sun is also shown matching perfectly with the
calculated decay if a internal bulk carrier lifetime of 70 us is inserted.

for times above 10~! s. This is however the regime where the determined lifetime has
actually lost its original relevant physical meaning. 387

With the insertion of Equation 5.11 into Equation 4.3, the charge carrier lifetime as a
function of open-circuit voltage can be calculated according to

(5.12)

niaksT C 1%
T=Tpulr+ id'B . %eoex (_ qVoc )

Jo

where the second term on the right hand side corresponds to the measured DC de-
cay time. The influence of the different contributions to lifetimes becomes obvious
and the analytical expression clearly shows when the relevant steady-state bulk carrier
lifetime is measurable. The DC term is exponentially dependent on the value of the
voltage itself. Accordingly, for an accurate assignment of bulk-related carrier lifetimes

via transient electrical methods, the following relation must always hold

(5.13)

akgT C V, CnigkpT
Toule > Nigkp !l 80 ox (_ qVoc )_ niqKp

Jo nidkBT B q]'sc(voc),

independent if it is a first-order constant lifetime or higher-order density dependent
lifetimes. Herein, the diode ideality factor is also included and the total recombina-
tion current density at V. is identified as the short-circuit current density (jrec(Voe) =
jse).[1731 All parameters of Equation 5.13 are hence experimentally directly accessible
and provide an easy method to prove, if the determined lifetimes correspond to ca-

pacitive discharging times. This equation embodies the main message of this chapter:
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5.5. Analytical Description of OCVD and Lifetimes

only if the condition holds, electrical measurements can be employed to determine
bulk carrier lifetimes relevant under operating conditions. From a strict experimental
lifetime determination point of view, it becomes clear that two things should always be
strived for: large recombination currents i.e. higher voltages (and thus higher illumina-
tion intensities) and low capacitances (thicker devices). The main limitation of lifetime
determination via electrical means arises accordingly from the fact that the relaxation
of charges associated with the quasi-static capacitance of geometrical or space-charge
regions in the device is a negative exponential function of the open-circuit voltage, like
often observed for thin-film PVs. With a depletion layer capacitance instead of the
above assumed geometric capacitance, the small voltage dependence of C in Equation
5.13 will alter the minimum lifetime slightly, but the overall expression with a constant
geometric capacitance suffices as an analytically derivable and very useful rule, since
electrodes always lead to the presence of Cgeo.

Figure 5.14 finally plots the outcome of the calculated minimum lifetime from Equa-
tion 5.13 together with the measured lifetimes from OCVD and TPV for all solar cells.
Values for the geometric capacitance are obtained from CE measurements shown in
the next Section 5.6. The Si photodiode has a sufficiently long lifetime to easily pass
the test of Equation 5.13 as long as high light intensities are evaluated (which is the
case for measured lifetimes above 0.4 V), whereas the other devices are more question-

able. The minor difference between measured and calculated lifetimes for the Si device
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Figure 5.14.: Electrical lifetime limit calculated from Equation 5.13 (dashed lines) plotted
together with measured lifetimes via OCVD (solid lines) and TPV (empty circles).
The lifetime limit is calculated with a constant geometric capacitance. It is only the
Si device that certainly passes the constraint of Equation 5.13 for measured lifetimes
above 0.4 V. In case of the thin-film PVs, the P3HT:PCBM device shows the onset of
bulk carrier lifetimes at highest voltages, whereas the PCDTBT:PCBM and MAPbI3
solar cells do not show any clear distinction from the calculated limit in any region.

81



5. Capacitive Effects in Transient Electrical Measurements

at lower voltages results from the fact that a depletion layer capacitance is responsible
for the DC time. The PCDTBT:PCBM device is not safe in any region and every assigned
lifetime is, as stated earlier, a full geometric capacitive decay. For the PSHT:PCBM cell,
a departure from the geometric capacitive lifetime at the highest voltages is observed,
yet its slope alteration is not large enough to not still be partly affected. For this de-
vice, it is again reminded that the capacitance itself does show a pronounced voltage
dependence, probably originating from a depletion layer capacitance. Such additional
junction capacitive effects in combination with ionic motion are also likely the reason
for that a small offset remains between the calculated geometric minimum lifetime
and the measured one for the perovskite device. Also this solar cell does not show a
clear slope deviation at highest voltages. At intermediate and low voltages, none of
the measured lifetimes in Figure 5.14 are thus related to steady-state bulk carrier life-
times. Our observations are in line with recent publications, where similar concerns on
lifetime assignment where raised for thin-film PVs like DSSCs, 388] ' Opvs (389 ppg(390]
and perovskite solar cells. 237373 Furthermore, a theoretical study by Sandberg and co-
workers based on numerical simulations has very recently reproduced and confirmed

the herein presented findings and results. 391

5.6. Impact of Capacitive Effects on Charge

Carrier Density

After proving that lifetimes determined by OCVD and TPV can often be dominated by
capacitive charge carriers, the question arises if these effects also disturb the methods
for the determination of the corresponding charge carrier densities. The first raised
concerns should be evident when plotting electrically determined extracted amount
of charge carriers over the V,.. Numerous publications do this, but often note merely
a small increase of carrier density when the internal voltage is increased by several
hundreds of millivolts. This is clearly in contrast to the expected strong exponential re-
lationship outlined in Equation 4.2 between excess charge carrier densities and open-
circuit voltage (or quasi Fermi level splitting). Excess charge carriers in the bulk are
expected to show an exponential relationship to internal voltage following the defini-
tion of their chemical potential, whereas geometrical or space charge capacitive charge
carriers show a much weaker (linear or power law) dependence.

Figure 5.15a summarizes CE measurements for the Si device performed at an illu-
mination intensity of 1 sun. The current pulse from the device is linked to the axis on

the left-hand side, while the integrated current corresponding to total extracted charge
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is connected to the axis on the right-hand side. After a time span of 10~%s, the ex-
periment is completed and approximately 40 nC of charge are extracted from the pure
device. Placing a capacitor (6.8 nF) next to the device results in an additional con-
tribution in the current signal (grey area) and accordingly to more extracted charge
of 43.7 nC. Considering a V,. of 0.56V at 1 sun, it can be calculated that 3.8 nC are
stored on the additional capacitor which matches the increased amount of charge dur-
ing the CE experiments. It is accordingly concluded that also this method is affected
by capacitive charge carriers. The presence of such general capacitive contribution
to the overall carrier density is nonetheless already recognized in literature and also
considered to be attended to. One capacitive correction method for carrier density
determinations is mostly employed: it is based on the assumption of a linear dielec-
tric geometrical capacitance (“charges on the plates”) being identical in forward and
reverse bias direction measurements. By measuring extracted charges from reverse
biased solar cells in the dark one knows the capacitive correction (Cgeo) needed also
under forward illuminated bias. CE measurements in the dark are shown in Figure
5.15b when negative voltages in the range of -0.35V up to -0.05V are applied prior to
extraction. At these low voltages, only a negligible current is flowing trough the reverse-
biased diode as it is illustrated in Figure 5.3a. Obviously, the amount of extracted

charge increases linearly the more negative the applied voltage is (dashed lines in Fig-
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Figure 5.15.: (a) CE measurements performed on the Si device under 1 sun illumination.
Solid lines represent the recorded current (left axis), while the integral of the current
is shown on the right axis corresponding to the amount of extracted charge. An ad-
ditional 6.8 nF capacitor leads to more extracted charge carriers at early time scales,
since these carriers are extracted faster than charges from the active layer. (b) CE
experiments in the dark under low negative applied voltages probing only the geo-
metrical capacitance of the device.
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ure 5.15b) and the geometric capacitance Cgeo = Q/U can be calculated to be 0.66 nF
or 9.9-107° F/m? (normalized to the active area) for the studied Si device. This value
matches the stated value of 0.7 nF from Hamamatsu'®"? and verifies the conducted
method for the determination of the Cg,,. It follows, that the previously determined
value of 1.32 nF from Figure 5.10a must therefore be the sum of both the geometric
and the depletion layer capacitance. For the other solar cells, the same linear behavior
can be observed and Cg,, is calculated analogously and the following values are ob-
tained: Cgeo (PSHT:PCBM) = 0.87 nF or 2.9-10~* F/m?, Cg., (PCDTBT:PCBM) = 1.6 nF
or5.4-10~* F/m? and Cg,, (MAPbI3) = 0.91 nF or 6.0-10~* F/m?. These values have been
used to calculate the lifetime limit according to Equation 5.13 for Figure 5.14. Further,
the conclusion can be drawn, that all thin-film PVs demonstrate a higher geometric
capacitance compared to the Si device resulting from the thinner active layer thick-
ness. Another method to determine Cg,,, implemented when performing impedance
measurements, is based on the assumption of different frequency response of differ-
ent species in C-V sweeps. 257! Capacitive charges at the electrodes are assumed to
respond very fast, whereas excess minority bulk carriers in the neutral region are as-
sumed to be much slower. The sought-after bulk excess carrier density is then deter-
mined by evaluating the difference of a low and a high frequency C-V sweep.

With the knowledge of the geometric capacitance it is now possible to correct regular
CE measurements under illumination, as it is summarized for all devices in Figure 5.16.
CE experiments were performed at a wide range of illumination intensities similar to
the already discussed TPV measurements in order to vary the open-circuit voltage. The
raw data provided directly from the integral of CE measurements are represented by
circles and solid lines, whereas the corrected charge is drawn as triangles and dashed
lines. The correction is done by calculating the amount of extracted charge stored on
the plates via Cge, - Vo and subtracting this value from the raw extracted charge de-
termined under illumination. For the Si diode, additional corrected and uncorrected
CE measurements are shown in case of a 6.8 nF external capacitor to demonstrate the
overall impact of capacitive charge on these measurements. In addition, a 25 MQ shunt
resistance is also placed in parallel to the device. Measurements performed on the Si
cell in panel 5.16a easily allow for the clear identification of a strong exponential con-
tribution from carriers in the bulk at voltages above 0.4 V as well as of a clear depletion
layer capacitive contribution at lower voltages being in line with lifetime determina-
tion via OCVD and TPV. The 6.8 nF capacitor increases the capacitive contribution by
a constant offset, while the shunt resistance reduces the open-circuit voltages at lower
light intensities and affects also the amount of extracted charge, since the lower shunt

resistance provides a fast pathway for the carriers to recombine instead of being ex-
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Figure 5.16.: Measured uncorrected (circles) and corrected (triangles) charge from CE ex-
periments plotted over the open-circuit voltage for the (a) Si photodiode and the
three thin-film solar cells comprising (b) P3HT:PCBM, (c¢) PCDTBT:PCBM and (d)
MAPbDI3 as active layers. The Si panel also includes CE data obtained from addi-
tional measurements with a 6.8 nF capacitor in parallel to effectively demonstrate
the capacitance contribution in CE. In contrast, the 25 MQ shunt resistance reduces
Vo at low light intensities and therefore also the amount of extracted charge.

tracted. For all measurements it is obvious that the capacitive correction is difficult to
perform. Subtracting weak dependencies (linear geometric capacitance) from an ex-
ponential relation at best gives improvement in accuracy of carrier concentration in a
rather narrow voltage range but does not at all help at lower voltages. Accordingly, the
charge carrier density plotted on a logarithmic scale versus V,. must provide a clear
and distinguishable transition from the capacitive contribution in the low voltage re-
gion to a clear and exponential function at higher internal voltages. The raw extracted

charge from the two organic cells does on the other hand not noticeably display the
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expected exponential region whereas the corrected charge shows a steeper, yet still not
clearly exponential relation to voltage. In contrast, the perovskite cell appears to show
a quite steep rise at the very highest voltages, all obtained from intensities exceeding
1 sun, pointing towards the possible onset of extraction of bulk charges. At voltages
lower than 1V, it is however fully ruled by capacitive charges. Thus, in line with OCVD
and TPV measurements, it is found that CE is to the same extend also affected by ca-
pacitive charge carriers. These measurements are often just not able to collect the total
average excess carrier densities from the bulk but still mostly remaining spatially sepa-
rated capacitive charge carriers from the electrodes or other types of capacitive charge
carriers. Similar observations were also obtained for a Si device by means of Impedance
Spectroscopy, where the transition from capacitive to bulk carriers was also noticed at
around 0.4 V.3%4 In general, the reliability of electrical charge extraction methods was
studied partially in literature 3927395 with overall similar observations and conclusions

as compared to the herein presented results.

5.7. Summary

This chapter proposes a resolution to the long-standing controversy of reported charge
carrier lifetimes and densities often observed in thin-film PV devices such as OPVs,
PbS, DSSC, as well as in perovskite solar cells. Clear experimental and theoretical ev-
idence is provided that the voltage decays of these solar cells are mostly governed by
capacitive electrode associated charges which complicate bulk carrier lifetime assign-
ments relevant under steady-state conditions. The introduced Rg,;,;C and DC mod-
els are very accurately able to the describe large parts of the measured transients. It
is clearly revealed that these long-lived carriers are not allocated in the bulk of the ab-
sorbing semiconductor, but are located either close to the charge selective layers, in
the charge selective layers, or in the actual conducting metal electrodes. The problem
of relevant lifetime determination via electrical means arises solely from that the re-
laxation of charges associated with a capacitance of geometric or space-charge regions
in the device is always a decaying exponential function of the open-circuit voltage as
outlined by Equation 5.13. If the restrictions of this expression do not hold, one is mea-
suring mostly capacitive discharging rates as well as charge densities stored in or at the
surfaces of the device, as opposed to the sought-after bulk region. Therefore, it is con-
cluded that only if the relevant steady-state decay rate of bulk charge carriers is slower
than the decay rate of capacitive space charges, it can be safely measured via elec-
trical transient techniques such as OCVD, TPV and CE. Some of these concerns were

identified long ago within the field of older inorganic PV technologies, where electrical
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lifetime measurements were initially developed for. These devices were however less
affected by capacitive carriers due to larger active layer thicknesses and demonstrated
partially long carrier lifetimes like demonstrated here for the Si diode. Even if carrier
densities have previously been partly corrected for capacitance in most novel thin-film

3511 the discharging rate and redistribution of these still present carriers has

solar cells,
not been accounted for in lifetime assignments. Considering the vast literature where
many researchers are observing very slow recombination rates, the description pre-
sented herein is in many cases more probable compared to other effects like trapping
and release from shallow trap states. From the theoretical analysis shown here, it is
possible to distinguish between capacitive and real bulk carriers and a guideline for

the interpretation of optoelectrical data is provided.
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6. Bulk Recombination in MAPDbI;
Solar Cells Revealed by Active

Layer Thickness Variation

Abstract. Identifying the dominant

recombination mechanisms in per- ,
ovskite solar cells is of crucial im- . /
i - =

portance for further improvements. 500 nm 820 nm

To ascertain the identification of bulk

CBM © ©
charge carrier dynamics via electrical | |
., . . — trap ‘ot
methods, it is beneficial to evaluate VBM ! 1 Frioton
thick films to minimize the capaci- ® ®

tance. Herein, very efficient co-evaporated n—-i—p solar cells with varied ac-
tive layer thicknesses from 500 nm to 820 nm in comparison to a solution-
processed device with 350 nm thickness are studied. In the case of the n-i-p
cells, the higher capacitance of the 500 nm solar cell leads to longer decay
times at low V,,.’s, while in the high voltage regime quite similar kinetics inde-
pendent of active layer thickness are observed, allowing for the identification
of the transition from capacitance-affected to bulk carrier dynamics. It is fur-
ther revealed that increasing the MAPbI3 thickness by more than 50 % does not
affect the recombination dynamics, confirming the high quality of the devices.
For the first time for perovskite solar cells it is demonstrated that the recom-
bination order ranges between 1.6 and 2.0, pointing towards trap-assisted and

free-carrier recombination under operating conditions.

This chapter is partially based on
D. Kiermasch, L. Gil-Escrig, A. Baumann, H. J. Bolink, V. Dyakonov and K. Tvingstedt. Unravelling steady-
state bulk recombination dynamics in thick efficient vacuum-deposited perovskite solar cells by tran-

sient methods. Journal of Materials Chemistry A, 7, 14712 (2019). DOI: 10.1039/c9ta04367¢e
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6. Bulk Recombination in MAPbI3 Solar Cells

6.1. Introduction

Perovskite solar cells are expected to be very cost-effective as they, just like OPVs, can
be easily processed via simple printing and vacuum techniques. A low cost of module
production is hence envisaged, but as for any PV technology, a high PCE and long-
term stability are paramount for making devices attractive for the energy market. The
remarkable rise in PCEs for perovskite photovoltaics can be mainly attributed to a very
exhaustive optimization of material combinations and deposition methods that to-
day has enabled high crystal quality of the formed photoactive layers. Despite this
development, there however remains a deficiency in the overall fundamental under-
standing of the physics of charge carrier recombination. Further improvements in the
performance can now only be achieved with a higher detailed understanding of the
dynamics that govern the remaining loss mechanisms. The correct assignment of non-
radiative losses and their carrier density dependence is yet to be completed. A first step
towards this identification requires assigning both the recombination rate and order to
the dominant loss process at each charge carrier density. Currently, several specula-
tions exist, [286:3%8] for example regarding a non-radiative second-order process. For
this process, however, no clear physical origin can be easily identified. In OPVs, similar
non-radiative recombination was described and assigned to coupling to high energy
vibrational modes, of which not many are needed to allow for non-radiative transi-
tions. "% In perovskites, such high energetic phonons do not exist>>%! and justifying
the existence of second order non-radiative recombination behavior becomes harder.
Although lead halide perovskites are considered defect tolerant as discussed in Sec-
tion 3.1.1, 139! solar cells still partially suffer from deep energy states acting as charge
carrier traps and the associated recombination centers are believed to still be a promi-
nent source of non-radiative recombination. In addition to this, the influence of im-
perfect charge carrier selectivity of the currently employed electrodes embodies a po-
tential source of surface recombination. ?97:397:398] Most efforts on recombination dy-
namics made up to now have however been focused on lifetime assignments of the
pure absorber layer itself. More recent studies have also included the contribution of
trap-mediated recombination in the bulk of the perovskites, leading to longer assigned
lifetimes indicative of the existence of a distribution of shallow trap states. 357! This is
in contrast to earlier assignments of mid-gap defect distributions which instead have
the effect of speeding up recombination. Staub and coworkers later clarified the role of
photon recycling effects that strongly enhances the perceived lifetime obtained from
PL decay measurements. 3% Nevertheless, they were able to account for this and pro-

vided internal radiative rate constants as well as trap-assisted SRH lifetimes in pure
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perovskite films. A work on complete devices by Paulke showed in contrast that the
recombination can be described by second-order free-carrier dynamics, however with
the need to invoke a “time-dependent” rate constant.!*°' A clear picture of the true
nature and dynamics of photogenerated charge carriers in the perovskite layer itself as
well as at the electrode interfaces in actual operational devices, is generally still largely
missing.

Insights into recombination losses, which occur in complete devices, can be gained
by studying the transient behavior of V.. Carrier lifetime and density determination
via transient methods is therefore widely implemented for perovskites. [300:342,348,401,402]
First attempts of employing these methods for mesoporous perovskite devices were
carried out by O’'Regan and coworkers who emphasized the difficulties of obtaining
the correct number of extracted charge carriers and the necessity to distinguish bulk
and interface contributions.®°?) These methods may therefore in principle provide
very useful information on full devices, but only if conducted with care and interpreted
correctly as discussed in Chapter 5. Furthermore, Kirchartz et al.[*%! and Deledalle et
al.!*%% have previously shown that for organic solar cells the most crucial necessity to
carry out evaluation of recombination dynamics of complete devices is to ensure both
high light intensities and thick devices. The basis of these requirements is that it is
impossible to access the recombination order in devices where the spatial distribution
of excess carriers is not homogeneous. %% Recent works conducted on perovskite so-
lar cells have up until now observed a quite strong dependence of the carrier lifetime
on charge carrier concentration. [300:370,401,406-408] Thege studies accordingly provided
kinetics in devices with recombination orders ranging between 3 and 7 by employ-
ing electrical transient methods. Reconciling such high recombination orders under
steady-state operational conditions is however not straightforward.

To be able to reliably determine correct recombination orders in thin-film solar cells
itis accordingly imperative to reduce the factors that are known to obstruct the assign-
ment of lifetimes and carrier densities. In this chapter, TPV and CE are conducted on
solar cells based on MAPDI3 as an active material and the requirement of thick devices
is ensured by studying optimized and highly efficient n-i-p solar cells with perovskite
layer thickness of 500 nm and 820 nm. In addition, high illumination conditions are ap-
plied in order to reach very homogeneous carrier distributions inside the active layer
allowing for the observation of recombination orders which are in line with those mea-
sured on pure films and noticeably lower than what have been observed previously
in complete devices. While the conducted measurements are affected by capacitive
contributions at low light intensities/open-circuit voltages, a transition to bulk-related

charge carrier dynamics is identified for high light intensities in both devices. This
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6. Bulk Recombination in MAPbI3 Solar Cells

allows the assignment of loss processes to be mainly of Shockley-Read-Hall and free-
carrier recombination type. In addition, it is shown that increasing the perovskite
thickness, advantageous to achieve high photocurrents, does not affect the recombina-
tion dynamics significantly confirming the high quality of the vacuum-processed solar
cells studied herein. To strengthen the presented results, additional reference mea-
surements on a thinner solution-processed perovskite device are performed, which has
a larger capacitance, a more inhomogeneous carrier distribution and shorter charge
carrier lifetimes due to a larger amount of interface recombination losses at a poorly
selective PEDOT:PSS interface. *°® This solar cell does not reveal any bulk recombina-
tion parameters at all as it is universally ruled by the capacitive discharge of spatially

separated charge carriers, even though measured at intensities of up to 3 suns.

6.2. Devices and Current-Voltage Characteristics

As introduced in Section 4.2, perovskite active layers can be processed either from so-
lution [18499] or by co-evaporation [1533%2] of the constituting materials. Even though re-
search is mostly focused on solution-based preparation techniques, the 20 % PCE limit
was recently exceeded by co-evaporation methods as well. 39419 To avoid substan-
tial changes in the morphology, *'!! topography *!?! and surface coverage '3 observed
when varying the thickness via solution-based methods, the more controlled process
of co-evaporation is employed to establish uniform MAPbI3 thicknesses of 500 nm and
820 nm. The devices are prepared in Valencia (Spain) by the group of Dr. Henk Bolink.
Scanning electron microscopy images of the surfaces of two prepared films with thick-
nesses of 500 nm and 820 nm are shown in Figure 6.1a and 6.1b. Independent of layer
thickness, both films demonstrate the same crystalline domains sizes in the range of
tens to hundreds of nanometers. In addition, X-ray diffraction pattern of these films
is summarized in Figure 6.1c, confirming a similar crystallinity independent for both
films. The appearance of different MAPbI3 peaks leads to the conclusion that both
Pbl, and MAI were fully converted to perovskite as no residual reflections of the con-
stituents are detectable.*'* Complete details on film and device preparation are pro-
vided in Section 4.2. Thus, the analysis of the pure films confirms that the method of
co-evaporation is able to produce perovskite layers with different thicknesses but keep-
ing other structural properties identical at the same time. It therefore allows to study
the impact of the active layer thickness on both device capacitance and recombination
dynamics.

In the following, solar cells were manufactured based on the same perovskite thick-

nesses of 500 nm and 820 nm in a device configuration which is depicted in Figure 6.2.
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(a) 500 nm (b) 820 nm
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Figure 6.1.: SEM images for the (a) 500 nm and (b) 820 nm thick MAPbI; films showing
the same surface topography with similar crystal domain sizes in the range of 10 -
300 nm. (c) X-ray diffraction pattern revealing that the studied films are of the same
crystalline quality. The determined peaks in the spectra are assigned to the well-

known reflections from MAPbI3 perovskite in the tetragonal crystal structure. 14154161
Data is provided by Lidén Gil-Escrig.

The n-i-p layout employs doped-undoped double transport layers located above and
underneath the perovskite layer. As an ETL, a combination of 10 nm pure Cgg close
to the perovskite and 40 nm of Cgo, which is doped with N1,N4-bis(tri-p—tolylphos-
phoranylidene)benzene-1,4-diamine (Phlm), is used. A similar stacking is also im-
plemented as an HTL, where 10 nm of pure TaTm are followed by 40 nm of doped
TaTm. Here, 2,2’—(perfluoronaphthalene-2,6-diylidene)dimalononitrile (Fg—TCNNQ)
is utilized as a dopant. As a metal top contact, 100 nm of gold are deposited at the
end. The combination of thin pristine organic layers close to the perovskite and thicker
doped layers increases the conductivity of the transport layers speeding up the extrac-
tion of charge carriers and keeping the interface recombination losses at the same level
as in the undoped case. A detailed study on how these devices were optimized by ad-
justing the thickness of the layers and the necessary amount of doping needed for op-

timal device performance can be found in Reference!3%%,
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6. Bulk Recombination in MAPbI3 Solar Cells

Ceo:PhIm Ceo:PhIm
ITO ITO
glass substrate glass substrate

(a) 500 nm (b) 820 nm

Figure 6.2.: Device layouts of the (a) 500 nm and (b) 820 nm n-i-p perovskite solar cells.
As an ETL and HTL, a combination of thin undoped organic layers (Cgyp and TaTm)
and thicker doped layers (Cgp:PhIm and TaTm:Fg-TCNNQ) is used. All layers are
prepared by the co-evaporation method.

Figure 6.3a shows the current—voltage characteristics under simulated AM1.5G solar
irradiation for both devices with different MAPDbI3 layer thicknesses in forward (solid)
and backward (dashed) directions. Interestingly, both kinds of solar cells show the
same fill factor of 72 % and similar V,.’s exceeding 1.1 V. The identical FF thus con-
firms that charge transport is not the main limitation of the PCE. In contrast to several
earlier publications, where an increase in perovskite layer thickness resulted in a de-
creased performance due to drops in the V,,*7 jo #1142 and FF, L4117 only an
increase in j,. due to increased light absorption is observed herein. The 820 nm device
(64 % thicker) retains a slightly higher short-circuit current density leading to a higher
PCE 0f 18.2 % compared to 17.6 % for the 500 nm solar cell. Furthermore, no changes in
hysteresis behavior upon increasing the active layer thickness is observed in the set of
studied devices as it was very recently reported by Li et al.!'®3 The corresponding j-V
curves in the dark are presented in Figure 6.3b together with the j.(V,) relation[!"3!
determined by measuring both PV parameters at different illumination intensities in
the range of 107> suns to almost 3 suns. The j-V response is fitted by Equation 2.8 to
determine the ideality factor (fits are drawn as dashed lines). Since real devices suf-
fer from Rg,,ies, the intensity(Vy,) or js.(V,) method is more suited to provide accu-
rate values of n;,4 at higher voltages. 173174355374 Gince Ry, ;05 can be neglected under
open-circuit and R, is sufficiently high to prevent affecting the determined Vs,

Equation 2.8 can be solved for j,j; (which equals j.) in case of j(V) =0

.. s quc _
Jph = JseWoe) = jolexp —n'dkBT 1]. (6.1)
i

This expression allows to determine n;4 directly from j.(V,.) measurements. Both,

j-V characteristics in the dark and the js.(V,.) method however lead to quite simi-
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Figure 6.3.: (a) Current-voltage characteristics for the 500 nm and 820 nm n-i-p devices un-
der 1 sun illumination. (b) Corresponding j—V curves in the dark (lines) including
Jsc(Voc) measurements for illumination intensities ranging from 1072 suns to 3 suns
(dots). The dashed lines correspond to Shockley fits according to Equation 2.8. The
grey dashed rectangle is enlarged in (c) to demonstrate the influence of device heat-
ing and series resistance on the measurements. (d) Evolution of V. for both solar
cells after switching on the light for three different light intensities. Independent of
illumination intensity, the voltage saturates within a few hundred milliseconds.

lar values of the ideality factor in the range of 1.54 — 1.58 for the 500 nm device and
1.58 — 1.60 for the 820 nm device in the voltage regime between 0.8 V and 1.0 V. These

values indicate that SRH recombination is present in the set of studied devices!'”* as

discussed in Section 3.3 and furthermore that the active layer thickness does not have

a significant influence on n;4. Figure 6.3c shows an enlarged view of the grey rectangle

in Figure 6.3b, where the benefit of measuring j.(V,.) instead of j-V curves becomes

apparent. While the j-V’s in the dark are heavily affected by series resistance at high
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6. Bulk Recombination in MAPbI3 Solar Cells

forward bias, the j;.(V,.) measurements (solid circles) better follow the expected ex-
ponential relation described by the Shockley Equation. However, an additional minor
bending at voltages higher than 1.1V can be observed. This is in line with previously
observed voltage saturation effects, often seen in a multitude of solar cells when eval-
uated at higher intensities. 1733494184191 gych a behavior was earlier assigned to an in-
creased recombination rate due to enhanced surface recombination, 73420 but was
very recently suggested to have a much simpler origin instead, namely device heating,
since a large part of the energy is converted into heat under open-circuit conditions
as any current flow is suppressed. Ullbrich et al. showed that just accounting for the
thermal resistance © of the cell is quite accurately able to explain such voltage satu-
ration effects at higher illumination intensities. *?!! The authors extended the Shock-
ley Equation with a modified temperature T = Ty, + AT, where T, is the ambient
temperature and AT is expressed as the product of thermal resistance and the incident
illumination intensity. The heating effect is not surprising in the set of herein stud-
ied samples as intensities of around 3 suns are approached. The reduced voltages at
higher intensities thus can be explained by the fact that the heated device has an in-
creased number of thermally generated background carriers present, forcing the V.
to saturate. To demonstrate the effect of device heating, the j;.(V,.) data is fitted at
intermediate voltages (0.75-1.00 V), where heating is negligible. This allows to deter-
mine isothermal values for n;; and jy. By then extrapolating this relation to higher
voltages (intensities), the isothermal open-circuit voltage also at higher correspond-
ing illumination intensities/short-circuit currents can be calculated (shown as empty
circles in Figure 6.3c). The difference between the measured (heated) and isothermal
voltages reveals that the voltage saturation of the thicker and thus more absorbing de-
vice is slightly more pronounced and a larger thermal resistance is, as expected, as-
sociated. To reduce the effect of device heating, transient electrical measurements in
this thesis are performed with illumination times as short as possible but still paying
attention to that a steady-state voltage has been established. As can be seen in Figure
6.3d, it takes only a few hundred milliseconds for the n-i-p devices to reach a stable V.,
which is much faster compared to TiO,-based perovskite solar cells, where times up to
hundreds of seconds are sometimes needed. 1821971 Thus, the illumination time is kept
very short (< 1 s) to reduce the effect of device heating. With the ambition to determine
as accurately as possible how the excess charge carrier density and charge carrier life-
time vary with internal voltage (and not device heating), the measured charge carrier
density and lifetime are presented versus the determined isothermal 300 K voltages.
In order to point out the effect of short recombination lifetimes and larger device
capacitances, an additional solar cell based on PEDOT:PSS as the HTL is studied. A
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6.2. Devices and Current-Voltage Characteristics

fully solution-processed device with a similar p-i-n structure as introduced in Figure
5.2c is prepared, where the p-TPD is replaced by PEDOT:PSS. This transport layer is
known to be a potential source of leakage and surface recombination 3°5422! due to
its semi-metallic nature which leads to an inefficient electron-blocking ability. 4?3 De-
spite its benefits in perovskite PVs such as simple processing, high reproducibility or
suppressed hysteresis, PEDOT:PSS-based devices suffer from decreased V,.’s which
are usually up to 0.2 Vlower in comparison to other HTLs, [316:355,424:425] Thjg i5 a direct
consequence of decreased charge carrier lifetimes as the MAPbI3/PEDOT:PSS inter-
face speeds up recombination. Figure 6.4 illustrates j-V curves in the dark and under
1 sun illumination for the solar cell comprising 350 nm of MAPDbI3 as an active layer.
The low V. of 0.88 V indicates increased charge carrier losses in comparison to the
co-evaporated n-i-p devices introduced in Figure 6.3. On the other hand, the highly
conductive polymer allows for a high fill factor of 80 %. The extracted PV parameters of
the PEDOT:PSS-based cell and the thicker n-i-p devices are summarized in Table 6.1.
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Figure 6.4.: [lluminated (left y-axis) and dark (right y-axis) j-V curves of a 350 nm solution-

processed MAPDbI; device with PEDOT:PSS as a hole transport layer and the combi-
nation of Cgy, PCgoBM and BCP as electron transport layers.

device Nid jo[Am™]  js [mAcm™2] V,.[V] FF[%] PCE [%]
500 nm (n-i-p) | 1.54-1.58 5.5-10"1! 21.8 1.12 72 17.6
820 nm (n-i-p) | 1.58-1.60 8.5-107!! 22.7 1.11 72 18.2
350 nm (p-i-n) 1.24  21-1071 18.3 0.88 80 12.8

Table 6.1.: Extracted PV parameters from j-V characteristics (Figure 6.3 and 6.4) for all de-
vices.
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6. Bulk Recombination in MAPbI3 Solar Cells

6.3. Relation between Charge Carrier Density and
Open-Circuit Voltage

In this section, CE is applied to determine the geometric capacitance of the introduced
devices and to study the charge carrier density under illumination at open-circuit con-
ditions. Analogous to Section 5.6, the amount of charge carriers stored at the electrodes
is determined via CE experiments without illumination. The solar cells are prebiased
with low negative voltages ranging from -0.35 V to -0.05 V, where it can be assumed that
the devices act as plate capacitors. The extracted charge normalized to the device area
is shown in Figure 6.5a. A linear relationship between the amount of extracted charge
and the applied voltage can be confirmed and the following values for the geomet-
ric capacitance can be calculated: 114 nF/cm? for the 350 nm thick device based on
PEDOT:PSS, 54 nF/cm? for the 500 nm n-i-p solar cell and 42 nF/cm? for the 820 nm n-
i-p device confirming that a thicker perovskite layer decreases the device capacitance.
These values are used in the following to correct the CE measurements under illumi-
nation. Earlier publications stated that CE measurements performed on mesoporous
perovskite solar cells display long extraction times in the range of tens of microsec-

[300

onds#?%! Jeading to an unrealistically high amount of extracted charge, *°*! which is

probably caused by ion migration. In contrast, CE signals obtained in this chapter are
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Figure 6.5.: (a) Extracted charge from CE experiments without illumination under negative
voltages in the range of -0.05V down to -0.35 V. From a linear fit, the geometric ca-
pacitance of each device is calculated. (b) Raw charge extraction signals (solid lines,
left y-axis) and the integral (dashed lines, right y-axis) for all devices measured under
0.1 sun illumination conditions. A fast charge extraction pulse within a few hundred
nanoseconds can be observed.
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usually characterized by a very realistic extraction time of only a few hundred nanosec-
onds as it is demonstrated in Figure 6.5b. Thus, a very reasonable amount of total ex-
tracted charge is accordingly obtained. This is also in line with a previous publication,
where it was shown that planar TiO,-free devices do not necessarily lead to an unreal-
istic amount of extracted charge. (40!

Figure 6.6a summarizes the extracted charge (normalized to the active area) of the
studied devices over a plethora of open-circuit voltages measured at illumination in-
tensities ranging from 107> suns to almost 3 suns. The dashed lines represent the geo-
metrical capacitance multiplied with the studied open-circuit voltages to quantify the
amount of geometric capacitive charge carriers. This charge are subtracted from the
illuminated measurements to correct for the geometrical capacitance. The measured
CE data for the illuminated case is shown as filled circles and shows a clear transition
into a much steeper slope at an open-circuit voltage of around 1.05 V. At low voltages,
both n-i-p devices demonstrate differences in the amount of total extracted charge,
while it appears more similar after the 1.05V transition. At higher voltages, the total
extracted charge from the 820 nm cell however still outnumbers the amount of charge
measured for the 500 nm device. The larger amount of charges in the thinner device
at lower V,.’s (<1.05V) confirms that these are indeed capacitive charge carriers lo-
cated at the surfaces (electrodes), as these carriers originate from the solar cell with
larger Cgeo. In contrast, the larger amount of charges at the highest V;.'s (>1.05V) in
the thicker device (highlighted by dashed arrows) indicates bulk-dominated volume
charges instead. In comparison to both n-i—p cells, more charges are extracted at sub-
stantially lower voltages in the thinner PEDOT:PSS solar cell. In addition, no transition
can be observed leading to the conclusion that the extracted charge carriers are purely
dominated by the capacitance of the device. It is extremely important to consider here
that, in general, the spatial distribution of excess charge carriers in a device can be

5[403-405] and accordingly that the determination of excess carrier

very inhomogeneou
density from the measured amount of extracted charge is not at all straightforward.
Only in the case of a homogeneous excess carrier distribution is it reasonable to divide
the total extracted charge with the active layer thickness to obtain a relevant density
value. As outlined in the above-mentioned studies, ensuring thick devices and higher
illumination conditions will force the distribution of excess carriers to become more
homogeneous. As a consequence, for thinner devices and lower light intensities, the
gradients of excess carrier concentration inside the active layer are simply too large to
allow for the assumption of one single average carrier concentration and decay rate at
each evaluated intensity. In addition, the voltage dependence of inhomogeneously dis-

tributed excess carriers will be weaker than that of evenly spatially distributed excess
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Figure 6.6.: (a) Measured extracted charge from CE experiments plotted over 300 K isother-
mal open-circuit voltages for the 500 nm and 820 nm n-i—p and 350 nm PEDOT:PSS
devices. In the case of the n-i—p cells, a clear transition is visible at around 1.05 V
allowing for the identification of a capacitance affected regime at low voltages and
bulk-related charges at higher voltages. The PEDOT:PSS solar cell does not show a
transition and displays therefore only the capacitive contribution. Dashed lines cor-
respond to geometrical capacitance approximation from CE experiments in the dark
at low negative voltages (see Figure 6.5a). The calculated charge carrier densities are
shown in (b), where both the raw (filled circles) and capacitance-corrected (empty
circles) data is included.

carriers. 391403404 f{gwever, as the device thickness and light intensities are increased,
the flatter the distribution of excess charge carriers becomes. In case of the two thicker
n-i—p devices, these conditions are ensured as the active layer thickness is larger com-
pared to other thin-film PVs and the measurements are performed at high illumination
intensities. When accounting for the different volumes, the charge carrier density can
be calculated as carried out in Figure 6.6b. Here, the filled circles show the uncorrected
densities while the empty circles represent the capacitance corrected densities origi-
nating from the difference between circles and dashed lines in Panel 6.6a. For the n-i-p
devices, it can be confirmed that both the determined excess charge carrier densities
in the bulk of the perovskite and their voltage dependency are in fact quite similar,
something that would not have been the case if the carrier profiles would be inhomo-
geneous. In contrast, the uncorrected extracted charge carrier density of the thinner
PEDQOT:PSS solar cell shows much weaker voltage dependence, signifying that this de-
vice displays a much more inhomogeneous excess carrier distribution and is ruled by
capacitive charges. The corrected extracted charge in both n-i-p devices is covering
more than one entire order of magnitude of excess carrier densities, far exceeding that

in a majority of earlier published studies, allowing for the assignment of the slope of
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the exponential relationship between voltage and excess carrier density with greater

certainty. This relationship is usually described by 4!
qVoc
_ , 6.2
" noexp(kaT) (6:2)

where nj corresponds to the equilibrium carrier density and m accounts for the slope
deviation from the thermal voltage kg T/ g. Using this expression, the m-values in both
the capacitive and bulk regime for both n-i—p devices are determined. While the low
voltage data for the n-i-p devices is assigned to the capacitive regime show (m = 9.4 for
the 500 nm device and m = 11.3 for the 820 nm device) very high and different m-values
of no siginificant meaning, the relevant high voltage regime can be described by sub-
stantially lower and very similar m-values of 2.8 and 2.7 for both devices, respectively.
This again points to the fact that steady-state m-values should not be affected by the
active layer thickness, but only by the representative recombination process. The PE-
DOT:PSS based solar cell reveals a considerably higher m-value of 3.8. An early study
on thickness variation %! noted different slopes when instead altering the thickness
of their transport layers (PEDOT:PSS and PC;,BM), highlighting also that these layers
substantially contribute to the overall capacitance of the device, obstructing meaning-

ful deductions of the bulk carrier density slope parameter m.

6.4. Relation between Charge Carrier Lifetime and
Open-Circuit Voltage

After the successful identification of bulk charge carriers in the previous section, it is
proceed with the determination of how charge carrier lifetimes vary with V,,. by means
of TPV. Similar to the previous CE experiments, the same range of steady-state back-
ground intensities (10> — 3 suns) is used. The induced small-voltage transients are an-
alyzed with a mono-exponential decay function to extract charge carrier lifetimes. In
recent literature regarding perovskites, it is found that both single [95:234:401,:407.427] apyq
double234241,300,402,428] ayponential functions are used to determine TPV decay times.
Thereby, it appears that studies employing a double exponential fit have the presence
of TiO, in common, while planar devices in the p—i-n layout more often show single ex-
ponential TPV decays. This is in line with reports 309492428 \where (mesoporous) TiO,
was proposed as the main cause of the second and slower exponential decay, also in
the small-perturbation regime, where the condition AV, «< V. is satisfied. Figure 6.7
summarizes the measured TPV lifetimes for the three perovskite solar cells calculated

by fitting the transients with a single exponential decay. However, for high light inten-
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6. Bulk Recombination in MAPbI3 Solar Cells

sities (V, = 1.10 V) the transients start to reveal more of a double exponential nature
(with two lifetimes 7, and 77) in case of the n-i—p devices. The high voltage part is en-
larged in the inset of Figure 6.7 and reveals a difference by a factor of 3 to 4 between the
observed 77 and 7, for both layer thicknesses. Since the studied solar cells do not con-
tain planar or mesoporous TiO; it cannot be the origin of the two measured lifetimes.
Furthermore, in the high intensity region it has to be noted that 7, exhibits a stronger
voltage-dependence than 7, which seems to be nearly constant at around 1 us. It is
noted that voltage-independent charge carrier lifetimes describe a first-order recombi-
nation process and accordingly that it is conceivable that both first- and second-order
carrier lifetimes are being measured at these high voltages. Another possible explana-
tion could be that one lifetime corresponds to the interface and the other one can be
assigned to charge carriers from the bulk of the perovskite.

In general, the dependency of lifetime on the open-circuit voltage can be expressed

by

qVoc )
kT

with 7 as the intercept at 0 V corresponding to the equilibrium carrier lifetime and

T=Tp exp(— (6.3)

the factor 9 accounts again for the slope deviation from the thermal voltage kgT/q.
Please note, that this expression is in form quite identical to the capacitive discharging
lifetime introduced in Equation 5.13 apart from that the prefactor ""diBT . % is now
replaced by 7y. The unit remains time in both cases, but the fact that it is ruled by ratio
between the capacitance and the dark saturation current in Equation 5.13 explains the
high values it often needed to take in earlier literature. In line with the voltage depen-
dency of the charge carrier density, the small-perturbation lifetimes also show a clear
transition at around 1.05 V for both thicker n-i-p devices, where the slopes change sub-
stantially. It is emphasized that this transition in the relationship between charge car-
rier lifetime and V. has previously not been identified in perovskite solar cells. For the
500 nm device, 9 is determined to be 1.6 in the low voltage regime and 2.4 in the high
voltage regime. Quite similar values are obtained for the 820 nm device where 9 equals
1.7 at voltages below 1.05V and 2.5 for voltages above 1.05 V. However, in agreement
with previous reports, the PEDOT:PSS device does not show any slope alterations over
the studied open-circuit voltage range and reveals 9 to be 1.4. Under 1 sun illumination
conditions, the PEDOT:PSS cell shows a charge carrier lifetime of about 400 ns, while
both thicker n-i—p devices demonstrate a lifetime of around 800 ns. It is accordingly
unphysical, that the huge difference in V. of these devices could be caused by such a
small discrepancy in the charge carrier lifetime. This fact indicates that the measured
lifetimes cannot be related to bulk carriers at the same time but that the PEDOT:PSS

cell displays kinetics associated with a capacitive discharge instead. In order to solidify
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Figure 6.7.: Small-perturbation charge carrier decay times determined by TPV for the
350 nm PEDOT:PSS device and the 500 nm and 820 nm n-i-p cells. The data has
been analyzed with single exponential fits. For the highest intensities, double ex-
ponential decays are observed in both n-i—p devices as shown in the inset, where
both 7; and 7, times are plotted. Dashed lines correspond to the characteristic time
limit according to Equation 5.13 resulting from the discharge of charge carriers at the
electrodes. This limit must be exceeded in order to make statements about relevant
bulk lifetimes, which is the case for voltages higher than 1.05 V.

the statements made so far and to distinguish between bulk recombination lifetimes
and capacitive discharging rates, the characteristic time 7.4, according to Equation
5.13 is calculated using n;4 from Table 6.1 and the j;.(V,,) relation from Figure 6.3b
and the geometrical capacitance determined from Figure 6.5a. The obtained values
are depicted as dashed lines in Figure 6.7. The following can therefore be concluded
for both n—-i—p devices: at low voltages (V,. < 1.05V), the measured TPV lifetime is de-
termined by the time it takes for charge carriers located at the respective majority car-
rier electrode or interface of the electrodes to find their counterpart at the other end of
the device. The lifetime is accordingly well described by a capacitor that is discharged
via the diode itself. For voltages above 1.05V, the charge carriers get more evenly dis-
tributed and the measured lifetimes clearly exceed the limit set by Equation 5.13, al-
lowing for the identification of bulk carrier lifetimes. For the highest intensities, the
difference between the theoretical capacitive limit and the measured lifetimes is more
than one order of magnitude. In the case of the thinner PEDOT:PSS device, no clear dif-
ference between the calculated capacitive limit and the measured decay times can be
observed, which is clearly proving that these lifetimes are not real bulk carrier lifetimes.
Even at the highest illumination intensities, the capacitive discharge is still longer than
the bulk carrier lifetimes, which are usually in the range of a few ns in PEDOT:PSS-

based devices!#2943% gince these cells suffer more from surface/interface recombina-
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6. Bulk Recombination in MAPbI3 Solar Cells

tion. 13954221 The small difference between the calculated and measured lifetimes for
the PEDOT:PSS device can be explained by the fact that the measured lifetimes do not
originate from a pure geometric discharge but are rather a combination of voltage in-

dependent (geometric) and voltage dependent (e.g. depletion layer) capacitive effects.

6.5. Charge Carrier Dynamics and Recombination
Order

Performing TPV and CE at the same illumination intensities and thus open-circuit volt-
ages allows to correlate the measured lifetimes with the corresponding charge carrier
density as displayed in Figure 6.8a for the PEDOT:PSS device and Figure 6.8b for both
n-i-p devices. The dashed lines correspond again to the capacitive lifetime limit but
now plotted versus the charge carrier density instead of V.. While the PEDOT:PSS so-
lar cell has a constant slope and is completely limited by capacitive discharge as illus-
trated in Figure 6.8c, both n-i—p devices show the transition from a steeper slope below
1-10%! m~3 to a flatter slope at high charge carrier densities. At low carrier concentra-
tions (grey region), the decay times are longer for the 500 nm device at a fixed charge
carrier density. This behavior is expected since these decay times originate from a de-
vice with a larger capacitance (and the discharging time of a capacitor is directly pro-
portional to its capacitance) and thus confirms the statements made so far. In contrast,
the lifetime—density correlation is quite similar for both devices at higher carrier densi-
ties, which means that these cells are ruled by very similar bulk carrier recombination
dynamics. This situation is depicted in Figure 6.8d, where internal bulk recombina-
tion lifetimes are longer compared to 7.4j,. The capacitance-to-bulk transition can be
already observed at slightly lower carrier densities for the thicker device, which can
be explained by the reduced impact of capacitive charge carriers on the charge car-
rier dynamics. In addition, 7, is included in Figure 6.8b, showing an almost constant
lifetime—density relationship pointing towards the contribution from a pure first-order
recombination process.

Combining Equation 6.2 and 6.3, the relationship between lifetime and carrier den-

sity can be described by the power law expression

n A
T=Ty (n_o) (6.4)

where the ratio m/9 is now abbreviated with A. The parameter A, describing the slope

of the power law, represents the recombination order via the relation § = A + 1.[346:431]
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6.5. Charge Carrier Dynamics and Recombination Order

Values for 6 are provided in Figure 6.8, revealing a high recombination order of 3.8 for

the PEDOT:PSS sample, in line with values presented in earlier studies.

[370,401,406-408] In

the case of the n-i-p devices, even higher values of 6 — 7 for the 500 nm device and 8 -

9 for the 820 nm device are obtained for densities below 1-102! m~3, but without any

physical meaning as they originate from the capacitive regime. However, for charge

carrier densities above 1-102! m~3, quite similar recombination orders in the range of
1.7-2.0 (500 nm) and 1.6 —2.0 (820 nm) can be determined. Whereas most of the ear-

lier publications on both perovskite and organic solar cells have commonly observed
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Figure 6.8.: Recombination dynamics for the (a) PEDOT:PSS based and (b) two thicker
500 nm and 820 nm perovskite solar cells. The PEDOT:PSS device is completely
dominated by capacitive charge carriers and shows a constant slope of 6 =3.8. In
the case of the n-i-p devices, the transition between capacitance and bulk related
dynamics can be observed at 1-102! m~3. While the capacitive parts show a longer
lifetime for the thinner 500 nm device at a fixed carrier concentration, the bulk
regimes are quite similar. In addition, the capacitive part demonstrates unphysically
high recombination orders, while the bulk related dynamics point towards first- and
second-order processes. (c) Schematic depiction of the situation in the PEDOT:PSS
device, where 7.4, is longer compared to 7 and thus dominates the measurements.
(d) In contrast, both n-i-p devices show a regime where bulk recombination lifetimes

can be determined.
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6. Bulk Recombination in MAPbI3 Solar Cells

noticeably higher recombination orders, the thicker n-i-p devices reveal recombina-
tion orders lower than or around 2 when determined by electrical means on complete
perovskite solar cells. The deduced recombination order in the relevant carrier den-
sity regime thus largely rules out the occurrence of Auger effects and confirms that
devices are mostly ruled by first- and second-order dynamics independent of the ac-
tive layer thickness. Accordingly, it can be concluded that these devices suffer from
SRH and radiative recombination under operating conditions. These values for the re-
combination order are also in line with literature where TRMC and PL measurements
revealed similar values in neat MAPDI; films (not integrated into a device architecture)
at similar charge carrier densities of around ~10%2 m™3,1286:432433 [p Jine with the j—-V
characteristics in Figure 6.3, it is concluded from the transient optoelectrical analysis
that the additional 320 nm of perovskite in this device configuration do not affect the
recombination dynamics negatively, which is remarkable compared to the existing lit-
erature. 964114171 Thig points towards the interfaces to contribute to a large extend
to the recombination losses in these solar cells. Further, it is emphasized that un-
der 1 sun illumination conditions, a steady-state excess charge carrier concentration
of 7-10%! m~3 is identified which is a value of carrier concentration that non-electrical
methods such as TRPL, TA, THz spectroscopy and TRMC should strive for in the future
in order to determine perovskite PV relevant decay kinetics.

6.6. Transient and Steady-State Parameters

Transient electrical techniques can be used not only to determine charge carrier life-

times and densities but also steady-state parameters like the ideality factor n;,.43%

The ideality factor is linked to the determined experimental parameters m and 9 via

1

1 1
=—+—.
nig m 9

(6.5)

By combining Equation 6.5 with the relation 6 = (m/9) + 1, the recombination order

can be determined by
5= (6.6)
Niq

This clarifies that the recombination order is in principle also accessible by determin-
ing merely the voltage dependence of charge carrier density and the steady-state pa-
rameter n;4. Both Equations 6.5 and 6.6 are therefore of general importance for the
herein intended message, since they link steady-state and transient recombination pa-
rameters with each other and provide an alternative route to the one illustrated in Fig-

ure 6.8 for the determination of 6. A few rules of thumb are worthy of bearing in mind
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with respect to the above equations; if the steady-state ideality factor n;; equals the
charge carrier density slope m, then the dynamics must be first-order (6 = 1). If on the
other hand the lifetime slope 9 equals the density slope m, pure second-order recom-
bination (6 = 2) dominates. The latter is for example the case for an intrinsic solar cell
operating in the radiative limit with pure band-to-band recombination. Then m and 9
are not only equal but must also have the value 2, which will always result in an ideality
factor of unity. However, these clear cases are often not observed in real thin-film solar
cells. 1298

Table 6.2 summarizes the measured and calculated recombination parameters de-
termined in this chapter. For the n-i—p devices, the values are separated into param-
eters determined in the capacitive and the bulk regime as already discussed. Using
Equation 6.5, four calculated values for n;; are thus provided and compared to the
values obtained from the steady-state js.(V,.) measurements. Depending on which
regime the n;4 has been determined in, the values are close or slightly underestimated
compared to the steady-state value. Please note that the ideality factor determined in
the higher voltage regime, which is assigned to reliable bulk values, still might be lim-
ited by a minor contribution from capacitive effects. A lower n;, is also observed for
the PEDOT:PSS based device (Equation 6.5 leads to 1.02, while the dark j-V in Figure
6.4 revealed 1.24). The recombination order 6 was also subsequently calculated in two
ways: first, by using the slopes in Figure 6.8 (and thus relying only on TPV and CE)
and second, taking Equation 6.6 with m-values from CE and n;;’s from steady-state
experiments in Figure 6.3b and 6.4. Both methods demonstrate that the parameters
determined in the capacitive regime yield completely unrealistic values for §, while
representative and realistic orders (1.6-2.0) can be obtained only in the higher voltage
regime for the 500 nm and 820 nm n-i-p devices, justifying the focus on the separa-

tion of the measured transient data into these two regimes. The agreement of both

350 nm 500 nm 820 nm

region capacitive | capacitive bulk capacitive bulk

m (Figure 6.6b) 3.8 9.4 2.8 11.3 2.7

O (Figure 6.7) 1.4 1.6 2.4 1.7 2.5

n;q (Equation 6.5) 1.02 1.37 1.29 1.48 1.30

n;q (Figure 6.3 and 6.4) 1.24 1.54-1.58 1.58-1.60
0 (Figure 6.8) 3.8 ~6-7 ~1.7-2.0 ~8-9 ~1.6-2.0

0 (Equation 6.6) 3.2 ~6 ~ 1.8 =7 ~ 1.7

Table 6.2.: Recombination parameters determined by steady-state (j—V characteristics and
Jsc (Vo) measurements) and transient (TPV and CE) techniques.
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methods in the determination of the recombination order confirms the reliability of
the performed analysis.

After the lifetime and density of the charge carriers and thus the recombination rate
in conjunction with the dominant recombination order have been determined, further
parameters such as the recombination current j,.. and V,. can be directly calculated.
According to References 300434435 ' the recombination current at open-circuit can be
calculated via
qd n

jrec = ? 6.7)

T
Inserting the determined values for lifetime, density and recombination order obtained
from the bulk regime, j,.. is calculated and the values are summarized Figure 6.9a in
case of the 500 nm thick n-i-p device, which serves as an example for the both n-i-p so-
lar cells. For reasons of comparison, the measured j;.’s are also included in the plot as
empty circles. Obviously, j,.. equals js. at open-circuit over the range of studied volt-
ages. Accordingly, voltage-independent charge carrier generation can be confirmed for
the n-i-p devices. This is in contrast to a multitude of OPVs, where electric fields are
usually necessary to separate the excitons prior to extraction. 249436 It has to be noted,
that different lifetimes for Equation 6.7 have been used to calculate the recombination
current density. The dashed line illustrates the transition from lifetimes determined
from a single-exponential fit to lifetimes calculated from the double-exponential fit at
higher intensities (see Figure 6.7). At highest voltages, j;. is described best by inserting
T, into Equation 6.7. Thus it is accordingly concluded that charge carrier recombina-
tion processes are characterized by this lifetime. Further, by combining Equation 6.2,

6.3 and 6.7 and solving for V,, the voltage can be calculated according to

Voc =

mk T ln(] “670) . 6.8)

q6 gdng

It is noted, that the recombination current is set to be j;. which is a valid assump-
tion as previously shown in Figure 6.9a. The reconstructed open-circuit voltages are
compared to the measured values in Figure 6.9b for the whole range of studied illu-
mination intensities. The measured V,.’s can be quite accurately reproduced if it is
considered that most of the input parameters for Equation 6.8 do have a noticeable er-
ror margin as they are extracted from strong exponential functions. However, for low
light intensities, a deviation becomes apparent which is most probably caused by the
impact of shunt recombination losses on the open-circuit voltage. These losses are
not accounted for in the herein presented model, hence the calculated values overes-
timate the measured (reduced) voltages. Since the derived recombination framework

presented in this chapter is able to reproduce the steady-state parameters j,oc (jsc) and
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Figure 6.9.: (a) Measured j,. and calculated j,.. for the 500 nm n-i-p device proving that
the recombination current density at open-circuit equals the short-circuit current
density. The dashed line indicates that different values for the lifetime (originating
from a single- and a double-exponential fit) have been used to calculated the recom-
bination current. (b) Measured and reconstructed open-circuit voltages according
to Equation 6.8.

V,c over the whole range of studied intensities, it is concluded that the experimental
methods provide a powerful tool to describe the kinetics of photovoltage generation in

fully working devices.

6.7. Summary

In conclusion, it is demonstrated that highly efficient planar perovskite devices can be
manufactured with active layer thicknesses exceeding 800 nm without any noticeable
loss in efficiency. Furthermore, accounting for the increase of the equilibrium charge
carrier density, originating from the induced temperature rise at the highest intensi-
ties, steady-state relevant charge carrier concentrations and lifetimes versus isother-
mal voltages are provided and analyzed. While it is not possible to extract useful bulk
recombination parameters from the thinner PEDOT:PSS device due to short lifetimes
and a high device capacitance, a capacitance-to-bulk transition in the studied n-i—p
perovskite PV devices is identified. With these thick and well-performing solar cells
and by measuring in the high intensity regime of up to 3 suns, it is possible to gener-
ate homogeneously distributed excess carrier concentrations which allow to calculate
accurate and meaningful values of charge carrier densities and lifetimes in complete
devices. Having minimized the influence of spatially separated carriers, the obtained

densities, lifetimes and associated recombination orders (1.6 —2.0) are in line with re-
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ported values for pure perovskite films, as determined by optical contact-less tran-
sient methods and in strong contrast to earlier literature and the PEDOT:PSS device,
where noticeably higher values for 6 are found. Under operating conditions, the main
loss processes in these devices are therefore assigned to be of SRH and free-carrier
recombination type. By comparing devices with thicknesses of 500 nm and 820 nm
but otherwise identical intrinsic properties, it is found that the recombination dynam-
ics are not depending on the perovskite thickness in accordance with the very similar
open-circuit voltages indicating that the interfaces towards both transport layers still
remain to be a dominant source of non-radiative recombination losses. The reliabil-
ity of the measured data is finally confirmed by calculating the recombination current
density and open-circuit voltage and comparing to the parameters determined from
steady-state j-V characteristics. This work demonstrates that transient electrical tech-
niques can, if correct bulk dynamics are identified, help to understand recombination
losses in solar cells that will allow future opportunities to also study how to suppress
them. The work further contributes to the enduring discussion on the correct analy-
sis of electrical transient data which was initially addressed in Chapter 5, where long
lifetimes and high recombination orders are sometimes observed for low carrier con-
centrations/illumination intensities in different solar cells technologies, possibly orig-
inating from measurements performed in the capacitance-limited region. It is clearly
shown that these optoelectrical methods can be used to determine reliable recombina-
tion parameters in fully working perovskite devices under operating conditions if both

thick active layers and high illumination conditions are ensured.
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7. Improved Open-Circuit Voltage
of Evaporated Perovskite Solar

Cells by Post-Annealing

Abstract. Perovskite layers can be

prepared by various methods with the

M increased t
source materials being deposited ei- M increased Voc
M reduced leakage current

ther by solution-based methods or by 0° o

thermal evaporation. In this study, a ° e
o

post-annealing procedure is applied 0° ©

to co-evaporated n-i-p and p-i-n per- g % A A A A w0,
ovskite solar cells leading to PCE im- Pbl,  MAI e

provements, which can be mainly attributed to an increased open-circuit volt-
age. With a V¢ of around 1.11V after preparation, the voltage is improved to
more than 1.18 V by annealing the device to 320 K and cooling back to room
temperature again. The observed photovoltage is among the highest reported
Voc's for MAPDI3 solar cells featuring also an excellent stability of more than
half a year. /-V characteristics in the dark reveal a reduction of both n;; and
leakage recombination, indicating a significant impact of the post-annealing
procedure on the recombination losses. To investigate carrier dynamics in
more detail, transient optoelectrical techniques are applied and confirm that
the bulk carrier lifetime is increased. Finally, high radiative efficiencies of more
than 1 % are obtained from electroluminescence measurements, demonstrat-

ing that the solar cells are also suitable for LED applications.

This chapter is partially based on
D. Kiermasch, L. Gil-Escrig, A. Baumann, H. J. Bolink, K. Tvingstedt and V. Dyakonov. High open-circuit
voltages above 1.18 V in planar perovskite solar cells due to post-annealing: insights into charge carrier

dynamics from transient electrical techniques. in preparation

111



7. Improved Open-Circuit Voltage of Evaporated Solar Cells by Post-Annealing

7.1. Introduction

Even though organic-inorganic hybrid perovskite solar cells have become a promis-
ing candidate for a next generation PV technology, the PCEs have reached a bottle-
neck after the rapid development during the last years since the first application of
MAPbDI; as a photoactive absorber in 2009. 1" Further increase in photovoltaic perfor-
mance requires a correct understanding of the elementary physical processes, which
lead to energy conversion, such as charge carrier generation, transport or recombina-
tion dynamics. As outlined in Equation 2.7 in Section 2.3.2, the PCE of a solar cell is
defined by the short-circuit current density, the fill factor and the open-circuit voltage.
In case of the most popular perovskite compositions like MAPbI3, which is character-
ized by a band gap in the range of 1.6 eV, the maximum value of j,. corresponds to ~25 —
26 mA/cm?. 29! Several publications have already demonstrated high currents close to
24 mA/cm? in case of MAPbI; 37438 and even higher values'3® for other perovskites
comprising different organic molecules and halides. This indicates that there is not
much room for further improvements since the reported values for j. are close to the
theoretical limit. However, to exploit the PCE maximum for a 1.6 eV band gap material
of 30.5 % 2% according to Shockley-Queisser, 8% the other PV parameters have to be
addressed, namely FF and V..

The fill factor can be affected by parasitic losses like shunt and series resistance, de-
pending on the intensity the solar cell is illuminated with. While leakage currents due
to a small shunt resistance are usually dominant at low illumination intensities, (3!
losses caused by a high series resistance are more important at solar relevant con-
ditions as will be clarified in Chapter 8.*39 Therefore, every device engineer tries to
minimize ohmic losses either by introducing new materials with higher conductivi-
ties (charge carrier mobilities) or by optimizing the established layers by changing the
thickness and/or the chemical doping. In addition, FF also depends on the type of
dominating charge carrier recombination processes in the diode, which are usually
described by the ideality factor. In 1981, Green showed that the FF of an ideal solar cell
exclusively depends on n;4 and V,, if the impact of both Rgjy,; and Rgeries is negligi-
ble, as it is illustrated in the exponential part of the dark j-V relation in Figure 2.6b. [44%!
Since FF is sensitive to these recombination parameters, it should be aimed for ideality
factors close to unity and high open-circuit voltages to increase its value. In the radia-
tive limit of MAPbI3, which corresponds to a V., ;g of 1.33 V14414421 the FF can even
exceed 90 % at 1 sun illumination. 21296443 Syumming up all these considerations, it
can be concluded that the reduction of recombination losses is detrimental for further

PCE improvements as they do not only affect V,. (see Section 3.3 for further details) but
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the FF as well. Recent literature has therefore identified non-radiative recombination
losses as the main limiting factor in state-of-the-art perovskite solar cells. 21297444 For
this reason, many scientists are engaged in characterizing non-radiative recombina-
tion processes and minimizing these losses to increase the performance even further.
Charge carrier recombination is described by the underlying mechanism and the
rate at which charge carriers recombine and can be generally characterized by the dif-
ferent processes introduced in Chapter 3. While it is always strived for minimizing
SRH losses, higher-order mechanisms like band-to-band (radiative) free carrier and
Auger recombination are carrier density dependent and cannot be avoided and accord-
ingly define the already introduced radiative limit as the maximum achievable V, ;44.
When lead halide perovskites were implemented for the first time as absorber mate-
rials in DSSCs, a low voltage of only 0.61 V has been achieved.!!”! By replacing TiO,
with Al,O3 and using Spiro-OMeTAD instead of a liquid electrolyte, a noticeable in-
crease in V. to values exceeding 1.0 V was obtained, boosting the PCE to more than
10 % and clearly demonstrating the potential of this novel PV technology.'® In 2014,
Tvingstedt et al. highlighted the promising radiative efficiency (EQEg;) in the range
of 1072 % for planar p-i-n devices with a V, of 1.08 V, outnumbering state-of-the-art
fullerene-containing OPVs by more than 2 orders of magnitude. **!! To address losses
due to trap-mediated SRH recombination, the composition of the perovskite absorber
has been widely modified. Incorporation of rubidium into the crystal lattice pushed
Voe to 1.24 'V for a 1.63 eV band gap quadruple cation perovskite and led to a remark-
able EQEg; of 3.8 %.*! Similarly, Cs compounds were utilized as additives®® result-
ing in an increased V,. due to a reduced defect density as pointed out by Hu et al. 445!
In line with these reports, potassium iodide was also implemented as an additive. [
The employement of these different components usually aims to modify the bulk of
the perovskite. However, another route to reduce parasitic losses is to improve the
interfaces to the surrounding transport layers. Long PL lifetimes over 8 us under so-
lar relevant carrier densities have for example been demonstrated on polycrystalline
MAPbI; layers, if the surfaces were treated with additives after preparation. 46! Very
recently, surface passivation also helped to approach the radiative limit with a quasi
Fermi level splitting of 1.28 eV in solution-processed films as determined by optical
measurements. *4”! Having a closer look on solar cells in full device configuration, re-
placing PEDOT:PSS with p-TPD can help to increase the voltage substantially. 3%°! Fur-
ther, a high open-circuit voltage of 1.21 V was realized by stacking a guanidinium bro-
mide interface layer on top of a mixed-cation perovskite (featuring a band gap of 1.62
eV).#48 The highest V,. for MAPbI; reported so far is 1.26 V as recently published by

Liu et al.[**9 The outstanding photovoltage was achieved by a light-induced activation
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process, whose origin was not clarified. All these results demonstrate that new per-
ovskite compositions, improved deposition methods and interface engineering *>0-4521
are necessary to push the PV parameters closer to the radiative limit.

As introduced in Section 4.2, different routes can be applied to synthesize uniform
perovskite films of high quality. Most of the above-mentioned studies are based on
solution-processed devices as still the largest part of research is focused on prepara-
tion out of solution. Here, the substrate is usually annealed to around 100 °C after
depositing the material to ensure complete crystallization. Nevertheless, preparation
techniques like spin-casting are generally not directly applicable to large scale produc-
tion and therefore do not promote a rapid introduction of perovskite solar cells on the
PV market. In contrast, vapor-deposition methods avoid the use of toxic solvents, allow
for an easier scalability and are therefore considered as a promising approach to realize
commercialization. 337! These techniques are characterized by simultaneous evapora-
tion of the reactants, with crystallization being driven by the excess kinetic energy of
the condensating particles, thus avoiding additional annealing steps. In the present
chapter, a novel post-annealing procedure is applied to fully co-evaporated planar n-
i-p and p-i-n perovskite solar cells, where the complete device is heated to 320 K for
several hours and cooled back to room temerature again. As a consequence, the PCE
of the devices is increased which can be mainly attributed to an improved V,, reach-
ing more than 1.18 V. To demonstrate that the increase in V. is not a temporary ef-
fect, stability measurements over more than half a year are performed and supported
by additional MPP tracking. Further, the origin of the voltage increase is studied by
investigating the changes in recombination dynamics. From current-voltage charac-
teristics in the dark, a reduction of both the ideality factor and shunt recombination
losses is tracked, indicating that recombination losses at low and also more relevant
higher light intensities are reduced. In addition, a transient optoelectrical analysis is
performed to study recombination dynamics in more detail, demonstrating that bulk
recombination lifetimes are increased by the post-annealing process. Finally, the so-
lar cells are studied by means of electroluminescence measurements and noteworthy
radiative efficiencies exceeding 1 % are obtained, being among the highest reported

values for perovskite devices and outnumbering many other PV technologies.

7.2. Devices and Current-Voltage Characteristics

To ensure the general validity of the statements made in this chapter, the study is con-
ducted on planar MAPbI3-based n-i-p and p-i-n solar cells. 820 nm are selected for the

active layer thickness since the efficiency is slightly increased compared to thinner de-
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CagPhim TTm:FG-TCNNQ
ITO ITO
glass substrate glass substrate
(a) n-i-p (b) p-i-n
Figure 7.1.: Device layout of the (a) n-i-p and (b) p-i-n perovskite solar cells with an ac-
tive layer thickness of 820 nm. As transport layers, a combination of thin undoped

organic layers (Cgp and TaTm) and thicker doped layers (Cgo:PhIm and TaTm:Fg—
TCNNQ) is used. All layers are prepared by co-evaporation.

vices as shown in Figure 6.3a. The solar cells are fully evaporated with the same combi-
nation of electron (Cgp and Cgp:PhIm) and hole (TaTm and TaTm:Fg-TCNNQ) transport
layers as already used in the previous study in Chapter 6. Further details on material
properties and device preparation is provided in Chapter 4.

Current-voltage characteristics under 1 sun illumination for the the n-i-p and p-i-
n devices after preparation are summarized in Figure 7.2a. Both types of solar cells
demonstrate quite similar open-circuit voltages of more than 1.1 V. Differences in FF
(72 % for n-i-p and 70 % for p-i-n) and j. (22.7 mA/cm? for n-i-p and 20.2 mA/cm? for
p-i-n) lead to different PCEs ranging from ~18 % for the n-i-p device to ~16 % for the
p-i-n configuration. While the n-i-p device shows minor but still detectable hysteresis,
the p-i-n cell does not display any differences between the forward and backward scan.
This demonstrates that the interfaces and the regions close to the interfaces influence
the hysteresis behavior significantly as discussed already in Section 2.3.3. Figure 7.2b
illustrates the evolution of V, for both solar cells during the time after preparation and
induced by a simple post-annealing procedure. Post-annealing of the full devices was
performed in a closed helium cryostat, where the temperature was carefully increased
from 300 K up to 320 K, at which the solar cells were kept for several hours, followed by
cooling down to room temperature again. The temperature was not further increased
to higher values as it is known for MAPbI; that heating over 363 K (90 °C) of full de-
vices can lead to irreversible degradation. *>34%! For this reason, deliberate care was
taken to avoid increasing the temperature too much. A steep rise in V,. can be ob-
served during the first days where the initial voltage of around 1110 mV increases to
approximately 1140-1150 mV. Post-annealing of both solar cells improves the V,. even
further to more than 1180 mV being stable for a time span of more than half a year. Red

arrows indicate the day the post-annealing was conducted at. In order to disentangle
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Figure 7.2.: (a) j-V characteristics of n-i-p and p-i-n solar cells after preparation deter-
mined under 1 sun illumination. Both solar cells display only minor hysteresis ef-
fects. (b) V,. evolution during a time span of 202 days for both type of devices. The
post-annealing procedure (heating to 320 K for several hours and cooling down back
to 300 K) increases the V,. up to more than 1180 mV as indicated by the red arrows.
For reasons of comparison, V,. development for a n-i-p device without the heating
treatment is shown, demonstrating that the voltage is lower in comparison to the the
treated solar cells.

the processes between time and heating, the V. development of an additional n-i-p
device without post-annealing treatment was studied in the same time range. For this
device, the voltage stabilizes at around ~1150 mV after 100 days. From this, it is con-
cluded that the processes increasing the voltage from ~1110 mV to ~1150 mV are time-
induced as indicated by the grey area, while the improvement from ~1150 mV to more
than ~1180 mV is activated by the post-annealing procedure (red area). Several reports
exist, where it is demonstrated in a similar way that the V,, (and PCE) of perovskite
solar cells can increase during aging in the dark and under heating. *>>-458! It has been
also shown that the occurrence of an improved PCE during continuous measurements
might be characteristic for planar devices without a mesoporous scaffold (see Figure
2.4). While the identification of the origin for the PCE improvement over time requires
further research, speculations already exist that these improvements are caused by the
passivation of (surface) defects by small amounts of Pbl, which can play a role if the

e. [455:459-461] However, as this still remains an open task

perovskite starts to decompos
for further studies, the focus of this chapter is to investigate the changes induced by
the post-annealing procedure in more detail.

In order to support the above-mentioned stability measurements, additional max-
imum power point tracking measurements are conducted and summarized in Figure

7.3. MPP tracker are commonly used for PV systems to guarantee that a solar cell op-
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Figure 7.3.: Maximum power point tracking of both devices at 1 sun illumination after the
post-annealing procedure. A stable power output is detected.

erates under optimal conditions and the extracted power is maximized. Here, both
devices do not show losses in efficiency upon 1 sun illumination supporting again that
the increase in V. due to post-annealing is not a temporary effect. For the n-i-p de-
vice, the PCE is increased to around 19 %, while the p-i-n solar cell is characterized by
a similar PCE (15.5 %) as directly after preparation since it suffers from minor losses in

FF due to an increased series resistance as will be discussed in the next section.

7.3. ldeality Factor from Current-Voltage

Characteristics in the Dark

To gain further insights into the underlying mechanisms which are responsible for the
observed V,. changes, j-V characteristics measured in the dark are analyzed in the fol-
lowing. Figure 7.4 summarizes the current-voltage scans which are performed within a
period between 0 and 111 days for the n-i-p device (Panel 7.4a) and for the p-i-n device
(Panel 7.4b). For clarity, only measurements from the forward scan direction between
-0.2V and 1.5V are shown, since these devices only have negligible hysteresis behav-
ior as outlined in the previous section. Information about dominant recombination
processes are accessed by studying the ideality factor. In case of an intrinsic semicon-
ductor, an n;4 of unity is an indication of pure band-to-band recombination while SHR
recombination leads to n;; = 2. Surface recombination due to non-selective contacts

would correspond to n;4 < 1. Further information on the relation between ideality fac-
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Figure 7.4.: j-V curves in the dark for the studied (a) n-i-p and (b) p-i-n solar cells. Aging
and heating increases the shunt resistance and reduces leakage currents in both type
of devices. The red dashed lines correspond to Shockley fits according to Equation
2.8. Differential ideality factors derived from Equation 7.1 are summarized in the
lower parts of the graphs, demonstrating a reduction of n;; and thus reduced non-
radiative recombination.

tor and the dominant recombination processes is provided in Section 3.3. To deter-

dif f

mine the differential ideality factor n, ;" 7, the current-voltage curves are analyzed with

. (7)) -]
nd’ff:(ﬂ.—dln](v)) , (7.1)

id q dv

which is a direct outcome of the exponential term of the Shockley Equation 2.8. It
describes the slope of the dark j-V curves and allows to extract the ideality factor as
a function of the applied voltage. The calculated niﬁf D5 for the set of dark j-V’s are
plotted in the bottom half of Figure 7.4 showing a noticable reduction of n;; within
the studied time span of 111 days. It is obvious that the ideality factor changes due to
both time and annealing in line with the observed changes in V,. This indicates that
the recombination dynamics are changing in both devices. For the n-i-p cell, n;; de-

creases from 1.73 to 1.53, while the p-i-n device exhibits an even greater shift from 2.30
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to 1.69. These values are in line with a multitude of different studies, where similar val-
ues for the ideality factors have been determined for perovskite PV, [174:297,298,355,408,462]
The decrease in n;, is usually correlated with an decrease of SRH recombination via
defects. Thus, this is the first evidence that non-radiative SRH is efficiently decreased
by the introduced post-annealing procedure.

To extract further information from the measured j-V curves, the full expression
of the generalized Shockley Equation 2.8 is used to quantify the observed changes in
Rshunt and Rgeries. Fits are illustrated as red dashed lines in Figure 7.4, while the ex-
tracted parameters for Rgj;,,; and Rgerjes are provided in Figure 7.5. Induced by the
post-annealing process, the shunt resistance is increased by more than one order of
magnitude in both devices, proving that leakage recombination pathways have been
removed efficiently. This can also be observed in the increased open-circuit voltage
in the “dark”, which is caused by room light and scattered light from the sun simulator
during the j-V sweep and demonstrates the potential application as indoor light appli-
cations or photodetectors. It has to be noted that the exact values for the Ry, after
more than 20 days of storage could not be determined as no leakage currents can be
observed due to the photovoltage from scattered light. The inset of Figure 7.5a shows
the measured V,.’s at low light intensities (107> — 1073 suns) before (blue) and after
(red) post-annealing to illustrate an the increase in voltage. It has been reported for
perovskite solar cells, that shunt recombination losses seem to be more pronounced
in devices that suffer from non-perfect selectivity of the transport layers. 35>463] Thig
results in increased interface recombination between the perovskite and the transport
layers and reduces the ability of appropriate quasi Fermi level splitting and therefore
high V/.s. While shunt recombination losses are usually dominant at low light inten-
sities, interface or surface recombination also plays a crucial role under operating il-
lumination conditions. To give an example, PEDOT:PSS is known to be a large source
of interface recombination as it can only inefficiently block electrons. ¥5%4?2! In con-
trast to the Rsuyns Rseries (Figure 7.5b) does not reveal a clear trend from the post-
annealing procedure. Even though the n-i-p cell shows a small drop in Rgerjes after
post-annealing, no general conclusion can be made, since the p-i-n shows the oppo-
site trend. In the studied time span, R.r;.s increases by approximately 4 Qcm? in case
of the n-i-p and even 8 Qcm? for the p-i-n cell. This can be explained by the degrada-
tion of the top electrode (and the transport layers underneath) as the metal reacts with
some components of the perovskite. 54465 The movement of halides in perovskites
crystals “%®! allows for a reaction between the electrode material and e.g. iodine, as
it has already been demonstrated for silver electrodes with the formation of silver io-

dide. 467468 Ag silver is chemically less inert in comparison to gold, the degradation of
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Figure 7.5.: Observed changes in (a) shunt and (b) series resistance as determined from j-V
measurements in the dark (Figure 7.4). The post-annealing procedure reduces shunt
recombination losses significantly, increasing the open-circuit voltage at low light
intensities as it is exemplary shown in the inset for the n-i-p soar cell. In contrast,
there is no clear trend observable for the series resistance. For both devices, Rgerjes
increases as the electrodes starts to degrade in time.

the p-i-n devices is more severe than for the n-i-p solar cells. Nevertheless, as there is
no correlation between V. and Rg,;es, it is unlikely that charge transport is respon-
sible for the herein studied effects, especially since both devices show a stable open-

circuit voltage even though the series resistance is increasing in time.

7.4. Analysis of Charge Carrier Lifetimes

To further analyze charge carrier recombination processes, CE in combination with
TPV is employed. In line with the previous study in Chapter 6, the measurements are
performed over a large range of illumination intensities up to 3 suns, where the solar
cells are heated up by the LED even though all experiments are performed in a closed-
cycle helium cryostat. To account for this, the isothermal open-circuit voltage is cal-
culated according to the method outlined in Section 6.2.*?! Figure 7.6 depicts the de-
termined charge carrier densities for the n-i-p and p-i-n devices. Filled circles summa-
rize CE measurements performed under illumination intensities in the range of 107°
up to 3 suns, while the dashed lines correspond to measurements in the dark. Here,
the charge carriers stored on the electrodes are extracted by applying a small negative
bias without illumination prior to switching to short-circuit conditions. This is anal-
ogous to Figure 6.5a, where the calculated capacitance can be used to determine the

amount of capacitive charge at the corresponding V,.’s. Under illumination, both de-
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vices show a transition from a shallow slope to a steeper slope at around 1.05 V. At lower
voltages, only minor differences between the illuminated and dark measurements can
be observed, while the light induces a substantial increase in charge carrier density at
higher voltages. It can be therefore concluded, that mostly capacitive charge carriers
rule at low voltages in both devices. For the p-i-n solar cell, the similarity between
the geometric capacitance and the charge carrier density obtained under illumination
(Voe = 1.05V) is pointing towards a pure geometric capacitance. In contrast, a voltage-
dependent offset can be noticed for the n-i-p solar cell for voltages below 1.05 V, which
results from an additional contribution to the geometric capacitance. These charges,
for example, can have their origin in a depletion-layer capacitance in the perovskite
film like already proposed in complete solar cells under certain conditions. 69470 1¢
is therefore important to note, that even though the same transport layers have been
used and the perovskite layer was prepared within the same batch, both devices show
different capacitive contributions indicating that the crystallization of the active layer
is different depending on if the n- or p-layer is underneath. Thus, the differences in the
capacitive behavior between both studied solar cells indicates that the perovskite is in-
trinsically doped if it is deposited on top of Cgg instead of TaTm. The post-annealing

procedure does not influence the voltage-dependence of the capacitive charge carriers
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Figure 7.6.: Charge carrier density from CE plotted over the open-circuit voltage for the (a)
n-i-p and (b) p-i-n devices before (blue/orange filled circles) and after (red filled
circles) annealing. Dashed lines represent extracted charge carrier from geometric
capacitance measured with CE experiments in the dark. In both type of devices, a
transition from a shallow slope at low voltages (V,. < 1.05V) to a steeper slope at
higher light intensities can be observed. While the low voltage part of the extracted
densities coincides with the geometric capacitance for the p-i-n device, a voltage
dependent offset can be observed for the n-i-p cell.
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at low voltages. This is contrary to high voltage regime, where charge carriers from the
bulk dominate. Here, the post-annealing procedure shows differences in the extracted
charge carrier density clearly pointing towards modified bulk recombination dynamics
which will be further investigated by means of TPV.

In the following, the impact of post-annealing on charge carrier lifetimes is stud-
ied. A detailed description of the method is provided in Section 4.3.2, whereas the
interpretation and analysis of the data is discussed in Chapter 5. The solar cells were
illuminated with the same illumination intensity array that has been used for CE in
order to ensure the same open-circuit voltages and correlate the lifetime with the cor-
responding charge carrier density. To distinguish between capacitance affected life-
times and bulk carrier lifetimes, it is emphasized that the measured lifetimes have to
exceed the characteristic limit set by Equation 5.13. To compare the change in carrier
dynamics induced by the post-annealing, it is necessary to analyze how lifetime scales
with carrier density rather than voltage, which is summarized in Figure 7.7 for both
devices together with the time limit from the geometric capacitance. In both kind of
solar cells, the measured lifetimes, which are extracted from a single exponential fit,
are close to the capacitive limit for densities below 4-10>! m~3 (capacitive regime, grey

background), whereas for higher voltages, the limit is surpassed and bulk dynamics can
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Figure 7.7.: Charge carrier lifetimes as determined from single exponential fits plotted over
the charge carrier density for the (a) n-i-p and (b) p-i-n device. Dashed lines corre-
spond to the capacitive discharging time, which was calculated via Equation 5.13. At
lower charge carrier densities (< 4-10>! m~3), the measured data originates from the
recombination of spatially separated capacitive charge carriers, while bulk carrier
dynamics can observed at higher densities. Charge carriers from the bulk demon-
strate that post-annealing leads to a higher carrier lifetime at the same densities,
resulting in an improved open-circuit voltage under operating conditions.
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be identified in line with Figure 7.6. Obviously, post-annealing does not influence the
capacitive discharging times, while the bulk carrier lifetimes at fixed concentrations
are increased. This justifies again the separation of the measured data into these two
regimes. Furthermore, at carrier concentrations below 4-102! m~3, the lifetime strongly
depends on carrier density, while the slope gets more shallow for higher concentra-
tions. As demonstrated in Chapter 6, the slope only remains a useful indication of the
dominant carrier recombination mechanism if bulk charge carriers are measured. At
high carrier densities, the slope is increased, suggesting that post-annealing increases
the dominant recombination order as it is expected if SRH recombination centers have
been passivated. This is completely in line with the observed reduction of n;; in Sec-
tion 7.3, which also indicates decreased SRH recombination. Thus, the transient op-
toelectrical analysis directly proves that the reason for the increase in V,. (see Figure
7.2b) is linked to improved carrier lifetimes and reduced recombination losses.

After having identified bulk charge carrier lifetimes in fully working n-i-p and p-
i-n perovskite solar cells, the general effect of these recombination lifetimes on the
resulting open-circuit voltage at 1 sun illumination conditions can be explored. The
impact of charge carrier lifetimes on V,, is generally described by Equation 3.19 and
3.20 in case of pure radiative and SRH recombination processes. If both recombina-
tion mechanisms are present, Equation 3.21 is a more appropriate expression since it
takes radiative and SRH recombination into account. The outcome of Equation 3.19,
3.20 and 3.21 is depicted in Figure 7.8, which is in line with calculations from Pazos-

Outén. 7Y The values are calculated for 1 sun illumination conditions (in order to de-

1.4

1.2 studied n-i-p and

p-i-n solar cells
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Figure 7.8.: Calculated influence of the SRH lifetime on the open-circuit voltage based on
Equation 3.19, 3.20 and 3.21. The inserted parameters are listed in the main text. In
addition, the obtained values for lifetime and V,. for the herein studied devices is
included.
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termine G), a band gap of 1.6 eV, a device thickness of 820 nm, k;, ;4 = 10717 m3/s 4331
and Ncy = 3.1-10** m™3. In case of pure radiative recombination, SRH lifetime has
no influence and the open-circuit voltage is limited to about 1.32'V, matching with
reported values. 4414424491 If SRH recombination is present and the lifetimes are suf-
ficiently low, V,. can be decreased to values below the radiative limit. The voltage-
lifetime correlation for the set of herein studied devices is also included (black star)
proving that the determined lifetime perfectly matches with the theoretical prediction.
This supports the validity of the determined recombination parameters and demon-
strates that both SRH and radiative processes are the main loss mechanisms in these
devices. The measured lifetimes of 800 ns under 1 sun are among the highest carrier
lifetimes reported so far for MAPbI3-based perovskite solar cells raising the hope that
further improvements can help to reach SRH lifetimes in the range of 10 - 100 us to
minimize limitations caused by trap-assisted SRH recombination and maximize V.

close to the radiative limit. 21!

7.5. External Quantum Efficiency of

Electroluminescence

Further quantification of non-radiative recombination losses after post-annealing is
performed by measuring the external electroluminescence quantum efficiency. It is
determined by measuring the total electroluminescence flux (integrated over all ener-
gies) in dependency of the applied voltage and divided with the total injection current
(corresponding to the current density in the dark). The calculated EQEf; for both de-
vices after post-annealing is summarized in Figure 7.9. At an injection current which
corresponds to jc at 1 sun (and therefore a charge carrier density under realistic oper-
ating conditions), the solar cells show high radiative efficiencies of around 1 %, which
increases up to 1.8 % for a higher driving voltage of 1.5 V. These high values allow the
studied perovskite solar cells for an application as LEDs. First publications *4144?! on
radiative efficiencies of perovskite PVs in 2014 reported rather low EQEfg; values in
the range of 0.001 % —0.01 %, which is outnumbered by the herein presented devices
by more than 2 orders of magnitude. Furthermore, the obtained values are compa-
rable with the highest efficiencies reported so far of 1 % for a quadruple cation per-
ovskite (containing Rb, Cs, MA, FA, I and Br),*!! 7 % for FA( 9, MA 0gPbl3“"?! and 8 %
for MAPbI;. %! The highest certified values for EQEg; are in the range of 3 -6 % as
very recently summarized by Green and Ho-Baillie.!*”3! Perovskites can accordingly
also compete with other PV technologies such as Si (1.6 %) and CIGS (2.4 %) and are
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Figure 7.9.: EQEE; as a function of applied voltage for both type of devices after the post-
annealing process. The solar cells demonstrate high radiative efficiencies in the
range of 1 % at an injection current j corresponding to j,. (1 sun).

substantially better than OPVs (0.004 %) and DSSCs (~107% %).1473! These improve-
ments over the last few years strongly underline the successful story of perovskite solar
cells, which has his main origin in the defect tolerant nature and the suppression of

non-radiative recombination losses. 2!

7.6. Discussion

Finally, the structural changes which are induced by the thermal post-annealing pro-
cess will be discussed. Similar observations also have been obtained by Sheikh et al.
while studying the effect of thermal cycling on the PV performance. 7! After the first
cycle, an improved V,,. was observed, which the authors attributed to an improvement
of hole mobility in the spiro-OMeTAD transport layer. Since this material is not em-
ployed in the herein studied devices and the results show that the series resistance in-
creases (Figure 7.5b) while the improved V,, remains constant, it is concluded that
transport and recombination phenomena are decoupled and the observed changes
are not linked to mobility variations. Another possible explanation could be found in
the induced changes by the tetragonal-cubic phase transition which occurs at approx-
imately 310 K to 338 K and therefore in the range of the post-annealing temperature
of 320 K. [2729.9L475] However, it is stated for MAPbI3 that no abrupt optical changes
take place across this phase transition, but that the ion activation energy decreases at
approximately 318 K from 0.7 to 0.5 eV which is probably not relevant for the herein
observed phenomena.*’® This is in line with another report, *”> where the solar cell

performance has been studied in the temperature range of 298 K to 343 K. It was found,
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that the phase transition did not lead to any discontinuity in device performance, in-
dicating that optoelectronic properties are insensitive to the phase transition. Inter-
estingly, some devices showed an improvement in V,, after heating and cooling back,
which the authors did not pay any attention to. These observations lead to the conclu-
sion that the phase transition is probably not the origin of the performance improve-
ments.

Very recently, Tsai et al. showed how light-induced lattice expansion can help to
improve the PCE and in particular the V,. of MAPbI; and mixed perovskites. *’") It is
suggested, that a decrease in the energetic barrier near the perovskite interfaces and
the reduction of non-radiative recombination both in the bulk and at the interfaces
are the reason for the observed device improvements. This is in line with other re-
ports, 4784791 where the impact of crystal strain on recombination dynamics has been
studied, demonstrating that strain-free films and devices are associated with reduced
defect concentrations and therefore suppressed non-radiative recombination path-
ways. This coincides with a report by Nishimura et al., where the effect of lattice strain
on Sn-based perovskite solar cells was investigated by substituting different cations. 480!
The authors found a strong correlation between strain and the device efficiency and
concluded that strain-free devices provide the highest PCE (and V). It therefore ap-
pears very likely, that the increased open-circuit voltage after the post-annealing pro-
cedure is related to a release of strain in the perovskite layer. Local strain inhomo-
geneities already can appear during device preparation and post-annealing releases
the strain (especially close to the interfaces) and thus provides a reduced amount of
defects and an improved device performance. This is supported by the fact, that the
volumetric expansion coefficient ay for MAPbI;3 is significantly higher compared to
other thin-film solar cell materials like CIGS or CdTe as reported by Jacobsson et al. [?7!
and a higher expansion coefficient increases the probability of removing crystal strain
if the temperature is increased. Very recently, Lohmann and co-workers studied the
effect of different substrate temperatures during co-evaporation on the performance
of vacuum deposited MAPbI;3 solar cells. “8!] By varying the temperature from 271 K to
296 K, a strong correlation with the PCE was found, demonstrating that a higher sub-
strate temperature indeed improves the device, which supports the herein presented
findings.

This chapter underlines that further research on perovskite PV do not necessarily has
to focus on optimizing material combinations and preparation routes, but also on sim-
ple post-processing methods like illumination with light, 449477! treatment of the per-
ovskite surface with other solutions [482483! or post-annealing in solvent-atmosphere. (38!

It is further believed that the post-annealing procedure of complete devices might be
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even applicable to solution-processed devices as similar device improvements were

also observed in literature, [47447°]

7.7. Summary

To conclude, the effect of device post-annealing of planar co-evaporated n-i-p and p-
i-n perovskite solar cells was studied. It was found that the open-circuit voltage can be
improved from 1.11 V to more than 1.18 V by storing the devices in a nitrogen-filled
glovebox and annealing them to 320 K for several hours and cooling back to 300 K
again. Stability measurements over more than half a year and MPP tracking confirm
that the increase in voltage is a permanent feature. Current-voltage characteristics in
the dark revealed an increase of the shunt resistance, proving that leakage currents
are reduced up two orders of magnitude since shunt recombination channels are ef-
ficiently passivated. In contrast, no significant changes in the series resistance are in-
duced by post-annealing. The j-V curves are also analyzed with respect to the ideality
factor, which shows a reduction by post-annealing pointing towards decreased SRH
recombination losses. Recombination dynamics are then investigated in more detail
by transient optoelectrical techniques, namely TPV and CE. It is demonstrated that the
charge carrier lifetime increases with post-annealing, which is an indication of reduced
amount of traps in the bulk of the perovskite and at the interfaces to the transport lay-
ers. Furthermore, a high radiative efficiency of more than 1 % is determined from elec-
troluminescence measurements, showing that the set of studied devices is competitive
with the most efficient perovskite PVs reported so far. Finally, possible explanations
for the observed device improvements are discussed, like the temperature-induced re-
lease of strain in the perovskite film which is the most probable origin for the observed
phenomena. It is therefore suggested that future works on co-evaporated perovskite
solar cells should consider a post-annealing step after preparation or control the sub-
strate temperature during evaporation in order to reduce recombination losses and

increase the PCE.
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8. Impact of Active Area Masking
on Current-Voltage

Characterization of Solar Cells

Abstract. Guidelines for the correct

measurement protocol of novel PV
technologies are becoming more fre-
quent in literature as it is not straight-
forward to accurately measure the ef-
ficiency parameters of laboratory so-

lar cells. This is particularly the case

for small-area research devices, which

are prone to overestimate the short-circuit current density due to edge effects
of various types. The common practice is therefore to utilize masks with well-
defined apertures. In this chapter, it is shown experimentally and theoretically
that active area masking leads to erroneous determination of both open-circuit
voltage and fill factor. Although the errors induced in these parameters by us-
ing a mask are generally smaller than what the errors in current can amount
to when not using a mask, they are omnipresent and can be well described. As
these errors in V,. and FF can be characterized by means of analytical equa-
tions, the consequences for the resulting PCE is also examined. Based on the
obtained results, it is concluded that masks should be chosen that match the
active area as close as possible to prevent overestimating the PCE. The herein
presented study focuses on perovskite solar cells, but the conclusions are valid

independent of PV technology.

This chapter is partially based on
D. Kiermasch, L. Gil-Escrig, H. J. Bolink and K. Tvingstedt. Effects of Masking on Open-Circuit Voltage
and Fill Factor in Solar Cells. Joule, 3, 16-26 (2019). DOI: 10.1016/j.joule.2018.10.016
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8. Impact of Active Area Masking on Current-Voltage Characterization

8.1. Introduction

The concern of reporting accurate values of solar cell PCEs has increased with the im-
proved cell performances during the last years as it is summarized in Figure 8.1a. It
can be seen that the certification of efficiencies by the appropriate laboratories has
become more important from 2013 onwards. The most frequent sources of contem-
porary PV measurement errors are usually found in spectral mismatch and erroneous
estimations of the true area that takes part in generating the photocurrent. 484485 Eyen
though a set of routines and methods has been proposed to circumvent common mea-
surement errors, 2462474864871 the number of manuscripts reporting dubious or even
erroneous efficiencies is still not negligible as pointed out by Zimmermann and co-
workers. 88 The authors analyzed 375 publications and compared the reported jg.
values from j-V characterization with the expected values from corresponding exter-
nal quantum efficiency measurements. It was found that more than 30 % of these pub-
lications overestimate the photocurrent by more than 20 %. 438! The practice of active
area masking was introduced mostly in the DSSC community with the motivated pur-
pose to not overestimate the current by erroneous areas, unconsidered scattering or
light piping effects. In these highly light-scattering PV devices, j is easily overesti-
mated under illumination without the employment of photomasks. In addition, the
adjacent transport layers can unintentionally contribute to an increase in current. For
example, it is well-known for PEDOT:PSS that the polymer is able to collect current
from regions outside of the overlap of the electrodes due to its high conductivity (see
Section 4.1). 489 For perovskite solar cells, masking is also generally recommended for
the same reasons, particularly for those based on mesoporous TiO,. The now well-
established effect of photon recycling [285-287:3991 in high radiative efficiency perovskite
films may, in addition, also guide more light into the active area from illuminated re-
gions outside the electrodes. Accurate knowledge of the active area for generation
and recombination is therefore necessary and also quite appropriately provided for
by careful use of shadow masks during device characterization. 484499-492] Fijgure 8.1b
illustrates the impact of masking on j. for a planar MAPDbIj3 solar cell without a meso-
porous scaffold. The unmasked device demonstrates an increased photocurrent by
approximately 7 % which can be accounted for by applying an aperture that is smaller
than the overlap of the electrodes.

Several academic publishers have recently started to request that any submitted PV
manuscript is now accompanied by a reporting form, certifying if and how masking
was employed during the measurements.*%3! Point 6 of the Nature publishing group

checklist now asks authors to describe the applied mask/aperture or to explain why
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Figure 8.1.: (a) Reported PCE values for perovskite solar cells since the first publication
in 2009. There was a change in 2013-2014 when numerous researchers got their
solar cells certified by official institutes. Data collected from the following Refer-
ences: [17-20:34:409,473,494-496] () Impact of masking on js of a planar perovskite solar
cell. Without a mask, the photocurrent is overestimated by approximately 7 % lead-
ing to an erroneous PCE.

a mask/aperture has not been used. It is also demanded to specify if the measured
short-circuit current density of the devices vary with aperture area. These recommen-
dations are highly justified to not let any exaggerated current density (and thus PCE)
claims pass through. Most solar cell certification institutes are also commonly em-
ploying masks when asked to certify high efficiencies of novel laboratory cells. The
contemporary focus of masking is thus put on its impact on js. overestimation, often
leading researchers to safeguard and choose masks with apertures noticeably smaller
than the active device area to accommodate to these concerns. For the best perovskite
solar cells, where only little remains to be gained in photocurrent generation, the re-
maining improvements are, however, mainly to be expected in V,. and FE Correctly
understanding and assigning the origin of V. and FF deficits in solar cells remains in
fact an essential aspect of PV research. Consequently, it is crucial to measure these pa-
rameters as correctly and accurate as possible. However, the induced effects on these
equally relevant parameters of PV energy conversion are usually not considered suf-
ficiently when employing masks under illuminated characterization. Thus, the pho-
tocurrent should not be allowed to be overestimated, but equal care must be taken to
prevent errors in V,. and FF determination.

In the present chapter, the outcome of masking on V. and FF is investigated both
experimentally and analytically. For the open-circuit voltage it is demonstrated that

masking always leads to underestimated values. This is not caused by a change in re-
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combination dynamics as proven with intensity-dependent V,, and CE experiments
but rather linked to the fact that the volume for generation does not equal the volume
for generation when parts of the active area are not illuminated. Masking with small
apertures can in addition affect the fill factor substantially in different ways, depending
on the conditions the device is operating under. For high light intensities, the series re-
sistances leads usually to an improvement in FF when the cell is masked wheres the op-
posite is the case for low light intensities in the shunt limited regime. The chosen mask
aperture size is therefore crucial, to not over- or underestimate these two PV figures of
merit. This is herein demonstrated by measurements on perovskite devices under dif-
ferent masking and illumination conditions, coupled to analytical expressions for solar
cells operating in different recombination regimes. Finally, the impact of masking on
the resulting PCE is addressed, clearly highlighting that the choice of aperture size can
increase the obtained efficiencies since the loss in voltage can be overcompensated by
the gain in fill factor. Although the work focuses on perovskite solar cells, the general

deductions are valid independent of PV technology.

8.2. Current-Voltage Characteristics

To assess the influence of masking, a set of planar n-i-p co-evaporated MAPbI; solar
cells with active layer thicknesses of 500 nm are studied, which are already introduced
in Figure 6.2a. Figure 8.2 shows the outcome of evaluating a device masked with two
sets of apertures (1.84 mm? or 0.58 mm?) when illuminated with a calibrated solar sim-
ulator. The active area, defined as the overlap of both electrodes, is determined to be
6.77 mm?. To calculate the corresponding current densities in Figure 8.2b, the abso-
lute current is divided with the active area if unmasked, otherwise by the size of the
aperture. First, it is highlighted that scattering or light piping effects are minimal in
these planar perovskite solar cells as only minor impact on j;. can be observed when
the device is masked. These changes are even within the error margin originating from
aperture area uncertainty. Thus, accounting for the generation area via the mask aper-
ture provides the correct conversion into js. but also affects the other PV parameters.
The most pronounced feature in Figure 8.2 is instead the clear impact of smaller masks
on both V. and FE Table 8.1 summarizes the PV parameters as calculated from j-V
characteristics in Figure 8.2. Obviously, the V. is reduced substantially by more than
90 mV when comparing the unmasked case with the smallest aperture size. In contrast,
FF is increased by 8.4 % when the same scans are compared. Interestingly, the largest
jump in fill factor can be observed between the unmasked case and the 1.84 mm? mask

pushing the PCE to 16.4 % which is higher compared to to unmasked measurement
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(15.7 %) and the measurement with the smallest mask (15.8 %). Both, the V,. and FF
are therefore in fact erroneous in terms of not actually being representative of the sup-
posed reference AM1.5 G spectrum with 100 mW/cm? illumination conditions. This
will be addressed in more detail in the following sections by first analyzing the influ-

ence on V,. and later proceed with the more intricate effects on FF and also PCE.
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Figure 8.2.: Current-voltage characteristics measured with a sweep rate of 100 mV/s for a
planar MAPDI3 perovskite solar cell with and without different mask apertures. To
demonstrate the influence on V,. and FE both the (a) absolute and (b) normal-
ized currents are depicted. For all cases, forward and backward scans are shown,
indicating that no differences between both scan directions can be observed. Cur-
rent densities are determined by dividing the absolute current with the active area
(6.77 mmz) or the aperture size (1.84 mm? or 0.58 mmz).

Isc [HA] s [mA/CmZ] Voc [Vl FF [%] PCE [%]

unmasked (6.77 + 0.05) mm? | 1312.77 19.39+0.14 1.1820 68.3 15.7
masked (1.84 + 0.02) mm? 353.16 19.19 £ 0.21 1.1338 75.2 16.4
masked (0.58 + 0.02) mm? 109.53 18.88 £ 0.65 1.0905 76.7 15.8

Table 8.1.: Extracted PV parameters from Figure 8.2 for the studied n-i-p device with differ-
ent mask apertures.

8.3. Influence on Open-Circuit Voltage

As observed in Figure 8.2, the fundamental PV figure of merit of V. is underestimated

when masks with an aperture area smaller than the electrode overlap during illumi-
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nated j-V characterization are employed. In order to quantify the amount of these
voltage losses, the masking ratio X is defined as

Aaperture

X = , (8.1)

Adevice
where Agperrure is the area of the hole opening of the mask and Agey;ce is the device
area. Based on Equation 3.22, an analytical expression for solar cells not suffering from
shunt resistance *>® or self-induced heating effects*?! can therefore be provided for
the voltage reduction AV, that occur with masking

; T
AVpe = —nld[I;B In(X), 8.2)

which is derived by substracting V,. (unmasked) from V,. (masked). In the common
case of un-shunted solar cell operation, the reduction of V,, will accordingly scale
directly with the logarithm of the mask aperture such that cells with higher ideality
factors and measured at higher temperatures will suffer more in voltage losses upon
masking. Accordingly, the value of jj has itself no influence on the extent of the in-
duced masking voltage losses. The logarithmic relation in Equation 8.2 thus leads to
omnipresent underestimations in the open-circuit voltage. It should be noted here
that this simple expression still will be valid even if the cell suffers from series resis-
tance losses. If a solar cell is heavily shunted instead, the V. will no longer follow the
outlined logarithmic relation of Equation 8.2. In this case, it will turn to drop linear
with reduced masking area, which is less relevant under operating conditions close to
1 sun illumination. However, the additionally induced temperature rise that compli-
cates the situation when illuminated with stronger light intensities is more relevant.
As a masked cell is partially operating in the shadow, it will be overall colder than an
unmasked cell and the isothermal Equation 8.2 then becomes only an approximation,
which will slightly overestimate the voltage drop due to masking. This is indeed the
case for the 1 sun illuminated device in Figure 8.2, where the theoretical isothermal

expression slightly overestimates the measured voltage losses with 4 to 7 mV as sum-

Voc [V AVye [mV] AV, from Eq. 8.2 [mV]
unmasked (6.77 + 0.05) mm?® | 1.1820

masked (1.84 + 0.02) mm? 1.1338 -48.2 -52.3

masked (0.58 + 0.02) mm? 1.0905 -91.5 -98.6

Table 8.2.: Extracted values for V,. from Figure 8.2 summarized together with measured and
calculated voltages losses induced by masking.
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marized in Table 8.2. Nevertheless, Equation 8.2 remains a useful approximation of
the induced voltages losses caused by small mask apertures. The explanation for the
voltage reduction can be found in the fact that the non-illuminated part of the masked
solar cell will still join in as volume for recombination, accordingly rendering the vol-
ume for recombination larger than the volume for generation. Any voltage provided by
the cell exists all over the highly conducting electrodes and thus leads to a recombina-
tion current in the entire volume found between those electrodes. The total recombi-
nation current scales linearly with the area of the overlapping electrodes and is in the
generalized Shockley Equation 2.8 an exponential function of the voltage measured at
those electrodes. Its value is hence not affected by any mask aperture size (apart from
potential device temperature reductions due to partly working in the shadow). On the
other hand, the volume for generation is defined by the area that is illuminated, which
can be either the complete active area or the aperture size if the solar cell is masked.
So even if the total generation current equals the total recombination current at open-
circuit conditions, the generation current density does not equal the recombination
current density. This undesirable characterization condition will therefore inhibit the
quasi Fermi levels from reaching its potential value and is thus not an appropriate way
to estimate the true voltage potential of the PV material. With the reasoning above,
the voltage provided by a masked device should correspond to the voltage from an un-
masked cell that is illuminated with an intensity reduced to the same amount as the
masking ratio defined in Equation 8.1. The postulate that masking will have the same
effect on both V. as simply reducing the light intensity with a similar factor will be
addressed in the next paragraph.

In order to prove that an reduction of illumination intensity has indeed the exact
same effect on V,. as masking does, Figure 8.3a depicts the measured V, versus seven
decades of illumination intensity for a perovskite solar cell with (0.44 mm?) and with-
out (6.77 mm? device are) a mask and accordingly with X =0.065. In the intermediate
(isothermal 300 K) intensity regime from ~1073 to ~1072 suns, the theoretical voltage
losses from Equation 8.2 fit perfectly with the measured voltage losses, both amount-
ing exactly to 110 mV. The blue filled triangles represent the data from the masked cell
just shifted in intensity with the masking factor of 0.065, rendering an overlap with the
unmasked lower intensity data. The logarithmic diffusion part of the V,. (suns) rela-
tion also confirms that the ideality factor of 1.55 does indeed not change with mask-
ing, as opposed to that recently suggested in the work by Xu and co-workers.*97 Ac-
cordingly, the two measurements can be fitted with the same expression just shifted
in intensity. For the highest intensities, the voltage of the unmasked device demon-

strates a stronger saturation compared to the masked measurements, clearly indicating
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Figure 8.3.: (a) V, of a 6.77 mm? solar cell measured as a function of light intensity with
and without the utilization of a mask with a aperture of 0.436 mm?. The fitted red
dashed lines use the same equation with identical parameters apart from the in-
clusion of the masking aperture ratio X=0.065. It becomes clear that the voltage
should actually not be described as being reduced at a particular light intensity with
masking, but instead that the light intensity is simply incorrect. (b) CE experiments
performed on an device, which was unmasked and masked with a larger 2.06 mm?
aperture. The extracted charge from the masked cell at 1 sun is quite similar when
compared to the charge from the unmasked cell that is illuminated with an intensity
close to the masking ratio X = 0.31.

that device heating is more pronounced without employing an aperture. Nevertheless,
by neglecting the temperature differences between masked and unmasked cells at the
highest intensities, Equation 8.2 summarizes the general effect of masking on V.. Ob-
viously, the quasi Fermi levels of a masked solar cell are accordingly unable to reach
their full potential and the V. is therefore always underestimated. Thus, the steady-
state charge carrier density present in a partly masked device can never be as high as
in an unmasked one. To confirm this statement, CE measurements are performed to
compare the charge present in a masked and an unmasked cell at two different illu-
mination intensities. Figure 8.3b shows the obtained current pulses (solid lines) and
their integrals (dashed lines), either unmasked (6.77 mm?) or masked with an aperture
of 2.06 mm?, resulting in X =0.31. A quite similar current pulse and integral value is
obtained when evaluating the unmasked cell but with a reduced intensity very close to
the masking aperture-device area ratio. The similarity concludes that the lower charge
density resulting in reduced voltages in masked devices is not representative of 1 sun
illumination conditions. Figure 8.3 therefore directly shows that a masked cell with a

mask aperture smaller than the active area is in fact never characterized under the as-
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Figure 8.4.: Relative underestimation on V. as a function of masking ratio X for different
ideality factors. The calculations are based on an unmasked V,; of 1.1 V.

sumed 100 mW/cm? reference solar intensities in terms of recombination, but instead
at a reduced intensity corresponding to the aperture-device area ratio X.

To quantify the induced errors in voltage by active layer masking, the calculated out-
come of Equation 8.2 is illustrated in Figure 8.4. It shows the relative error in V,, as
a function of the employed mask aperture size (with respect to active device area) for
different ideality factors. The losses are determined by assuming an unmasked V,, of
1.1V, which is representative for high-quality perovskite solar cells. In general, it can
be concluded that a relative error between 1 % and 5 % can be expected if 20 % to 60 %
of the active area is shaded. Accordingly, by applying masks that are noticeably smaller

compared to the device area, the resulting error in voltage is not negligible.

8.4. Influence on Fill Factor

For the fill factor, the situation is slightly more complex and different outcomes can oc-
cur with masking, depending on in which regime of the recombination current curve
the device is evaluated. In Figure 8.5, measured FF values of two MAPbI3-based solar
cells are depicted, both affected by a typical Ry, ;es of approximately 5 Qcm?. These de-
vices are evaluated with and without masking under a similar large set of illumination
intensities as in Figure 8.3a. The device in Figure 8.5a has a very high Ry, ,; as opposed
to the second device shown in Figure 8.5b. The solar cell in Figure 8.5a is characterized
with and without the presence of a mask with a small aperture of 0.44 mm?, whereas

2 mask

the shunted device in Figure 8.5b was instead measured with a larger 2.06 mm
aperture. The FFs are determined from the forward sweep of the corresponding j-V

characteristics, but due to the hysteresis-free character of these devices (Figure 8.2),
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Figure 8.5.: Measured FF as a function of light intensity and masking for two different per-
ovskite devices, where (a) is less shunted (and a mask aperture of 0.44 mm? is used)
and (b) is more shunted (and a mask aperture of 2.06 mm? is used). The active area
in both cases amounts to 6.77 mm?. To illustrate the influence of Rgeries, an addi-
tional 4 Qcm? resistor is placed in series to both devices. At 1 sun illumination, the
FF in the masked cases is noticeably overestimated, especially if an additional Rge;es
is added.

reverse sweeps showed no noticeable differences. In order to also evaluate the effect
of higher Ry ies, the j-V measurements are also performed with an included exter-
nal 60 Q resistor (~4 Qcm?) in series. The FFs of both devices are suffering from their
series resistances at all intensities higher than ~1072 suns and the losses are obviously
also increased with the added external resistor. In Figure 8.5a, it clearly can be seen
how the FF of the 0.44 mm? masked device gets overestimated when evaluated at 1 sun
illumination intensity, whereas the opposite is happening in the shunted regime be-
low 107 suns. In the intermediate diffusion limited intensity regime around 10~2 suns
only very minor differences can be observed, even with such a small mask aperture.
However, it is again noted in analogy with Figure 8.3a for V,,. that the measured FF val-
ues of the masked devices are in essence just the same as in the unmasked case, but
only shifted in intensity. To better recognize this implication in Figure 8.5a, it is clari-
fied that the last triangle of the masked set of measurements (at 2.4 suns) equals a value
from the unmasked data lying in between the 10th and the 9th last point. As each in-
tensity step corresponds to 75 %, it follows that the masking ratio X = 0.44/6.77 = 0.065
is the same value as reducing the intensity 75 % 9.5 times (0.75%° = 0.065). The same
intensity offset is also valid for all other points in Figure 8.5a, whereas in Figure 8.5b,
the larger mask aperture gives a ratio of X = 0.31, which corresponds to 4.1 steps. This

confirms that the FF is in fact not correctly determined under the assumed reference
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8.4. Influence on Fill Factor

AMI1.5 G spectrum with 100 mW/cm? illumination conditions when employing a mask
with aperture smaller than the area defined by the overlapping electrodes.

Obviously, FF can both be over- and underestimated when using masks, but it is
emphasized that the most common case is an overestimation due to the prevalence
of device series resistance under 1 sun illumination conditions. Under 100 mW/cm?
solar irradiance or comparable photon fluxes, a majority of present-day laboratory
perovskite solar cells will have entered a series resistance limited region. When using
masks smaller than the device active area, the operational maximum power point will
be shifted to a lower voltage where the effect of series resistance is smaller and accord-
ingly where the fill factor is getting larger and will be erroneously overestimated. If solar
cells are operating in an intensity regime instead where the recombination current is
fully ruled by the exponential diffusion part, there only will be very small influences
on FF with masking. If no other limitations are present, the FF in this regime quite

accurately can be described by an analytical equation found by Green *4°]

qVoc qVoc
nigkgT ln(nidkBT+O'72)

FFigeal = Vo ) (8.3)

I’lidkB T

+1

clarifying that the FF is completely determined by the recombination parameters V.
and n;4. In order to rewrite this expression in terms of X, Equation 3.22 is used and the

following relation is obtained

ln(X%) - ln(ln(X%) + 0.72)

FF;geal,masked = (8.4)

In (X %) +1
This empirical equation for FF reductions due to masking only is valid in the intensity
regime where the device is not suffering from either series or shunt resistances. It is
further assumed that all other imaginable FF limitations, such as space charge limited
currents, %! field-dependent carrier generation, *%9 distributed series resistance ef-

s1902l in addition are

fects®09501 and non-linear and light intensity dependent shunt
not present. Slightly more complex analytical expressions are also provided by Green
for devices that suffer from ohmic resistive losses. *4%! As the the presence of Rgeries is
most common under relevant illumination conditions, an approximate expression for

fill factor alterations due to masking is included here and reads

X- Rseries : jsc

B niqakpT ( ]ﬁ)
q In on

FFseries,masked = FFideal,masked : ’ (8.5)
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8. Impact of Active Area Masking on Current-Voltage Characterization

where setting X =1 will provide the FF of the unmasked but series resistance affected
solar cell. Although being an empirical approximation not at all accounting for all con-
ceivable limiting features to FE Equation 8.5 is still a quite relevant and useful analyti-
cal expression for devices suffering from finite series resistance. Figure 8.6a shows how
the FF of a theoretical PV diode suffers from both R jes and Rgpy, and is generally de-
pendent on illumination intensity/masking. If the device is operating at the common
high illumination intensities where R,,;qs is present, the FF will increase noticeably
with masking according to Equation 8.5. If, on the other hand, the device already op-
erates under substantially reduced light intensities, masking would here have a minor,
but indeed opposite effect: marginally decreasing the FF according to the simpler ex-
pression outlined in Equation 8.4. The calculated FF of seven different cases included
in Figure 8.6a, five suffering from Rg.,;.s and one from Ry, therefore may repre-
sent five differently conducting transparent electrodes and one leaky device. The more
complicated expression for Rgj,,n; l0sses can be found in Reference!**?!. The black
filled circles show the ideal pure diffusion limited dependence without resistive losses
as described by Equation 8.4. The blue circles illustrate an identical device, which in
addition also suffers from a shunt resistance. In this case, the FF will drop very rapidly
with masking at intensities lower than 10~ suns to finally saturate at the ohmic value
of 25 %. On the other hand, the set of green colored circles illustrates the influence of
Rgeries- To give a numerical example, the case with a reasonable series resistance of
10 Qcm? has a fill factor of 72.2 % at 1 sun. Using a mask with an aperture of 75 % of
the active area will increase the FF to a value of 75.4 %. The effect of masking on FF
therefore can be summarized as follows: if the device does not suffer from series resis-
tance and a large mask is applied, the effect almost can be neglected. However, most
laboratory solar cells do suffer noticeably from Rg,,;.s most often due to the limited
conductivity of the employed transparent electrode material and a quite pronounced
overestimation in FF easily can be induced when using smaller mask apertures. Thus,
these calculations confirm and explain the previously observed behavior in Figure 8.5.

To calculate possible fill factor overestimates, Equation 8.5 with Rerjes and X as
variables is applied for further analysis. The array FFeries Masked (Rseries)X) is first
generated with n;4 = 1.55, jsc = 1.29- 1073 Aand Jjo=1.09- 10716 A, corresponding to PV
parameters at T =300 K obtained from the device shown in Figure 8.2. Since the cal-
culated numbers are absolute FF values, they are normalized to the unmasked case
(X =1) for all Rgries to obtain the relative overestimation shown in Figure 8.6b for
1 sun illumination. For a better overview, white dashed lines are included at 1 %, 5 %
and 10 % overestimation. Already at Ry, ;s as low as 4 Qcm?, the FF overestimation is

reaching 1 % when only 10 % of the active area is shadowed, highlighting the danger of
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Figure 8.6.: (a) Calculated effect of masking on FF where the black filled circles correspond
to the case without resistive losses as described by Equation 8.4. The other circles
show the impact of various series resistances (by using Equation 8.5) as well as one
example for a shunt resistance. Masking has effectively the same consequence as al-
tering the illumination intensity such that one step in the data corresponds to either
an intensity reduction of 75 % or to the effect of using a mask with 75 % aperture of
the device active area. (b) Calculated overestimation in FF as a function of masking
ratio X and Rseyies.

an incorrect FF determination. The white area corresponds to the case, where Equa-
tion 8.4 dominates over the series resistance affected part of Equation 8.5. Accordingly,
in case of very low values for R ;es (or low light intensities), the FF will decrease with
masking aperture area which is not expected to be relevant for solar cell characteriza-

tion under operating conditions.

8.5. Consequences for the Power Conversion

Efficiency

Finally, the total induced effect of masking on the most important figure of merit of a
solar cell, the PCE, will also be summarized in the following. As different technologies
and geometries have already been shown to display very different j;. dependencies on
masking, it is here refrained from making any general statements on the influence of
this parameter. Therefore, only the present influence from the herein evaluated pa-
rameters, the V,. and the FE on PCE will be studied. By combining Equation 8.2 and
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8. Impact of Active Area Masking on Current-Voltage Characterization

8.5, the following expression can be obtained for the relative error in efficiency APCE

with masking, again under the assumption of an unmasked V,,c 0f 1.1V

(1.1 +AVye (X)) - FFseries,masked (X, Rseries)
1.1- FFseries,masked(l’Rseries)

APCE = (( ) - 1) -100%. (8.6)
The numerator in the bracket quantifies the impact of AV, and FFerjesmasked in de-
pendency of masking (X) and Rgerjes, While the denominator normalizes the obtained
values to the unmasked case (X = 1). For n;4, jsc and jo, the same values as for Figure
8.6b provide the basis for the calculations. The outcome of Equation 8.6 is illustrated
in Figure 8.7 as a function of both series resistance and mask aperture ratio. It can be
concluded that the combined induced errors in PCE remain small (< 1-5 %) as long
as fairly large mask apertures are employed, whereas devices with higher Rgejes Will
quite rapidly overestimate the PCE as the mask aperture is getting smaller. The graph
is divided into two areas which are separated by a line with constant PCE. The red-
dish part demonstrates the dominant losses from the AV, term (Equation 8.2), while
the greenish part is characterized by the improvements from FF,r;es maskea (Equation
8.5). This combined effect is indeed the reason for the observed behavior in Figure
8.2b (summarized in Table 8.1), where the PCE of the intermediate (1.84 mm?) mask
rendered the highest PCE since with this mask aperture the FF is boosted more than
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Figure 8.7.: Masking effect on PCE for a 1 sun illuminated perovskite deivce with n;; = 1.55.
Neglecting possible j;. alterations, the combined effect of the present V,, underes-
timation and FF overestimation leads to a fairly large region of allowable masking
apertures, where the error in efficiency is less than 5 %. For devices with very low
series resistance, the V,. underestimation will dominate and render the measured
PCE marginally lower than its true value. On the other hand, solar cells with higher
Rgeries will noticeably overestimate the PCE if the aperture size is small.
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8.6. Summary

To minimize the effects outlined herein and to allow an as-truthful representation
of the relevant V,. as well as FF values, it is crucial to reduce the difference between
any used mask aperture and the device area. However, this is something that is often
not common practice, out of fear of overestimating the photocurrent. To alleviate and
balance these two concerns, the best practice should be still to recommend the use of
masks, but to employ masks with apertures as large as technically possible if it is strived
for accurate and correct values of V,, and FE Having masks with similar areas as the
active area, however, can unfortunately lead to problems in alignment. The ultimate
remedy is therefore to make both cell areas and aperture areas larger. Then, not only
alignment is more easily achievable, but also the accuracy in area determination is in-
creased and the relative influence of edge effects, such as for example excessive stray
light, is minimized. ®%! For solar simulators with common collimation and devices us-
ing glass substrates with a thickness <1 mm?, the employment of both masks and cell
areas of approximately 1 cm? will obviously not impede V. and FF noticeably and will
simultaneously also not under- or overestimate the j;.. For small laboratory devices
where the j;. of unmasked cells is still noticeably larger than masked ones, it is instead
suggested to measure the device first with a mask with a well-calibrated area which
is smaller than the active area to guarantee a good estimate of j;.. Then, the device
should be measured with a mask slightly larger than the active area, which will provide
correct values of V,. and FE The final j-V curve is then determined by normalizing
the unmasked j-V data to the masked j,. values. This is in line with earlier clarifica-
tions (490491 to guarantee that substrate edges as well as other parts of the device are
well masked to prevent overestimating js., but also ensures the values for V,, and FF

to be as accurate as possible.

8.6. Summary

The employment of photomasks is of major importance for many novel solar cells to
avoid overestimation in jg.. In this chapter, possibly overlooked aspects regarding V.
and FF during laboratory solar cell characterization are highlighted. The open-circuit
voltage will always be underestimated as masking reduces the volume for generation
without affecting the volume for recombination. Intensity-dependent V,. and CE mea-
surements revealed that the recombination dynamics are indeed not affected by mask-
ing, which consequently only corresponds to a reduction in light intensity. The ex-
pected error for common aperture sizes was estimated to range between 1 % and 5 %.
For the fill factor, the situation is slightly more complex: under 1 sun illumination con-
ditions, FF is most often overestimated with masking due to the reduced influence of
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Rgeries and the smaller the employed mask, the larger these errors become. In contrast,
for low light intensities and/or shunted devices, the FF will decrease with masking. In
a similar way as for the voltage, both experimental and theoretical results prove that
masking has essentially the same effect on FF as merely reducing the light intensity.
The induced overestimation under relevant operating conditions can amount to 5-—
10 % and depends strongly on Rg,,i.s Of the device. If the used aperture is smaller than
the area defined by the overlapping electrodes, masking never allows to correctly mea-
sure V,. and FF under the anticipated standard reference illumination conditions. For
the more advertised parameter of PCE, the combination of these two altered values of-
ten renders minor alterations but it can be generally expected that masking increases
the obtained efficiencies in many cases. Since high efficiency solar cells are usually
obtained on small device areas (Figure 8.1a), it remains important to determine PV pa-
rameters as accurate as possible. Even though the present study focuses on the novel
field of perovskite solar cells, the conclusions are valid independent of technology and

therefore also are applicable to other PV systems.
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9. Summary

In order to facilitate the human energy needs with renewable energy sources in the
future, new concepts and ideas for the electricity generation are needed. Solar cells
based on metal halide perovskite semiconductors represent a promising approach to
address these demands in both single-junction and tandem configurations with exist-
ing silicon technology. Despite intensive research, however, many physical properties
and the working principle of perovskite PVs are still not fully understood. In particu-
lar, charge carrier recombination losses have so far mostly been studied on pure films
not embedded in a complete solar cell. This thesis aimed for the identification and
quantification of charge carrier recombination dynamics in fully working devices un-
der conditions corresponding to those under real operation. To study different PV sys-
tems, transient electrical methods, more precisely OCVD, TPV and CE, were applied.
Whereas OCVD and TPV provide information about the recombination lifetime, CE al-
lows to access the charge carrier density at a specific illumination intensity. The benefit
of combining these different methods is that the obtained quantities can not only be
related to the V. but also to each other, thus enabling to determine also the dominant
recombination mechanisms.

Although optoelectrical techniques have been widely used in the past to study re-
combination in PV devices, the interpretation of the results is not straightforward. In
the first experimental Chapter 5, the previously determined lifetimes and densities
were re-evaluated in terms of their physical origin. In order to compare different kinds
of solar cells with each other, a classical Si diode, two organic solar cells composed of
P3HT:PCBM and PCDTBT:PCBM and a perovskite solar cell based on MAPbI3 were ex-
amined. It was found that these measurement methods are often influenced by capac-
itive effects caused by spatially separated charge carriers. In case of TPV and OCVD,
clear evidence is provided that the observed voltage decays for the thin-film devices
are mostly governed by charge carriers stored at the electrodes or in the transport lay-
ers, whereas no information about relevant bulk recombination lifetimes could be ob-
tained. With a theoretical equivalent circuit analysis, it was possible to reveal the origin
of the measured transients since Rgj;,;C and DC models were quite accurately able

to describe the results. Furthermore, similar observations were also obtained for CE
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experiments, which show that capacitive charge carriers also affect carrier density de-
termination. In order to quantify these limitations, an analytical expression rendering
the experimental conditions where bulk recombination parameters are electrically ac-
cessible in thin-film PV devices is finally provided as a guide for future interpretation
of transient electrical data.

To overcome the limits found in the previous study, thicker and more efficient co-
evaporated n-i-p perovskite solar cells are investigated in Chapter 6. The impact of ge-
ometric capacitance was reduced by increasing the active layer thickness from 500 nm
to 820 nm without any noticeable loss in performance. While useful bulk recombina-
tion parameters were not accessible from a thinner (350 nm) PEDOT:PSS device due to
short carrier lifetimes and a higher device capacitance, a capacitance-to-bulk transi-
tion was easily identified for the thicker n-i-p solar cells. In the case of these devices,
the 500 nm solar cell revealed longer decay times due to the larger capacitance in the
limited regime at low carrier concentrations, whereas similar recombination dynam-
ics were detected in the high voltage regime independent of active layer thickness. As
a direct outcome, it is concluded that increasing the MAPbI; thickness by more than
50 % does not affect the observed recombination kinetics which is pointing towards
the interfaces to the transport layers to be the main source of carrier losses. It is fi-
nally revealed for the first time for perovskite solar cells that the recombination order
ranges between 1.6 and 2.0 under operating conditions, indicating that the main loss
processes can be assigned to be of SRH and free-carrier radiative recombination type.

The work presented in Chapter 7 focuses on the elimination of undesired recombi-
nation losses in co-evaporated n-i-p and p-i-n perovskite solar cells. Films prepared by
the sublimation of the materials are usually not annealed after preparation as the crys-
tallization is driven by the excess of kinetic energy of the precursor materials. For this
reason, a post-annealing procedure is applied to perovskite solar cells revealing PCE
improvements, which can be mainly attributed to an increased V.. Starting with an
open-circuit voltage of around 1.11V, the value could be improved to more than 1.18 V
by annealing the devices to 320 K and cooling back to room temperature again. The
increased V., featuring also an excellent stability of more than half a year, is one of
the highest reported values for MAPbI3-based perovskite solar cells. A deeper focus on
the recombination behavior via j-V characteristics illustrates a reduction of both the
ideality factor and leakage recombination currents. The change in n;; indicates the
passivation of SRH trap states which is further supported by a transient electrical anal-
ysis based on TPV and CE. It is revealed that recombination losses are indeed decreased
because both the charge carrier lifetime and the dominant recombination order were

increased by post-annealing. This is in line with high radiative efficiencies of more
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than 1 % as obtained from EL measurements, which highlights the potential applica-
tion as an LED. Finally, the temperature-induced strain release in the perovskite film is
suggested as the microscopic explanation for the observed phenomena.

In the last study outlined in Chapter 8, the impact of active area masking during j-V
characterization on both the open-circuit voltage and fill factor is analyzed. Apply-
ing photomasks during efficiency measurements of small-area research devices is an
often recognized necessity to prevent current overestimations. For V,, it was found
that it will always be reduced if masks smaller than the overlap of the electrodes will
be employed since the ratio between the volumes for generation and recombination
is decreased. Intensity-dependent V,, and CE experiments proved that no change in
recombination takes places and the effect of masking can be described by a simple
reduction of light intensity. Furthermore, the expected errors in voltage amount to a
range of 1 — 5 % for common aperture sizes. The more complicated situation for the fill
factor showed that it can be both over- and underestimated depending on the intensity
the solar cell is illuminated with. However, under operating conditions close to 1 sun
intensities, FF is most often overestimated with masking due to the reduced influence
of Rseries- Both experimental and theoretical results provide evidence that masking has
the same effect on FF as reducing the illumination intensity in line with the observa-
tions for V.. The combined effect on these parameters is finally also evaluated for the
PCE indicating that it can generally be expected that masking increases the obtained
efficiencies in many cases. From these results it is concluded that mask sizes should be
chosen that match the active area as close as possible to determine all PV parameters
accurately.

To conclude, this thesis contributes to the enduring discussion on the interpretation
of electrical transient results obtained by experimental techniques like OCVD, TPV and
CE. It was demonstrated that these methods can help to understand recombination
losses in thin-film solar cells based on perovskite materials if bulk recombination dy-
namics are identified. The powerful toolbox of transient electrical techniques is there-
fore able to detect the main limiting factors in fully working devices and provides also

solutions on how to suppress these carrier losses.
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9.1. Zusammenfassung

Um kiinftig den menschlichen Energiebedarf in Zukunft mit erneuerbaren Energie-
quellen zu decken sind neue Konzepte und Ideen fiir die Stromerzeugung erforder-
lich. Solarzellen auf der Basis von hybriden Perowskit-Halbleitern stellen einen vielver-
sprechenden Ansatz dar, um dieser Anforderung — beispielsweise in Tandem-Konfigu-
rationen zusammen mit Silizium - gerecht zu werden. Trotz intensiver Forschung sind
viele physikalische Eigenschaften und das Funktionsprinzip dieser neuartigen Solar-
zellen immer noch nicht vollstdndig verstanden. Insbesondere wurden die Rekom-
binationsverluste bisher meist nur an reinen Schichten untersucht, welche nicht in
einen kompletten Solarzellenaufbau integriert waren. Die vorliegende Arbeit zielte
auf die Identifizierung und Quantifizierung der Ladungstrager-Rekombinationsdyna-
mik in voll funktionsfdhigen Solarzellen unter Bedingungen, die denen im realen Be-
trieb entsprechen, ab. Um verschiedene PV-Systeme zu untersuchen wurden tran-
siente elektrische Methoden, genauer gesagt OCVD, TPV und CE, angewandt. Wahrend
OCVD und TPV Informationen tiber die Rekombinationslebensdauer liefern, erlaubt
CE die Berechnung der Ladungstrdgerdichte. Die Kombination dieser Methoden hat
den Vorteil, dass die erhaltenen GréBen miteinander in Verbindung gesetzt werden
konnen und somit umfangreiche Riickschliisse auf die zugrundeliegende Rekombina-
tionmechanismen ermoglichen.

Obwohl optoelektronische Messmethoden hdufig in der Vergangenheit zur Unter-
suchung von Rekombinationsprozessen in Solarzellen eingesetzt wurden, ist die Inter-
pretation der Ergebnisse nicht trivial. Im ersten experimentellen Kapitel 5 wurde der
physikalische Ursprung der ermittelten Lebensdauern und Dichten ndher untersucht
und erfolgreich identifiziert. Um die Unterschiede verschiedener Solarzellen-Techno-
logien miteinander vergleichen zu konnen wurde eine klassische Silizium-Diode, zwei
organische Solarzellen aus P3HT:PCBM und PCDTBT:PCBM und eine Perowskit-Solar-
zelle auf der Basis von MAPDI; in die Studie einbezogen. Dabei hat sich gezeigt, dass
die Messmethoden oft durch kapazitive Effekte, verursacht durch rdumlich getrennte
Ladungstréger, beeinflusst werden. Im Falle von TPV und OCVD wurde nachgewiesen,
dass die beobachteten Transienten bei Diinnschicht-Solarzellen meist durch Ladungs-
trager bestimmt werden, die sich an den Elektroden oder in den Transportschichten
befinden, wdhrend keine Informationen iiber relevante Rekombinationsprozesse in-
nerhalb der aktiven Schichten gewonnen werden konnten. Aufgrund einer theoretis-
chen Analyse mittels verschiedener Ersatzschaltkreise von Solarzellen konnte der Ur-
sprung der gemessenen Transienten aufgedeckt werden, da Rgj,,,,,; C- und DC-Modelle

in der Lage waren die gemessenen Ergebnisse beschreiben zu kénnen. Dariiber hin-
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aus wurden dhnliche Beobachtungen auch fiir CE-Experimente gemacht, die zu dem
Schluss gefiihrt haben, dass kapazitive Ladungstrdager auch die Bestimmung der La-
dungstragerkonzentration beeinflussen konnen. Um die Einschrankungen zu quan-
tifizieren wurde schliellich eine Bedingung hergeleitet, mit der sich berechnen lasst
unter welchen Bedingungen Rekominationsprozesse mittels elektrischer Messmetho-
den zugdnglich sind. Dies kann als Basis fiir die zukiinftige Interpretation von Messun-
gen und den dazugehorigen Ergebnissen genutzt werden.

Um die in der vorherigen Studie festgestellten Limitierungen tiberwinden zu kon-
nen wurden dickere und effizientere n-i-p Perowskit-Solarzellen in Kapitel 6 unter-
sucht. In einer zusdtzlich analysierten diinnen (350 nm) Solarzelle, die PEDOT:PSS als
Transportschicht nutzte, konnten zunéchst keine relevanten Rekombinationsprozesse
innerhalb des Perowskits bestimmt werden, da die Relaxation der hohen Kapazitit
die kurze Lebensdauer iiberlagert hat, weshalb nur die Rekombination der rdumlich
getrennten Ladungen beobachtet werden konnte. Ein verringerter Einfluss der ge-
ometrischen Kapazitdt wurde durch die Erh6hung der aktiven Schichtdicke von 500 nm
auf 820 nm in hocheffizienten n-i-p Solarzellen erreicht. Im Gegensatz zu dem PE-
DOT:PSS-Bauteil konnte bei den n-i-p-Solarzellen ein Ubergang von der kapazitiven
Uberlagerung zu den wichtigen Rekombinationsprozessen innerhalb des Perowskites
gefunden werden. Wahrend sich die gemessenen Lebensdauern bei niedrigen Ladungs-
tragerkonzentrationen aufgrund der unterschiedlichen geometrischen Kapazitdten un-
terschieden haben, zeigten die Rekombinationsvorgdnge im MAPDbI; keine signifikan-
ten Unterschiede und damit keine Abhéngigkeit von der Schichtdicke. Daraus konnte
geschlossen werden, dass eine Erh6hung des Perowskit-Films um mehr als 50% keinen
Einfluss auf die Rekombinationskinetik hat, weshalb die Grenzflachen zu den Trans-
portschichten als Hauptursache fiir die Rekombinationsverluste in diesen Solarzellen
gilt. Abschliefend wurde das erste Mal tiberhaupt fiir Perowskit-basierte Solarzellen
gezeigt, dass die Rekombination unter relevanten Beleuchtungsbedingungen haupt-
sdchlich durch SRH und strahlende Verlustprozesse dominiert wird.

Der Fokus von Kapitel 7 lag auf der Beseitigung der zuvor identifizierten Rekombina-
tionsverluste in aufgedampften n-i-p- und p-i-n Perowskit-Solarzellen. Schichten, die
mittels Sublimation der Ausgangsmaterialien hergestellt werden, erfordern iiblicher-
weise kein zusdtzliches Ausheizen wie bei der Fliissigprozessierung, da die vollstdndige
Kristallisation durch den Uberschuss an kinetischer Energie der Molekiile sichergestellt
wird. Aus diesem Grund wurde in einer Studie ein neuartiges Heizverfahren der gesam-
ten Solarzelle angewendet, welches zu einer Erhohung der Effizienz gefiihrt hat, die
hauptséchlich auf ein erhohte Leerlaufspannung zuriickzufiihren ist. Ausgehend von

einer Spannung von etwa 1,11 Vkonnte der Wert auf iiber 1,18 V verbessert werden, in-
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dem die Solarzellen fiir mehrere Stunden auf 320 K erwdrmt und anschlieSend wieder
abgekiihlt wurden. Die erh6hte Leerlaufspannung, die mit einer ausgezeichneten Sta-
bilitdt von mehr als einem halben Jahr iiberzeugen konnte, ist eine der héchsten be-
richteten Werte fiir MAPbI3-basierte Perowskit-Solarzellen. Der Fokus auf das Rekom-
binationsverhalten iiber j-V Messungen zeigte sowohl eine Reduzierung des Ideal-
itdtsfaktors als auch der Leckstrome. Die Verdnderung von n;; deutet auf eine Pas-
sivierung der SRH-Fallenzustidnde an, was durch eine tiefergreifende Analyse mit Hilfe
von transienten elektrischen Methoden verifiziert werden konnte. Dabei hat sich ge-
zeigt, dass die Rekombinationsverluste verringert werden konnten, da sowohl die La-
dungstragerlebensdauer als auch die dominante Rekombinationsordnung durch das
Ausheizverfahren erhoht wurden. Dies steht im Einklang mit den hohen Strahlungsef-
fizienzen von mehr als einem Prozent, wie aus EL-Messungen berechnet wurde. Als
mikroskopische Erkldarung fiir die beobachteten Phinomene wurde schlief}lich das tem-
peraturinduzierte Losen von Kristall-Verspannungen innerhalb des Perowskits vorge-
schlagen.

In der letzten Studie, die in Kapitel 8 zusammengefasst ist, wurden die Auswirkun-
gen des Maskierens der aktiven Flache wihrend der Charakterisierung mittels Strom-
Spannungs Messungen beleuchtet. Dabei lag der Fokus sowohl auf der Leerlaufspan-
nung als auch auf dem Fiillfaktor. Die Verwendung von Photomasken bei der Bestim-
mung der Effizienzen von kleinen Solarzellen ist notwendig, um die Kurzschlussstrom-
dichte nicht zu tiberschitzen. Jedoch wurde festgestellt, dass die Leerlaufspannung
durch das Maskieren mit Aperturen, die kleiner sind als die aktive Flache, verringert
wird. Dies lédsst sich damit begriinden, dass sich das Verhéltnis von Generation und
Rekombination von Ladungstrdgern verkleinert hat. Weiterhin konnten intensitdtsab-
hingige Messungen der Leerlaufspannung und zusitzliche CE-Experimente beweisen,
dass die Rekombinations-Prozesse durch das Maskieren nicht beeinflusst werden und
die Spannungsreduzierung stattdessen mit einer Verringerung der Beleuchtungsinten-
sitdt beschrieben werden kann. Die Situation fiir den Fallfaktor ist dagegen etwas kom-
plizierter, da dieser Parameter, abhédngig von der Beleuchtungsintensitét, sowohl iiber-
als auch unterschétzt werden kann. Jedoch ldsst sich festhalten, dass unter realistis-
chen Betriebsbedingungen nahe einer Sonnenintensitidt der Fiillfaktor aufgrund des
geringeren Einflusses des Serienwiderstandes tiberschitzt wird. Die kombinierte Wir-
kung der beiden Parameter wurde anschliefend im Hinblick auf die Effizienz unter-
sucht. Dabei hat sich gezeigt, dass grundsitzlich erwartet werden kann, dass die Praxis
des Maskierens in vielen Féllen die gemessene Performance der Solarzellen tiberschit-

zen kann. Aus diesem Grund wird vorgeschlagen, dass zukiinftig Masken verwendet
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werden sollten, die méglichst genau der aktiven Flache entsprechen, um sicherzustellen,
dass alle PV Parameter zuverldssig und moglichst genau bestimmt werden.
Zusammenfassend tragt die vorliegende Arbeit zu der bereits seit langem bestehen-
den Diskussion iiber das Verstdndnis und die Funktionsweise von elektrischen Mess-
methoden wie OCVD, TPV und CE bei. Es wurden neue Interpretationsansdtze fiir
diese experimentellen Messmethoden entwickelt, die es zukiinftig erleichtern werden
Resultate zu analysieren und Riickschliisse auf die Rekombinationsverluste in Diinn-
schicht-Solarzellen ziehen zu kénnen. Die neu gewonnen Erkentnisse konnten er-
folgreich auf Perowskit-Solarzellen angewendet werden und ermdoglichten die Quan-
tifizierung der limitierenden Prozesse. Grundsétzlich kann der Einsatz der transien-
ten elektrischen Messmethoden zukiinftig dabei helfen die Verlustmechanismen in
kompletten Solarzellen zu identifizieren und zu minimieren und dadurch einen we-

sentlichen Beitrag zur Kommerzialisierung dieser neuen Technologie beitragen.
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