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Abstract
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Factors impacting the Kramers-Kronig compliance of impedance spectra from perovskite
solar cells and the influence on equivalent circuit modelling

by Mischa Benjamin HILLENIUS BSc.

Perovskite solar cells are a novel type promising high Power Conversion Efficiency (PCE) com-
bined with low manufacturing cost. Perovskite solar cells (PSC’s) show time-dependent elec-
trical properties leading to hysteresis in the current-voltage characteristics. This results in de-
pendence of the device performance on previous exposure to external stress factors, resulting
in temporary or irreversible changes in performance. In-situ characterisation of the device dur-
ing operation can be done by Impedance Spectroscopy (IS), to probe transient processes in the
solar cell. IS data needs to be validated by testing the self-consistency, which is hardly ever
done in the field of IS on perovskite solar cells. In this research, IS data on pure MaPblz solar
cells and mixed cation solar cells Mag 95Gag 05 PbIz and MagosFag5PbI;3 is validated by the Lin-
ear Kramers-Kronig test (Lin-KK) for fast assessment of spectra. Factors which may influence
KK-(in)compliance were investigated. The KK-compliant spectra are modelled with Equivalent
Circuit Modelling (ECM) to extract device parameters relating to transient processes present
in the solar cell under operating conditions. It is found that most IS data in this research is
KK-incompliant and not fit for ECM. Factors influencing KK-(in)compliance were found to be
sample dependent. The data suggests KK-(in)compliance is independent from DC bias voltage
and dependent on illumination and frequency range looked at. It is demonstrated that KK-
incompliant spectra can in some cases be fit with ECM, leading to unreliable or faulty device
parameters. This research demonstrates the usefulness of the Lin-KK test to extract information
about transient processes from IS on PSC during operation.
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Samenvatting

Perovskiet is een kristalstructuur met speciale elektrische en optische eigenschappen. Dit maakt
het materiaal geschikt voor toepassing in transparante en buigzame zonnepanelen, sensors of
LEDs. Dit onderzoek richt zich op het verkrijgen van betrouwbare data om de interne processen
in een zonnecel gemaakt van perovskiet materiaal te begrijpen, zodat de stabiliteit en levensduur
van de zonnecellen vergroot kan worden.

Zonnecellen van perovskiet materiaal gaan makkelijk kapot. Dit komt onder andere doordat
ionen in de kristalstructuur kunnen bewegen onder invloed van licht en lading. Aan de con-
tact grensvlakken hopen de ionen zich op, waardoor ze het functioneren van het zonnepaneel
kunnen beinvloeden (hysterese) en chemische reacties kunnen induceren.

De interne processen worden onderzocht met impedantie spectroscopie. Hierbij wordt een
kleine wisselstroom door het sample gestuurd. De frequentie van het wisselstroom signaal
wordt gevarieerd, waardoor elektrische en ionische processen die op een bepaalde tijdsschaal
werken beurtelings worden geactiveerd. Met een "equivalent circuit model” kunnen daar fy-
sische parameters uit worden verkregen. Impedantie spectra moeten worden gevalideerd door
toepassing van de Kramers-Kronig (KK) relaties. In het onderzoeksveld van perovskiet zon-
nepanelen wordt dit niet of nauwelijks gedaan, waardoor mogelijk veel onderzoeken onbe-
trouwbare data gebruiken. De Kramers-Kronig relaties zijn een mathematische beschrijving
voor hoe twee complentaire delen van de meting bij elkaar horen. De test checkt of de twee
complementaire delen die gemeten zijn inderdaad complementair zijn. Dit wordt weergegeven
in residuele (procentuele) afwijkingen per frequentie. Bij een systematische afwijking in de
residuen is de meting niet betrouwbaar.

Bijna alle metingen aan zonnecellen met bewezen stabiele prestaties bleken niet Kramers-
Kronig compatibel (compliant) te zijn. Factoren die invloed hadden op (in)compatibiliteit waren
licht en de specifieke frequentie regio waarnaar gekeken werd. Blootstelling aan gelijkstroom
voltage bleek geen invloed te hebben op (in)compatibiliteit. Gezien de meetresultaten zowel nu-
meriek als in (in)compatibiliteit niet in voldoende mate gereproduceerd konden worden, moet er
gewerkt worden aan een zeer gedetailleerd protocol voor fabricatie en metingen. Met betrouw-
bare data kan analyse leiden tot meer begrip van de fundamentele processen in de zonnecel die
leiden tot instabiliteit, en kan op termijn de levensduur van perovskiet zonnepanelen verlengd
worden.
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FIGURE 1: Schematische illustratie van de perovskiet kristalstructuur ABX3. De

ionen op de A en X positie kunnen door het materiaal migreren en de prestatie

en levensduur van de zonnecel beinvloeden. Rechts staan de structuurformules

van twee gangbare (organische) moleculen voor de A-positie in de kristalstructuur
afgebeeld. Uit: [1].
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Chapter 1

Introduction

Since the beginning of the industrial revolution, CO, and methane levels are increasing steadily
in Earth’s atmosphere [2, 3]. This is due to the production, transport and burning of gas, coal
and oil [4]. The global warming that is a result of this threatens biodiversity, ecosystems and
human society through climate change, increase of droughts, wildfires, floods and food security
[5, 6, 7]. The effects of global warming are already noticeable in the recent large scale wildfires
in Australia and the increases in frequency of heat waves across the globe [8]. Human society is
still largely dependent on fossil fuels to power civilisation, with only 4% constituting renewable
energy [9], though the adverse effects of burning fossil fuels affect the planet as whole. To
ensure a less carbon-intensive society, sustainable energy technologies need to be developed
and implemented.

Solar irradiance strikes the earth’s surface in abundance. The theoretical potential of solar
energy represents more energy reaching the earth’s surface in one and a half hours than global
energy consumption in 2001 from all sources combined [10]. Solar energy, in the form of solar
electricity, solar thermal and solar fuel, hold together with wind the highest extractable and
technical potentials for sustainable energy harvesting [10, 11, 12]. Solar electricity, captured
using solar cells, can be employed on both small and large scale and can be developed further
to help meet global energy demand.

Perovskite solar cells (PSCs) are a novel type belonging to third generation (emerging) pho-
tovoltaics [13]. They combine high Power Conversion Efficiency (PCE) of > 25% [14] with low
production cost due to solution-processing [15], low reaction temperatures and cheap precur-
sors. They have a tunable bandgap depending on chemical composition [16]. Furthermore, they
are semi-transparent and flexible, leading to extended possibilities for application on bend sur-
faces or in architecture [17]. Their tunable and semi-transparent nature allows for application as
top cell in tandem solar cell constructions, combining PSCs with existing mature Photovoltaic
(PV) technologies to achieve efficiencies beyond the Shockley-Queisser limit of a single-junction
solar cell [18].

Challenges for commercialisation of PSCs remain, though progress has been made. Limited
stability of PSCs due to ion migration [19] and photo- and humidity induced degradation pro-
cesses [20, 21] has hampered commercialisation due to short cell lifetimes, as have difficulties
in upscaling. Small area research cells obtained efficiencies of 25.2%, whereas Pervoskite Solar
Modules (PSMs) with large areas reach 16.1% efficiency [22]. Lifetime of PSMs on average is
currently in the 500-1000h regime (approximately 0.5-1 year). In some cases, lifetimes of 10,000
hours (approximately 10 years) under 1 sun illumination were reached. Average lifetimes of 10
years of PSCs could thus be expected in the near future. Silicon solar cells have a lifetime of 25
years. However, for PSCs/PSMs to be competitive, this lifetime criterium is not as strict due
to lower production costs. The levelised cost of eletricity (LCOE) for a PSM with 19% PCE and
a 1% reduction in PCE per year, reaches the same LCOE as for traditional silicon solar cells in
only 14.7 years, depending on assumptions of local annual irradiance and electricity prices [23].
Lifetime of PSMs should thus be in the 15-20year regime to be price competitive. Other chal-
lenges for PSCs include encapsulation and lead-toxicity of the material [24]. Commercialisation
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of PSMs is in reach if those issues, including lifetime and stability, are addressed and improved.

However, the physical (and chemical) mechanisms due to which perovskite solar cells de-
grade are to a large degree still unknown. PSCs show complex electrical behaviour: they ex-
hibit time-dependent electrical properties leading to hysteresis in the current-voltage (JV) char-
acteristics. This results in device performance which is dependent on previous exposure to ex-
ternal stress conditions. Hysteresis is correlated with stability issues and device degradation
[25, 26, 27]. Due to hysteresis, reliably extracting main solar cell performance parameters like
the short-circuit current density Js., the open-circuit voltage V., the fill factor FF and the maximum
power point MPP becomes problematic. These parameters are determined from the illuminated
JV curves. For PSCs these prove to be dependent on measurement settings, such as light soak-
ing before the measurement, applied bias voltage, voltage scan speed and scan direction [28].
Therefore, standardised testing protocols are necessary to obtain reliable device characteristics.
Additionally, transparency in reporting standards and measurement protocols needs to be im-
proved within the PSC community [18]. Besides hysteresis, PSCs exhibit both reversible and
irreversible changes in device performance, of which the factors and processes which are bene-
ficial or detrimental to the device performance are still unclear [29]. Understanding the physical
mechanisms occurring in PSCs under operating conditions can shine a light on how to increase
perovskite stability and lifetime, whilst slowing or diminishing device degradation.

In-situ research on the device level can be done by Impedance Spectroscopy (IS) [30]. An
important advantage of impedance spectroscopy is that it allows for electrical measurements
during operating conditions. In IS, various time-dependent (transient) processes in the solar
cell are probed using an AC electrical perturbation. Transient processes in PSCs include elec-
tron/hole transfer, electron/hole transport, (dis)charging of geometrical and contact layer ca-
pacitances, recombination, ion migration, ion accumulation and more [31]. These are described
in more detail in the theoretical background. As the transient processes operate on a certain
time-scale, the processes can be sequentially probed by sweeping the frequency of the AC per-
turbation signal. The activation and release of a transient process is also known as a relaxation.
When the processes operate on distinct time-scales, the transient processes can be differentiated.
Superimposing the small AC perturbation signal on a DC voltage makes it possible to observe
the device behaviour on different points along the JV characteristic of the solar cell. Impedance
data can be analysed using Equivalent Circuit Modelling (ECM), in which the data is fit to a
model constituting of basic electrical components resembling physical processes in the device
[32]. Composing a model a priori that bears physical relevance, so physical relevant parame-
ters can be extracted, has proven to be the biggest challenge in equivalent circuit modelling of
PSCs. Unfortunately, the same impedance data can be fit to multiple models, signalling there
is no unique solution and multiple models could describe PSCs [33]. Since many of the actual
processes happening in PSCs and the extent to which they are happening are still poorly un-
derstood, universal equivalent circuit models describing the physics of PSCs are still lacking in
literature (though numerous models have been proposed [30, 31, 34, 35]).

IS data needs to be validated before parameters can be extracted with ECM [33]. Valida-
tion of impedance data is necessary to ensure the sample response is only due to the applied
perturbation signal (causality), to ensure the properties of the sample do not irreversibly change
during the measurement (stability) and to ensure keeping the requirement of IS to obtain a linear
(Ohmic) response of the sample due to the perturbation signal during the measurement (linear-
ity). Validation should be done in two ways: by performing cross-checks during measurements
and by applying the Kramers-Kronig relations using the Linear Kramers-Kronig (Lin-KK) test.
Application of the test is more sensitive to the IS-requirements above. The test is ‘linear” due to
the linearity of the associated fitting problem in which only one parameter (resistance) is fitted
instead of two (resistance and time-constants). Fitting of two parameters simultaneously leads
to multiple solutions related to local minima of the cost-function of the fitting, and special care
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should be taken. The Lin-KK test allows for obtaining valid test results quickly and easily.

Though impedance data validation using the KK-relations was described in detail by Boukamp
in 1995 in the Lin-KK test [36], and the test has been improved by Schonleber and Klotz in 2014
[37, 38], the perovskite impedance spectroscopy field is slow to adopt this strategy of data val-
idation. Numerous papers have been published on EIS on various compositions of perovskite
solar cells [30, 34, 39, 40, 41, 42, 43], but none perform data validation using the KK-relations.
Very recently (2019), to the best of my knowledge, the two first papers with KK-compliant IS
spectra were published [44, 45]. This shines a critical light on previous results in this field, and
might explain in part why the tremendous effort spend on finding an appropriate equivalent
circuit model for perovskite solar cells still has not been helpful to the field yet [44].

Therefore the goal of this research is to investigate transient (relaxation) processes using
impedance spectroscopy data validated by the Lin-KK test, demonstrating the use of apply-
ing the Lin-KK test for reliable extraction of parameters using ECM of PSC impedance data.
During the research, factors impacting the KK-compliance will be investigated. IS data on
most studied PSC methyl-ammonium (MA) lead iodide (MaPbl3) and mixed cation solar cells
Mag 95GaposPblz and MaggsFagosPbl3 is validated by the Lin-KK test. Mixed cation MaPbI;
PSCs containing small amounts of the cations Guanidinium (GA), Formamidinium (FA) or Ce-
sium (Cs) prove to reduce iodide ion transport in PSCs and therefore increase the stability [43].
The KK-compliant spectra are modelled with ECM to extract device parameters relating to tran-
sient processes present in the solar cell under operating conditions. The research question is:

Which factors impact the KK-compliance of impedance spectra from perovskite solar cells and what is the
influence on equivalent circuit modelling

In the theoretical background, the fundamental working principle of a solar cell will be ex-
plained, the structure of PSCs will be described and the various transient processes and their
interaction will be illustrated. Then the physical and mathematical background to impedance
spectroscopy and Kramers-Kronig compliance testing will be posed. The method section will
contain experimental setup to investigate transient processes using impedance spectroscopy.
In the results section the outcome of the experiments will be presented for four MaPbI; cells.
The discussion will focus on factors influencing KK-(in)compliance and relating them to the
specific KK-requirement violated. The impact of fitting KK-incompliant data is discussed, and
suggestions for measurement protocols and analysis methods to promote KK-compliance in the
data are formulated. Finally, a conclusion on the investigation of the factors influencing the
Kramers-Kronig compliance of impedance spectra and the influence on extracting information
on transient processes in PSCs using equivalent circuit modelling is given.



Chapter 2

Fundamental concepts: metal halide
perovskites

2.1 Metal halide perovskite solar cells

2.1.1 Perovskite absorber materials

The mineral perovskite, CaTiO3, was discovered in 1839 by Gustav Rose and named after min-
eralogist L.A. Perovski [46]. The name "perovskite’ is now used to describe the structure of the
mineral, denoted by ABX3, where A and B are cations bearing positive charge and X is an an-
ion bearing negative charge. The use of metal-halide perovskites as light harvester (photoactive
layer) in emerging photovoltaic technologies is first reported in 2009 [47]. Efficiencies rose from
3.8% in 2009 [13] to a record high 25.2% in 2019 according to NREL [14], which is the steepest
learning curve in device efficiency in the history of photovoltaic research.

Figure 2.1 shows the perovskite structure. The A cation in the middle can be organic (Methy-
lammonium (MA), or Formamidinium (FA)), or inorganic (Cesium). The B cation is a divalent
metal cation, Pb%+ or Sn?t and is smaller than the A cation. The X anion is a halide (CL, I, Br),
and is in octahedron formation around the B cation [48]. Both the A and X positions in the crystal
structure can be compposed of a stoichiometric mixture of different constituents, respectively.
Most of perovskite solar cells use lead as divalent cation, however effort is spend to replace this
by tin due to the toxicity of lead. Tin based perovskite solar cells are now approaching 10% ef-
ficiency [49]. The A cation of MaPblz, Methylammonium, has no contribution to the formation
of the energy bands [48], and the band gap is determined mainly by the B cation and X anion
forming the octahedra framework [50]. The formation of the valence band originates from the
p-orbitals of I, mixed with 6p and 6s orbitals of Pb, corresponding to an absorption transition at
760nm. The formation of the conduction band originates from the ¢-antibonding orbitals 6p of

e
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FIGURE 2.1: Schematic illustration of the perovskite crystal structure ABX3. The
typical constituents of metal halid perovskites used in optolectronic applications
are displayed. Taken from [1].
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Pb and 5s of I, and from the rr-antibonding orbitals 6p of Pb and 5p of I, corresponding to an
absorption transition at 480nm [48].

The bandgap is tunable by varying the chemical constituents of the perovskite using various
halides (iodide, bromide, chloride) or cations, with an Eg between 1.5 and 2.5eV (830 - 500nm).
Also stability can be increased by varying the chemical constituents. For example, Incorporating
a small amount (5%) of the larger A-site cation guanidinium (GA) into MaPblz, resulting in
Mayg 95Gap g5 PbI3, has proven to increase stability [51, 52, 53] by reducing iodide ion transport
[43]. Simulations by the same authors indicated that the higher activation energy for iodide ion
transport is due to local distortion of the Pb/I cage as a result of the GA mismatch with MA [43].
Also Formamidinium (FA) increases the activation barrier for iodide ion transport. In addition,
the activation energy barrier for ion transport for mixed-halide perovskite can be increased as
well by compression of the unit cell through incorporation of the smaller cation Cesium into
the lattice. Effectively, this prevents phase segregation towards iodide-rich and bromide-rich
regions [54]. Iodide-rich regions have a lower band gap, which limits the voltage extractable
from the solar cell [55].

Furthermore, the crystal structure of some metal-halide perovskites depends on tempera-
ture. From Figure 2.1, it seems that MaPbl3 has a cubic crystal structure. In reality, the crystal
structure of perovskite shows phase changes at two distinctive temperatures. MaPbl3 shows a
phase change from orthorombic to tetragonal at 162K [56], and a phase change from tetragonal
to cubic at 327K [57]. The second phase change, around 327K, happens well within the operative
temperature range of a solar cell. This could hinder the application of perovskite in solar cells,
considering a phase change could lead to changes in optical properties of the perovskite. How-
ever, Quarti et al. showed the absence of dramatic changes in the optical properties of metal
halide perovskites across the tetragonal to cubic transition [57]. Generally, perovskite absorber
materials are "defect tolerant” materials, meaning that they are expected to form few structural
defects and that the defects that do form have little effect on the lifetime and mobility of charge
carriers [58]. More extensive research on various compositions of perovskite is being done to
enhance optical properties and stability.

2.1.2 Perovskite solar cells

Solar cells use solar irradiation to generate electric power. Before sunlight reaches the earth, it
moves through the atmosphere which absorbs parts of the solar spectrum. The extra-terrestial
solar spectrum is called AMO, and the solar irradiance that reaches the earth is called AM1.5¢g
[59]. For quantification and standardisation purposes, all solar cells are tested with a solar sim-
ulator having an AM1.5¢g air mass filter to simulate the solar irradiance at sea level, with light
intensity of 100mW /cm?. The solar spectrum AMO and solar irradiance at sea level AM1.5g are
displayed in Figure 2.2.

Perovskite can be used as a light-harvester in solar cells. Since it is an instrinsic semi-
conductor, it behaves as an insulator for fixed charge and as an conductor for photo-induced
charge carriers, excited across the band gap when a photon is absorbed by the perovskite. An
excited electron bearing negative charge leaves a hole which bears positive charge. The per-
ovskite material is sandwiched between the electron transport layer (ETL) and the hole trans-
port layer (HTL). The transport layers have different work functions, which causes an electric
field across the device (the built-in voltage V};). This causes the photo-generated charge to drift
towards the transport layers, whereas the charges would rely only on diffusion to reach their re-
spective electrode if the V},; would be absent. After the transport layers, charges can be extracted
through contacts and provide power. This is the fundamental working principle of a solar cell.
The energy band diagram of a perovskite solar cell is in the p — i — n formation, where p is the
hole transport layer, i is the perovskite and 7 is the electron transport layer. The band diagram
is shown in Figure 2.3. Take note that, taking band-bending into account, the electrons to be
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FIGURE 2.2: Spectral irradiance of the AM1.5g spectrum. Taken from [59].
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FIGURE 2.3: Energy band diagram of a p-i-n junction of a solar cell. Here p is the

hole transport layer, i the perovskite and # the electron transport layer. Indicated

in the figure are the built-in field V}, the energy level of the conduction band Ec,

the energy level of the valence band Ey, the Fermi-level Er, Vp which denotes the

band-bending, Xg which denotes the width of the p-i junction, d, which denotes

the width of the device and Eg which represents the centre of the trap distribution.
Taken from [33].
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extracted move down in energy when moving through the different layers, and the holes move
up in energy level (this is an energy favourable state since holes (electron vacancies) want to be
filled). The potential difference between the energy level difference of the extracted electrons
and the extracted holes yields to solar cell potential. In the case of PSCs, the perovskite layer
in combination with the various possible electron and hole transport layers and contacts yield
complex behaviour, which is discussed in section 2.1.4.

As photons with a lower energy than the band gap of the semi-conductor do not get ab-
sorbed, and excess energy of photons with higher energy than the band gap is lost as heat, there
is a limit to the efficiency of a (single-junction) solar cell. This fundamental limit in efficiency
corresponding to the optical bandgap is dictated by the Shockley-Queisser limit. MaPbl3, the
most researched perovskite solar cell, has a direct band gap of between 1.5 and 1.6eV [60]. The
estimated theoretical PCE of MaPbl; is ~ 31%, with V,. =~ 1.3V, calculated for a 500nm thick
MaPbI; single junction solar cell [31]). Solar cells are characterised by their illuminated current-
voltage (JV) characteristics. The JV-characteristics of a solar cell, including indication of the
relevant parameters, is presented in Figure 2.4. The estimated theoretical J;c and FF for the same
500nm MaPbI; single junction solar cell are ~ 26m Acm =2 and 91%, respectively.

short circuit
A current densi
>4 ty maximum power point
7 J illuminated J-V curve
= L
3 Imp
=
1] %
= 2 5,
— =
@] dark J-V curve 52
> = 8 o"‘e
Voltage E 5 ‘,.3‘ ¥
53 1;'-‘" apen|circuit voltage
O | oo pe g
illuminated J-V curve >
Vi Vo Voltage
(A) JV characteristics. (B) Indication of relevant solar cell performance pa-
rameters.

FIGURE 2.4: JV-characteristics including indication of relevant solar cell parame-

ters. a) JV-characteristic of a solar cell under dark conditions, displaying diode like

behaviour, JV-characteristic of a solar cell under illuminated conditions, shifted

down with respect to the dark JV-characteristic. b) Relevant solar cell performance

parameters. The short-circuit current density Js., open-circuit voltage V,. and the max-

imum power point MPP are indicated. The Fill Factor is defined as the area between
Jmp and Vyy,p. Taken from [61].

2.1.3 Degradation and stability

Whereas perovskite solar cells can be made with remarkable efficiency, the longevity of the de-
vice is of great importance as well. PSCs suffer from instability, due to both extrinsic and in-
trinsic causes. Extrinsically, first of the degradation pathways is exposure to moisture. When
MaPbl; is exposed to humid air, two competing reactions take place: (i) the formation of an
MaPbI3 hydrate phase due to H,O incorporation, and (ii) PbI, formation due to the desorption
of Mal. Further degradation then takes place by subsequent loss of Ma* and [, and decom-
position into PbCOs3, Pb(OH),, and PbO [31]. MaPBI; is also unstable against oxygen exposure,
primarily due to the large driving force of water formation. The degradation happens rapidly
in light conditions, while sluggish in dark conditions due to slow surface reaction kinetics in
the dark [62]. Perovskite degrades as well if local temperature increases to 100° Celsius, and at
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57° Celsius the phase change of tetragonal to cubic takes place. Although the phase change for
MaPbI3 does not induce big changes in the optical properties, the phase change acts as a catalyst
for degradation processes in the perovskite crystal [31]. UV light also degrades PSCs, both due
to Pbl, formation and through the presence of UV-photocatalitic TiO, as transport layer [63].
An UV-filter placed over the PSC then protects the device against UV photo-induced degrada-
tion. Encapsulation of PSC devices helps to prevent humidity and oxygen from degrading the
device. Even when perovskite devices have been properly encapsulated, or measured in inert
atmosphere, they might still be unstable and prone to degradation for intrinsic thermodynamic
reasons such as ion transport and mobile defects due to stoichiometry. The mechanisms leading
to degradation of perovskite solar cells are displayed in Figure 2.5.

Degraded Stable

|2
HI
MAI
Perovskite |pig
Mechanical
Reinforcement
o
uv ETL/HTL
Glass

-

FIGURE 2.5: Degradation in perovskite solar cells. On the right, a stable perovskite

solar cell where an encapsulant (PIB) blocks water vapour or oxygen from entering

the solar cell. On the left, a degraded perovskite solar cell. Extrinsic degradation

pathways are moisture, oxygen, temperature or UV radiation. Intrinsic degrada-

tion pathways are ion migration or defects through non-ideal stoichiometry. Taken
from [64].

2.1.4 Hysteresis and transient processes

Hysteresis in the JV-scan shows through non-overlapping JV-characteristics for forward and re-
verse voltage scan direction, or for the same scan direction at different scan speeds. This is
displayed in Figure 2.6. In this case, important solar cell performance parameters become de-
pendent on external measurement parameters such as scan direction and scan speed. Apart from
problematic extraction of reliable solar cell parameters, hysteresis is also linked to degradation
in the long term [25, 26, 27]. Therefore, effort is taken to reduce hysteresis in PSCs.

Hysteresis is the result of multiple interdependent transient processes that are not fully un-
derstood at the microscopic scale. The transient processes involved are ion migration, ion ac-
cumulation at the transport layers interface, interface dipoles, charge extraction/injection and
recombination. Briefly, hysteresis is primarily caused by mobile ions in the perovskite layer and
trap assisted and/or surface charge recombination [28]. The next paragraphs deal with a more
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inclusive description of how hysteresis is established. Since a PSC is a dynamic system con-
taining both contributions from electronic conduction and ionic conduction, first electronic con-
duction is described, then ionic conduction, and finally the interaction between the two which
causes hysteresis. Hysteresis therefore is an epiphenomenon, composed of both first order pro-
cesses and their interaction (second order processes).

Electronic conduction in a PSC can be summarised as follows. In the case of photo-generated
electrons and holes, the charges are separated due to the built-in voltage formed by the HTL
and ETL, and within the depletion region drift towards their respective electrodes. If the per-
ovskite is not completely depleted, the photocharge relies on diffusion to reach their electrode.
Transport within one solar cell layer is called charge transport. Electrons/holes can also be in-
jected/extracted by the application of an external electric field (bias voltage) across the device.
This can reduce or enhance the internal field in the solar cell. After charge separation and trans-
port, charge is transiently transferred across various interfaces. Before extraction, charge carriers
can recombine through traps, defects at any of the interfaces or due to vacancies or interstitials
in the perovskite structure. These defects and traps might have formed during the fabrication
process, but can be a result of a chemical reaction during degradation processes as well.

Ionic conduction of PSCs happens through the presence of mobile I~ and Ma™ ions in the
perovskite layer, which redistribute under influence of an electric field [19]. This happens due
to the built-in voltage, due to light soaking, and can also be induced by the application of an
external electric field as well [28]. JV-scans transiently vary the external field, which subse-
quently transiently modifies the ion distribution in the perovskite. Ions redistribute on a time
scale which is dictated by their diffusion coefficient of ~ 10~ 2cm?s~!, making their response
relatively slow in comparison to much faster electrical conduction. Vacancies in the perovskite
structure, formed during perovskite film formation, can encourage ion migration. Apart from
perovskite material, also ions from conductive contacts can migrate through the perovskite layer
[65]. This can create recombination centers or shunt pathways for electrons, short-circuiting the
solar cell.

Ions may accumulate at the transport layer interfaces. Here, they influence charge extraction
via two pathways. First, the ionic charge can screen the built-in potential of the solar cell. Then
the depletion region becomes smaller, and charges rely more on diffusion than drift to reach
their respective electrodes. This facilitates recombination at the wrong electrode and hampers
charge extraction [28]. Conversely, when a voltage pre-bias opposite of the built-in voltage is
applied, the ions redistribute towards their respective electrodes, which then augments charge
extraction. Therefore, ion accumulation can influence charge extraction over time. This adds
a time-dependent component to electrical conduction, which can lead to hysteresis in the JV-
curves. Apart from influencing charge extraction in this way, ion accumulation seems to change
the interface energetics at the contacts. This happens in two ways: a) through the introduction
of interface dipoles which shift the electrode work function between conduction and valence
band of the perovskite layer [66] and b) by changing local charge carrier densities, affecting
trap filling and local doping of interface regions. Depending on the quality of the interface, ion
accumulation may exhibit both spatial and a kinetic asymmetry, adding yet another layer of
complexity. For both pathways, ion accumulation only affects the performance of devices with
deficient interfaces where charge can recombine non-radiatively [28].

Thus, hysteresis is the consequence of mobile ions and their impact on charge extraction and
recombination, mostly at the interfaces. The mechanisms explained above are schematically
presented in Figure 2.6. The figure depicts how mobile (accumulating) ions in combination with
deficient interfaces can lead to hysteretic currents during the JV-scan. A schematic illustration
of how the ionic and electronic response in PSCs interact to cause hysteresis is seen in Figure
2.7. Seen on the left is the ionic response and seen on the right is the electronic response (in
yellow). The factors defining and influencing the electronic/ionic responses are displayed at the
sides (in the indigo boxes). The interaction between the ionic and electronic response is shown
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in red. Hysteresis originates through time-dependence in the electronic response, induced by
migrating ions influencing the electric field and modifying interface dipoles of the PSC.
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FIGURE 2.6: Hysteresis in perovskite solar cells. For a forward scan (a), ion ac-
cumulation at the transport layer interfaces screens the built-in potential. Elec-
trons and holes therefore rely on diffusion to reach their respective electrodes, and
may recombine at the wrong electrode. For a reverse scan (b), the voltage pre-bias
drives the ions to the opposite transport layer interface, enhancing the built-in po-
tential and beneficially filling trap states. Electrons and holes rely on drift to reach
their respective electrodes. This process increases charge extraction, as can be seen
from the superior reverse JV-scan. Taken from [28].

Though perovskite cells of good quality without hysteresis exist, those cells might still have
mobile ionic species present. Good quality of the cell merely causes almost no surface or bulk re-
combination, making charge extraction independent from redistribution of ionic charge during
JV-scan. This strategy to reduce hysteresis by improving interfaces includes interventions such
as (non-exhaustively) modification of the interfacial band alignment, chemical surface modi-
fication of the perovskite, defect and trap site passivation, tuning the charge collection layer,
removing simple imperfections such as pinholes or electrode penetration, etc. Though these
interventions reduce hysteresis, they do not reduce ionic movement throughout the perovskite
absorber layer [28].
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FIGURE 2.7: Complex interdependent behaviour of transient processes in metal

halide perovskite solar cells. The figure is split in the ionic and electronic response

(yellow), the factors defining and influencing these responses (in indigo) and the

interaction between the ionic and electronic response (in red). Hysteresis orig-

inates through time-dependence in the electronic response induced by migrating

ions influencing the electric field and modifying interface dipoles of the PSC. Taken
from [66].

The complex ionic-electronic behaviour originates from both the perovskite absorber layer
and the material and quality of the contact layers. Hysteresis relates to many time-dependent
(transient) processes in the solar cell. The various transient processes are schematically dis-
played in Figure 2.8. It also displays the contact layers used for the PSC samples in the experi-
mental section of this research.

The figure is schematically divided into three regions. The most right region contains pro-
cesses in solar cells in general (electronic processes), the middle region processes specific for
perovskite solar cells (ionic processes), and the left region processes induced by application of
an external bias voltage across the device (for voltage-dependent measurements). First, elec-
tronic processes are described, then ionic processes, and finally the left section containing effects
induced by application of an external voltage.

Transient processes in solar cells are generally electronic and entail electron/hole transport,
charge transfer, trapping/detrapping of charge carriers and recombination. Transport of charge hap-
pens within a solar cell layer, charge transfer across interfaces. Since interfaces and materials
are not perfect, trap states may exist which can hold charge. Charge can then either recombine
or become free charge again (detrapping). Recombination occurs on the microsecond time-scale
and may also be dependent on the specific transport layer used [67]. Good power conversion
efficiency simply implies charge transport and extraction processes occur on a much faster time-
scale than the recombination processes. Experimentally it was verified that charge separation
and extraction processes happen on the femto- to nanosecond timescale [67].

Since PSCs contain mobile ions, these ions may redistribute due to electric fields and light
soaking. This is called ion transport. The change in capacitance associated with ion transport
can be probed on the time-scale of milliseconds (for I~ ions) to seconds (for MA™ ions) [19].
There is still debate on the time-scale of ion migration. Based on the short diffusion path and the
high mobility, it has also been argued that ionic migration should be almost instantaneous [44].
At the interface, Ion accumulation can occur. The consequence of ion accumulation is variation
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FIGURE 2.8: Transient processes in perovskite solar cells. On the left are processes

induced by application of an external bias voltage, in the middle are ionic pro-

cesses present in perovskite solar cells and on the right are electronic processes in

solar cells. Typical layer thicknesses are 20nm for PTAA, 5nm for PFN, 500nm for

perovskite, 70nm for PCBM, 5nm for BCP, 3nm for chromium and 100nm for the
gold electrode.

in the time-scales of electron and hole transport, recombination, extraction and injection, as is
indicated in Figure 2.7. Apart from these processes, chemical reactions can lead to changes in
absorber or contact conductivity.

If voltage-dependent measurement are taken of the PSC, the device is subjected to an external
(bias) voltage across the device. In this case, the device exhibits different capacitive behaviours.
When the bias voltage is low, the semi-conducting perovskite behaves as an insulator. Then,
the device can be approximated as a parallel plate capacitor with perovskite as dielectric. This
is called Geometrical capacitance. This happens on the time-scale of micro-seconds [68], and it
is voltage dependent. Due to interfacial characteristics, a bias voltage can lead to (build up of)
electrode polarisation, forming an interfacial double layer capacitance. Additionally, due to the
applied potential, the Fermi-levels shift and charge is injected and extracted. Charge injection
happens on a picosecond time-scale [67].

The transient processes in the microsecond to second range can be assessed using impedance
spectroscopy. The processes within this range are geometrical capacitance and recombination as
well as ion migration. The time-scales named for the different processes can be experimentally
extracted using Equivalent Circuit Modeling to yield information about the nature of perovskite
solar cells. The concepts related to impedance spectroscopy, equivalent circuit modeling and
Kramers-Kronig compliance testing for reliable results are described in the next section.
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2.2 Impedance Spectroscopy

Impedance spectroscopy (IS) is a powerful tool to characterise electrochemical systems and
solid-state devices [69]. Solid-state application of IS is most commonly on dielectrics; materi-
als which polarise (store charge) under influence of an electric field. A solar cell is a system of
multiple materials of different energy levels and polarisability stacked on top of each other. Both
every material and every interface can contribute to the total resistive and capacitive response
of the system [70]. Impedance spectroscopy can assess this response, and discriminate between
different microscopic processes, provided the processes happen on distinctive time-scales. The
electrical processes are probed by a frequency-varied perturbation signal. The frequency win-
dow of an impedance measurement is limited, and usually not fast enough to probe all elec-
tronic processes in the solid state device. Common processes and parameters measured with IS
are electron transfer rates, recombination rates, trapping of charges, resistance and capacitance
related to charge transport, capacitance of insulators and conductivity of conductors.

When IS is used to study emerging photovoltaics, it is possible to observe the opto-electronic
transport and recombination processes of a solar cell under operating conditions. In this way,
device aging or performance loss through external stress factors can be evaluated. IS can also be
used to identify differences in fabrication protocol by characterising the opto-electronic response
of solar cells [33].

IS has multiple limitations. Firstly, only by determining a model beforehand, dictating where
in the device which physical processes take place, information about these processes can be ex-
tracted by fitting the impedance spectra to the model. Additionally, different models may result
in the same impedance spectra. This means no unique solution to the impedance spectrum is
available, and postulating a physical relevant model is increasingly intricate for the analysis
of complex device architectures combined with unusual material properties of emerging pho-
tovoltaics [33]. Secondly, the contribution of different physical processes to the impedance re-
sponse can only be determined when the processes are happening on distinctive time-scales.
Thus, the physical interpretation of the data is in many cases problematic. To increase the relia-
bility of the IS analysis for complex systems, a model should be chosen carefully. Additionally,
it is good practice to corroborate the results from IS with other independent experimental tech-
niques to verify that the chosen model is physically reasonable [69].

To summarise, IS is a tool which can model systems under very controlled and simplified
conditions (such as well-defined geometry, inert contact layers, and controlled atmosphere and
temperature), and characterise full solar cells under technical relevant operating conditions.
Therefore, IS should be the most appropriate technique on the device level to assess compli-
cated behaviour and interplay of electronic and ionic charge transport phenomena [44].
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2.2.1 Basic operating principle of IS

In Impedance Spectroscopy a sample is subjected to a small alternating voltage Vac as input
signal. The V4c may be superimposed on a DC offset Vp¢ (also called bias voltage). The input
signal V(t) is denoted by equation 2.1. The sample response is observed by monitoring the
current output I(t), equation 2.2. The current output can have a phase delay ¢ due to the sample
storing and dissipating electrical energy [35].

V(t) = Vpc + Vac cos(a)t) (2.1)

I(t) = Ipc + Iac cos(wt — 4)) (2.2)

The impedance (Z) is defined as the ratio of voltage and current, equation 2.3.

v
z=~ 2.3)

In these expressions, w denotes the angular velocity, related to the frequency as w = 27tf. To
study resistive and capacitive properties of solar cells, the frequency is swept over a range be-
tween subhertz and megahertz in a typical impedance measurement. By varying the frequency,
various electronic and ionic processes are probed sequentially and a spectrum is obtained. Each
process has a relaxation time-scale, which is the time it takes for the sample to return to a state
of equilibrium after the electrical perturbation. The relaxation time-scale can be calculated after
fitting.

After a frequency sweep, the bias voltage might be adjusted and the process is repeated. In
this way for each step in bias voltage, the frequency dependence of the resistive and capacitive
properties becomes clear at every point along the J-V curve of the solar cell. In Figure 2.9, the
input and output signal are displayed in the time-domain.

When a sinusoidal signal is applied to the sample, it’s current response needs to be linear
to ensure a sinusoidal current response. Ideal components, such as resistors, capacitors and
inductors, guarantee a linear response [33]. Non-ideal circuit elements, such as a diode, do
not. Since a solar cell is essentially a diode, the response of the sample is nonlinear, which can be
clearly observed from non-linear nature of the JV-curve. However, this problem can be solved by
applying a small input signal V¢, usually about 20mV, through which a pseudo-linear regime
in the current response is reached [35]. The consequence of measuring in the linear regime is
that near the open circuit voltage Vpc a smaller amplitude of the input signal V4c must be used
than for the short circuit voltage Vsc, as is illustrated in figure 2.9.

— voltage
- current

amplitude

FIGURE 2.9: Impedance measurement in time domain (a) and visualisation of the
input and output signal on JV-characteristics (b). Taken from [35].
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Since the signals are complex quantities, they can also be written in polar form, £ = |Eg|e!
and [ = |Ip|e!“t*?), where E is the time-varying electrical field and I is the complex valued
current response [1]. The complex impedance can be calculated using equation 2.3 and split in
it’s real and imaginary part, equation 2.4.

Z(w) = (|Eol /[o]) ™ = |Z(cos(¢) — isin(9)) = Zge — iZim 4

In the expression, |Ey| and |Ip| denote the magnitude of the alternating voltage and cur-
rent. |Z| is the magnitude of the complex impedance, and is both the fraction of the stored and
dissipated energy as the magnitude of the vector of Z in the complex plane, |Z| = |Eo|/|Io| =
(Z%,+ Z2 )1/2. ¢ in the complex exponential denotes the phase change, where tang = Z,,/ Zg,.
ZRe is also denoted as Z’, and Z;,, as Z”, which will be used further on to denote the real and
imaginary part of impedance. The real part in equation 2.4 is physically the real resistance R,
whereas the imaginary part is physically the reactance X. Resistance is the opposition of a cir-
cuit element to the flow of electrical current. Reactance is the opposition of a circuit element to
a change in current or voltage, due to the inductance or capacitance of the circuit element [69].
The SI units of impedance, resistance and reactance are Ohms. Thus, equation 2.4 can be written
as

Z=1|Zle®=R—-iX=2 —iz" (2.5)
Z' and —Z"” can be displayed as the axes of the complex plane as in Figure 2.10.

|z|
\ ¢
-

FIGURE 2.10: Complex plane representation. Z’, -Z”, ¢ and |Z| are indicated.
Taken and adapted from [33].
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2.2.2 Impedance of ideal components and the RC circuit

The impedance of a parallel connected RC circuit is built up by the impedance of a resistor and
a capacitor, and describes a time-dependent process in general. An RC circuit in combination
with a linear series resistance is the most simple equivalent circuit model with which a transient
process can be fitted, and is called a Randles model. The impedance of an RC circuit can be cal-
culated by applying Kirchhoff’s circuit laws of in series or in parallel connected circuit elements.
The impedance of a parallel RC circuit is therefore 1/Zrc =1/Zr +1/Zc.

The impedance of the ideal circuit elements resistor R, capacitor C and inductor L can be
described by Zr = R, Z¢ = 1/iwC and Z; = iwL. The impedance of a RC element can be
found by applying Kirchhoff’s law for addition of parallel composed circuit elements, yielding
equation 2.6.

_ R
- 1+iwRC
This denotes a single time-scale process, with characteristic time T being

ZRrc (2.6)
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7=RC 2.7)

This is closely related to the maximum of the semi-circle of the response of an RC-circuit,
and its corresponding frequency, by wyex = = = g= = 27f. To display the time-constant in
seconds, T needs to be multiplied with 27, resulting in 7 - 27t = 1/ Fpegy.

By multiplication with the complex conjugate (1 — iwRC) divided by itself (multiplication
with 1), equation 2.6 can be split in its real and imaginary parts Z’ and Z".

R iwR2C
Zrc = 2R2C2 2R2C2
1+ w?R*C* 1+ w?R*C
The impedance response of a RC-circuit Zgc follows the mathematical description of a (semi-
)circle. This can be checked by filling in Z’ and Z” in the formula of a circle. The formula of a
circle taking Z’ as x and Z" as y and with radius r and center at x = a is

=7 —iz” (2.8)

(Z' —a)?+ 27 =12 (2.9)

The center a of the circle can be found by taking the maximum value of Z’ for w = 1/RC (the
x-value for the y-maximum of the semi-circle), which results in 2 = R/2. With the appropriate
center a of the circle chosen, Z" and Z" can be inserted in equation 2.9. Working out will result
in the radius r as being a constant, independent of w, thus all the points of Zrc are distributed
on a circle.

This corresponds to the following observations: at high frequencies, the impedance of a ca-
pacitor Z¢c = 1/iwC goes to zero and thus acts as a short-circuit, resulting in an impedance
approaching the origin. at low frequencies the impedance goes to infinity (and the overall
impedance of the RC circuit goes to the parallel resistor R). At intermediate frequencies, the
impedance of the RC circuit has a maximum described by wpes = 1/RC = 1/7. The peak in the
Nyquist plot corresponds to the time constant T of a process in general. Here, it physically is the
time it takes for the RC circuit to charge and discharge [35].

2.2.3 Non-ideal components

Experimental data of a real device does not necessarily generate a perfect semi-circle. Instead,
a flattened semi-circle is observed. A flattened semi-circle indicates dispersed time-constants.
This can be due to different factors: non-homogeneities such as porosities and roughness, non-
ideal chemical capacitances, surface states which are present in the device [30], or simply due
to two processes happening on approximately the same frequency (decade). In this case, the
capacitor can be replaced by a constant phase element (CPE). The impedance of a CPE is Z¢cpg =
1/Q(iw)", where Q = CPEr and n = CPEp. In the ideal case when n = 1, the CPE reduces to a
pure capacitor and Q = C, while for n = 0 it reduces to a pure resistor and Q = 1/R. Typically
for PSCs it takes the value of 0.9.

If n = 0.5, the CPE reduces to a Warburg element and Q = 1/Aw. A Warburg element pro-
duces a 45° slope in the Nyquist plot and denotes ion (mass) transport. The Warburg impedance
is given by Zyy = Aw/Viw. The Warburg coefficient A depicts the ac diffusion coefficient of
the particles [33]. From the Wt parameter, the effective chemical diffusion coefficient (D) can be
calculated [30].

LZ
D=2 (2.10)

where L3 is the effective ion diffusion length. The maximum diffusion length can be as-
sumed to be equal to the perovskite film thickness (about 500nm). From this value, the majority
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carrier mobility u can be calculated, equation 2.11, where g is the elementary charge, k is the
Boltzmann constant and T is the temperature [30].

_ Dgq
n= 17 (2.11)

2.24 Graphical representations of impedance spectra

Impedance spectra are commonly represented in two forms: Bode plots and Nyquist plots.
The Bode plot representation of impedance spectra is in the frequency domain, where differ-
ent quantities such as |Z| and ¢ are plotted relative to the frequency. Nyquist plots however
are impedance spectra plotted in the complex plane with the imaginary part of impedance 2”
(reactance) plotted relative to the real part of impedance Z’ (resistance).

See Figure 2.11 for an example of a Bode plot of a parallel connected resistor and capacitor
(RC-~circuit). In the bottom part of Figure 2.11 it shows that a change in slope in the real value of
Z leads to a peak in the imaginary value of Z.
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FIGURE 2.11: Bode plot of the impedance response of an RC circuit. In a) the

magnitude and phase of Z versus frequency, in b) R and X versus frequency. Take

note that a change in slope of real resistance results in a peak in the reactance.
Taken from [35].

An example of a Nyquist plot is shown below in Figure 2.12. Here, Z’ is the horizontal
axis and denotes the real resistance. Z” is the vertical axis and denotes the reactance of the
sample due to it’s capacitance or inductance. It is seen that the frequency information of the
impedance spectra is lost in a Nyquist plot. However, the use of the nyquist plot is to facilitate
the recognition of processes happening in the device. This is easier in a Nyquist plot than in a
Bode plot. Therefore the Bode plot and Nyquist plot provide complementary information and
together lead to a strong understanding of the processes in complex devices such as perovskite
solar cells [35].
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FIGURE 2.12: Nyquist plot of the impedance response of a parallel RC circuit. The
direction of increasing w is indicated, as well as the time-constant related to the
peak of the semi-circle. Taken from [35].

These example plots have been made by simulating the impedance response of a RC circuit.
The Nyquist plot of a single RC circuit describes a semi-circle. This denotes a single time-scale
relaxation process, meaning physically the capacitor charges and then discharges via the resistor
taking a specific amount of time.
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2.3 Kramers-Kronig compliance testing

For any impedance data to be reliable, the data should be a representation of a linear, time-
invariant and causal system containing finite impedance values. If any of these requirements is
violated, no useful information can be extracted from the measurement [37]. This demonstrates
the usefulness of the Kramers-Kronig compliance test.

The linearity constraint dictates that the current output of the solar cell should be directly
proportional to the applied input. For solar cells, typically depicting non-linear current-voltage
characteristics, this constraint is satisfied by choosing the amplitude of the input signal Vac
significantly low so that a pseudo-linear regime arises at which Impedance Spectroscopy can be
performed [33].

A time-invariant system is a system which has properties that do not change during the
measurement in such a way that the final state differs from it’s initial state. That is to say, the
sample should be stable and not irreversibly change during the measurement. This is usually
the case if an impedance spectrum can be reproduced under forward and reversed frequency
sweeps. First order processes, such as conductivity of electrons or ions, are linear (Ohmic) pro-
cesses and therefore KK-compliant, but second order processes such as a change in conductivity
due to chemical reactions changing the electronic structure, are not KK-compliant. PSCs exhibit
both permanent and temporary changes in performance, caused by irreversible processes (such
as chemical reactions) and semi-irreversible processes (such as ion transport) [33]. Irreversible
processes lead to KK-incompliance. However, ion transport is a special case for KK-compliance,
as a sample with ion transport is unstable during the measurement and does not return to its
initial state, though the sample properties do not change irreversibly and the measurement is
KK-compliant unless w approaches 0 (when ions accumulate at the contact interfaces). PSCs
suffering from this kind of temporary loss of device performance may recover when stored in
the dark in a glovebox for several hours [71].

A causal system is a system that only reacts to the applied input signal, and not to exter-
nal factors. These may be cable inductance, increases in temperature or ambient electric fields
leading to noise. Typically, sample reactions due to external factors express mainly in the low
frequency impedance data, since lower frequencies have a longer measurement time than higher
frequencies [72].

To verify the measured data is a representation of a linear, time-invariant and causal system,
two approaches exist [37]. The first one is to verify experimentally, the second approach is by
analysing the impedance spectrum with the Kramers-Kronig relations. Experimental verifica-
tion has to be done in three distinct ways: by repeating measurements under the same condi-
tions and seeing if the impedance data is reproducible [44], by changing the size of the excitation
signal above and below the chosen value to ensure the excitation signal is well within the linear
response regime [33], and lastly by performing reverse frequency sweeps from low to high, as
opposed to high to low, checking if the measured impedance spectrum stays the same [73].

Verification if the data is a representation of a linear, time-invariant and causal system can
also be done by analysing the impedance spectrum with the Kramers-Kronig relations. The
Kramers-Kronig relations relate the imaginary part to the real part of a linear, time-invariant
and causal system, and vice versa. The equations, first introduced by Kramers and Kronig [37]
in a slightly different form, are displayed below:

2 ©w-Z 1m(w’)

Zre(w) = =2 de' (2.12)
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Using these equations, it is possible to calculate the imaginary part of impedance from the
real part, and conversely. It is then possible to compare the measured and calculated real compo-
nent to each other, and to compare the measured and calculated imaginary component to each
other in a plot showing the residuals between the two (a residual spectrum). Since the real and
imaginary part are mathematically related, no deviation should be seen from the measured and
calculated components. If a deviation is shown, then the data is KK-incompliant and dissatis-
fying any of the IS requirements above. Thus the accordance of the data to the Kramers-Kronig
(KK) relations can be tested. However, directly applying the KK-relations proved to be prone to
errors, due to its requirement to integrate omega from zero to infinity. This is impossible for real
conducted experiments [36].

An approach that overcame this checks the accordance of impedance data to the KK-relations
by first fitting the data to an appropriate KK-compliant equivalent circuit model. A very general
circuit model was applied: a series of RC-elements. Initially both the resistances and the time-
constants of the RC-elements were fitted, leading to a frequency dependent confidence interval
for the impedance measurement. This method allows for the definition of a quantitative criterion
to assess which parts of the spectrum should be disregarded, and which parts are KK-compliant.
However, due to the non-linearity of the fitting problem this method has two big drawbacks.
Good initial solutions have to be chosen, and secondly multiple solutions for minimising the
cost-function at local minima exist. Therefore this method, although indispensable for a deep
level analysis of KK-compliance of impedance spectra, costs a lot of effort if one quickly wants
to assess the KK-compliance of several impedance spectra [37].

The Kramers-Kronig compliance test used in this thesis entails a modified version of the test
described above, allowing for quick and easy KK-compliance testing. In this test, known as the
Lin-KK test, the problems with the non-linearity were solved by presetting the time-constants of
the RC-elements and only fitting the ohmic resistors. This leads to the fit-problem to become lin-
ear [37]. The Lin-KK tool used in this thesis is made publicly available from Karlsruhe Institute
of Technology (KIT) [74].

2.3.1 Operation of Lin-KK tool

Fitting mode

Following the recommendation in the operating guide of the Lin-KK test program [74], the fit-
ting mode has been set to complex-fit. This is the most robust method, as opposed to real-fit or
imaginary-fit which can be used to increase the sensitivity of the test. In the complex-fit mode, the
cost function | to be minimized is

(2.14)

A 2 , 2
J= % Zre(wi) — ZRe((Ui):l [Zlm(wi) — Zim(wi)
i | Z(wi) | | Z(wi) |

where N is the number of frequency points of the impedance spectrum to be tested and in
the nominator the calculated component using the KK-relations is subtracted from the measured
component. This distributes errors across the real and imaginary part of the residual spectrum.

Model order

A complication of the Lin-KK compliance test is the pre-setting of the number of RC-elements.
If the number of RC-elements is manually set, easily situations of under-fitting and over-fitting
are created. If the spectrum is under-fitted, not all impedance attributes of the spectrum can be
fit, leading to large errors between the fit and the data (large residuals). If the spectrum is over-
titted, measurement noise is included in the fit, leading to large errors between the fit and the
data as well. In both cases, large residuals are created, indicating incompliance while the spec-
trum may be KK-compliant. Therefore, the test includes a function to let the program choose the
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appropriate number of RC-elements, RC-auto, which was used in the KK-analysis in this thesis.
However, RC-auto may fail. If the function fails, this results in sinusoidal residuals. Then, the
number of RC-elements should be carefully increased while simultaneously checking if the si-
nusoidal residuals disappear [74]. This approach has been followed in this thesis.

Capacity
When a measured sample shows mainly capacitive behaviour, a linear capacitor needs to be
added to the series of RC-elements to ensure a good fit [38].

Inductivity
The test program automatically inserts a serial inductor to the fitting model to account for un-
avoidable inductive effects of the measurement setup (i.e. cable inductance).

2.3.2 Interpreting test results

The difference between measured and calculated real or imaginary component of the impedance
is shown in a 'residual’ plot, with on the X-axis the frequency range and on the Y-axis the mag-
nitude of the residual. The calculated component is obtained by fitting an according KK-ideal
circuit model. When the residuals present a straight line with residuals smaller than 0.5 and
no apparent bias, the spectrum is KK-compliant and of good quality. An example is shown in
Figure 2.13. If the real and imaginary residuals in the plot show a systematic deviation (bias)
from each other over various orders of magnitude, this is called time-variance, which indicates
KK-incompliant data [74]. An example is shown in Figure 2.14.

As stated in the Lin-KK operating guide, noise in the residuals, to some extent, is normal. If
noise is too big, no information can be extracted on (in)compliance. If irregularities or systematic
bias are shown in the noise, this is considered as KK-incompliant. Though the Lin-KK operating
guide [74] does not set a maximum level of noise for the spectrum to still be KK-compliant,
in this thesis noise in the residuals showing no systematic bias is considered compliant if the
residuals are smaller than 2. However, residuals in the region of 0.5 — 2 do indicate a spectrum
of poor quality. As a rule of thumb, both the real and imaginary residuals should be smaller
than 0.5, and should not show (weak) systematic bias or deviation from each other in order to
guarantee KK-compliance and good measurement quality. If sinusoidal residuals are obtained,
likely under-fitting has occurred due to a failure of RC-auto. In that case, the number of RC-
elements is carefully increased while checking if the sinusoidal results disappear.

More examples of KK-compliant and KK-incompliant residual spectra, taken as a guideline
to interpret the residual plots in this thesis, can be found in Appendix B.1. Take note that the
example residual plots presented here and in Appendix B.1 show residuals ranging from —1 to 1
for informative purpose, whereas the residual plots presented in the results section of this thesis
range both from —2 to 2 and from —1 to 1. Thus, on a quick glance comparing the residuals plots
in the results section with the example residual plots here, one should not assume the same scale.
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FIGURE 2.13: Valid Li-lon Battery Spectrum (low noise situation). The residuals
present a straight line which is well within the 0.5 border and which does not
present systematic bias. Thus the spectrum is valid, time-invariant and of good

quality. Taken from [74].
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FIGURE 2.14: Invalid spectrum (time-variance) of a symmetric Anode-Anode

Solid Oxide Fuel cell (SOFC). The residuals are weakly biased towards the low

frequencies over a broad range. This indicates time-variance and thus an KK-

incompliant spectrum. Here, the spectrum was measured at the activation phase

of the SOFC, and the properties of the Anode changed during the measurement.
Taken from [74]
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2.4 Equivalent circuit modelling

The impedance response of a complex system can be reproduced by a combination of ideal and
non-ideal circuit elements, resembling physical electrical and electrochemical processes. By fit-
ting the impedance data to this equivalent circuit model (ECM), the physical processes can be
quantified. The advantage of this approach lies in rapid comparison and quantification of dif-
ferent impedance spectra. The disadvantage lies in posing a physical relevant model a priori to
the impedance measurement, so that physical relevant parameters can be extracted. If a physi-
cal relevant model is apparent, then carrier diffusion constants and recombination and mobility
rates can be quantified. ECM can also be used to study stability (aging and degradation) of the
sample [33].

In fitting the impedance spectrum to an ECM, the model is fit to the impedance spectrum
as a whole rather than to a specific impedance attribute. Therefore, the fit of for example the
high-frequency part is influenced by the goodness of fit of the low-frequency part, because the
algorithm tries to minimise the error between fit and measurement over the full range. Thus the
fit parameters of different impedance attributes are co-dependent on each other.

A poor fit indicates an unsuitable model, Kramers-Kronig (KK) incompliance [33] or bad
signal to noise ratio. To compose a suitable model, an extra circuit component may only be
added if it increases the quality of fit (decreasing x?) by a factor of 10. An acceptable x? is
smaller than 103, and preferably in the range of 107 [75, 76]. A poor fit may also indicate KK-
incompliance, as the data may be influenced by external parameters (violation of the causility
criterion) or by a change in the conductivity of the sample due to a chemical reaction (violation
of the stability criterion), or violation of the other requirements. Additionally, if the signal to
noise ratio is low, measurement noise also leads to poor quality of fit.

2.4.1 Equivalent circuit models for PSCs

In the case of PSCs, many models have been proposed. A few of the models are outlined in
Figure 2.15. The different models are currently used to describe different impedance attributes
of PSCs when they occur in the impedance response, but a full comprehensive model describing
PSC behaviour across all conditions is lacking.

The impedance response of PSCs shows two main semi-circles or arcs, plus potential addi-
tional features such as loops or negative values for reactance, indicating inductance [44]. The
first semi-circle is present at high frequencies (>10 kHz), the second at low frequencies (<100
Hz). There is no agreement among researchers about the physical origin of the semi-circles,
though for the high-frequency semi-circle there is a tendency to a common explanation: the ca-
pacitance of the high-frequency semi-circle could be attributed to the geometrical capacitance of
the device, and the resistance could be attributed to either transport or recombination resistance
(this is under debate) [44]. Both transport and recombination resistance depict the physical phe-
nomenon of resistance of charges through the device, whether it is caused by the contact layer
resistance or through recombination, effectively decreasing conductivity. The explanations for
the low-frequency semi-circle and the additional features are more speculative. Both low and
high frequency semi-circle change uniformly for a change in operating conditions such as light
intensity or voltage, making a comparison difficult. In addition, though ion migration is shown
to occur in PSCs [19], a study that clearly relates ion migration to electrically measurable quan-
tities is still missing [44]. Without agreement on the physical origin of the main and additional
features of the impedance response of PSCs, a full comprehensive model describing PSC be-
haviour is still missing. Four additional equivalent circuit models from literature are presented
in Figure 2.16, showing how physical processes and parameters are attributed to electrical com-
ponents in various configurations.
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(A) ECM to describe two relaxation processes with distinct
time-scale (black) or similar time-scale (red). The first relax-
ation denotes transport resistance and capacticance R; and
C: of charge carriers, the second recombination resistance
Ryec and chemical capacitance Cy, describeing the genera-
tion and recombination of photo-generated charge [33].
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(C) ECM to model an inductive effect showing up in middle-

low frequencies. This atypical behaviour is sometimes seen

in the impedance response of PSCs and produces a loop in
the Nyquist plot.
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(B) ECM model containing an extra RC circuit to describe
the impedance response of a bad interface (non-Ohmic),
such as a Schottky junction. In the JV-characteristics a S-
curve would show when this is the case. From the voltage
dependence of the new RC-circuit the interface can be char-
acterised as insulating or as a recombination site.
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(D) ECM to model organic solar cells (OSCs) in which elec-

tron and hole mobilities (transport resistance) in the active

layer is the limiting factor. This produces a slope of about

45° in the Nyquist plot at high frequencies. In the case of

PSCs, this Warburg like behaviour shows up in low frequen-
cies and indicates ion transport [33].

FIGURE 2.15: Equivalent circuit models for PSCs for fitting of IS data under light
conditions. Components indicate physical processes. Circuits and simulations
taken and adapted from [30].
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(A) Model by Bisquert et al. for PSCs with large ionic and

electronic charge accumulation at the external contact inter-

face. Here, R; is the series resistance, C; is the dielectric

capacitance, Ry, is the recombination resistance, Ry is the

series resistance along with the inductance L and R¢ is the

series resistance along with the surface charging capacitance
C1 [77].

Low frequency
component

Relec tr
MWV

() ECM model for PSCs describing combined electric and
ionic conduction. Here, R is the series resistance, R, the
charge and ion transport resistance coupled with interfa-
cial charge transfer resistance Rct, Cy is the chemical ca-
pacitance denoting stored charge in the perovskite bulk,
Rejectr denotes free carrier (electron/hole) recombination
and transport, C denotes ion accumulation at the interface
and Ws denotes mass (ion) transport [34].
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(B) Nested equivalent circuit model to model both the High
Frequency (HF) and Low Frequency (LF) response of PSCs.
Here R; is the series resistance formed by the electron and
hole transport layers and contacts, Ry the high-frequency
resistance (usually shunt or recombination resistance), Cgeo
the geometrical capacitance, Ry r the low frequency resis-
tance and Cy r the low frequency capacitance [35].

(D) Two separate ECM’s to model the high and low fre-
quency response of PSCs. The ECM for the high frequency
response contains a series resistance Rser attributed to the
resistance of the transparent electrode, a voltage-dependent
recombination resistance Ry, a combined capacitance Cyt
of both geometrical capacitance (charge stored in contacts)
and chemical capacitance (photogenerated charge), and a
capacitor for stray capacitances associated with contacts
Cstray- The ECM for the low frequency response contains a
series resistance, a geometrical capacitance and a frequency
dependent recombination resistance Z,... At high frequen-
cies, Zy,c can be replaced with Ry, as at high frequency the
recombination resistance is not influenced by ionic move-
ment [68].

FIGURE 2.16: Additional equivalent circuit models from literature describing Per-
ovksite solar cell device behaviour, using different components in different config-
urations attributed to various physical processes and parameters.
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Methods

3.1 Sample design and preparation

Perovskite solar cells consist of a photo-absorber layer, an electron/hole transport layer and var-
ious other layers which improve charge extraction energetics and/or improve attachment of the
layers. The devices in this thesis are built conform the p-i-n (inverted) structure, meaning that
solar irradiation passes through the transparent electrode and HTL before reaching the photo-
active persovskite instead of passing through the transparent electrode and ETL. The several
layers are presented in Figure 3.1. In this figure, Indium Tin Oxide (ITO) is a transparent elec-
trode, PTAA is the hole transport layer, PFN increases the wettability of hydrophobic PTAA to
hydrophilic perovskite, PCBM and BCP form the electron transport layer, and chromium (ox-
ide) is an adhesive layer for the gold electrode. The various layer thicknesses are indicated.
Each sample has 6 smaller areas called pixels, indicated in 3.1b. Each pixel is a small solar cell.
The division in 6 pixels is beneficial because the probability that a small area of the solar cell is
of good quality is larger than the probability of the entire cell being of good quality. To contact
the ITO transparent electrode, the various solar cell layers are scratched away using a spatula
until the harder ITO is reached. The samples have been received from collaboration partners
at Imperial College London. The details on the experimental procedure for sample fabrication
can be found in Appendix A.1. See Appendix A.2 for experimental work and sample making
carried out by me at AMOLF institute for physics of functional complex matter.

100nm
3nm
5nm
Scratch
Cr/Cr,0, 70nm [setin]
1 | | 2
500nm / [ | \\
Perovskite active layer |8 ' tact— |13 [mo | 4 | —— Metal top contact
20nm Y 5 | | 5 Es
PTAA | I
ITO conductive glass
(A) Solar cell layers (B) Sample architecture

FIGURE 3.1: Sample architecture with layer thicknesses. The device has an in-

verted structure of p-i-n, where p is the HTL formed of PTAA (20nm), i is per-

ovskite (500nm) and n is the ETL formed of PCBM/BCP (75nm). The perovskite

active layer is constituted of MaPbls or Mag 95Gag g5 Pbl3 or MagosFaggsPblz. One

sample contains six separate pixels. At the top of the sample the various solar cell

layers are scratched away with a spatula until the harder ITO is reached. Such, a
pixel can be contacted to the metal top contact and to the ITO.



28 Chapter 3. Methods

3.2 Measurement setup for electrical measurements

3.2.1 Current-Voltage Characteristics

The measurement setup for JV-measurements comprises a solar simulator, sample holder, a
Keithly 2400 power source and digital multimeter, and custom CPU software to operate the
Keithly 2400 and apply measurement settings for JV-scans. For JV-measurements, the sample
holder was connected to the Keithly 2400 which applies the voltage sweep and measures the
current output. The solar simulator has a Xenon Arc lamp and contains an AM1.5G air mass
filter to account for atmospheric absorbance of parts of the solar spectrum.

3.2.2 Impedance Spectroscopy

The Impedance Spectroscopy setup contains a MFIA Impedance Analyser from Zurich Instru-
ments, sample holder and solar simulator. The MFIA Impedance Analyser has a frequency
range from 1mHz to 5MHz, a basic of 0.05%, and a LabOne sweeper tool for frequency, bias
voltage, and test signal amplitude response measurements [78]. The MFIA is contacted to the
Device Under Test (DUT) using as-short-as-possible cables to prevent cable inductance at high
frequencies. The Hc g terminal provides the small alternating AC current plus optional DC bias
voltage (see Figure 3.2). The current is measured at the Lcyg terminal. The DUT is connected
in two-point measurement configuration. In this configuration, the impedance is measured as
the drive voltage divided by the measured current. This assumes that the voltage drop over the
DUT is equal to the drive voltage, which is indeed the case for high-impedance DUTs. In the
four-point measurement, two extra contacts at the DUT are used to measure the voltage drop
over the DUT. Two-point measurement is advantageous because it eliminates stray capacitances
and leakage currents parallel to the DUT [79]. Impedance measurements under dark conditions
have been carried out using a Faraday cage to eliminate influences of external electric fields,
which is necessary because of low amounts of charge carriers in the dark under low bias voltage
(low signal to noise). Under illumination conditions, the Faraday cage was removed to prevent
sample heating. Additionally, the room was equipped with air conditioning to provide stable
ambient temperature. Here, the sample is positioned in such a way that the incident solar irradi-
ation is 100mW /cm?, confirmed by measurements with the silicon reference solar cell. The MFIA
was operated using it’s own on-board software system LabOne, which was accessed through a
direct LAN connection and the browser of a computer. Impedance spectra were checked for
Kramers-Kronig compliance using the Lin-KK software tool [74] and fitted with equivalent cir-
cuit modelling using ZView software from Scribner Associates.
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FIGURE 3.2: Two-point measurement configuration of perovskite solar cell (DUT)
to the MFIA Impedance Analyser for impedance spectroscopy measurements and
connection to the Keithly 2400 for taking JV-characteristics. The Faraday cage is
present for measurements in dark conditions to prevent external electric influences
and is absent for measurements under illumination condition to prevent sample
heating. The solar simulator has a Xenon arc lamp and an AM1.5G air mass filter.

3.3 Experimental data collection

JV-characteristics were taken using the sample holder, Keithly 2400 and solar simulator. The JV-
characteristics were taken using a voltage scan rate of 50mV /s from -0.3V to 1.3V and reverse.
For illumination JV-characteristics, the sample is positioned in such a way that the incident sim-
ulated solar irradiation is 100mW /cm?, confirmed by measurements with the silicon reference
solar cell certified by NREL. In the case of PSCs, JV-characteristics depend on variables such
as voltage scan speed and light soaking, which is why both forward (fwd) and reverse (rev)
scan direction were performed. The JV-characteristics were taken prior to the impedance mea-
surements. To check if the impedance measurements influence the solar cell performance, JV-
characteristics were taken in between impedance spectroscopy sessions.

Impedance measurements were carried out using the sample holder connected to the MFIA
with LabOne software. A 20mV perturbation AC signal superimposed on a constant DC bias
voltage was used. The frequency of the perturbation signal was swept from high frequency
(10°Hz) to low frequency (1Hz). This is because mass transport (ion migration) happens in the
low frequency regime and may change the device. By scanning from high to low frequency, the
sample is perturbed as little as possible when the measurement progresses. For measurements
under dark conditions the Faraday cage was used, but not under light conditions to prevent
sample heating.

Two different batches of solar cells have been measured, generating two different datasets.
In the first dataset, measured in cooperation with Dr. Thomas Macdonald from Imperial College
London, three perovskite solar cells were measured differing in their active layer composition.
These solar cells are labelled MAPI2, MAGA and MAFA, where the first is a standard MaPbI;
solar cell and the last two devices are multi-cation PSCs (Mag 95 Gag o5 PbIs and MaggsFagosPbI3).
In the second dataset, made by Mr. Richard Pacalaj at Imperial College London in collaboration
with Dr. Thomas Macdonald, three MAPbI;z solar cells were measured. The cells in the first
round of measurements contain repetitions to check for stability, the cells in the second round of
measurements are taken at various bias voltages to check for any voltage dependent processes.
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Results

4.1 Factors influencing KK-compliance and extraction of time-constants

4.1.1 Solar cell performance

The solar cell performance of four pure MaPbI; solar cells was measured by taking the current-
voltage (JV) characteristics of the solar cell, both in the dark and in the light under 1 sun illumi-
nation. The JV-characteristics are presented in Figure 4.1 and the extracted material parameters
are presented in Table 4.1. It is important to notice that MAPbI3-d103 shows hysteresis in the
dark, whereas this is not the case in the light (or only is very slightly). JV data under illumination
for MAPbI3-Fresh is lost, though the cell performed similar to the other devices.
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FIGURE 4.1: Current-voltage characteristics of MAPbI3 perovskite solar cells
MaPblI3-d30 (a), MaPblz-Fresh (b), MaPbl3-d103 (c¢) and MAPI2 (d) under dark
and under light conditions. For MaPbI3-Fresh and MaPbl3-d103 under dark con-
ditions hysteresis is shown between forward and reverse scan direction. MaPbI3
shows both a series (slope at V;.) and shunt resistance (slope at Js) in the JV-curve.

TABLE 4.1: Solar cell performance parameters of MAPI-d30, MAPI-d103 and

MAPI2. The devices have similar efficiency and V,. The Fill Factor of MAPI-d103

is smallest due to both a small series and shunt resistance, but it has the highest
photo-generated current.

Device Jsc (mA/cm2) Voc (V) FF  MPP (V) PCE (%)
MAPI-d30 | 21.7 1.07 0.80 0.88 17.5
MAPI-d103 | 22.6 1.05 0.69 0.83 16.2
MAPI2 20.7 1.04 077 093 16.6




32

Chapter 4. Results

4.1.2 IS data representation and Kramers-Kronig compliance

In this section, data is represented using Nyquist plots, and the results from the Kramers-Kronig
compliance test are presented using Residual plots. First, the Nyquist and Residual plots for
MaPblI; solar cells under dark conditions are presented in Figure 4.2 and Figure 4.3, then un-
der light conditions in Figure 4.4. If the low-frequency data of IS spectra is removed, this has
consequences for the KK-compliance. This is discussed directly after the full-data presentation
in Figure 4.5. Data representation by Nyquist plots and KK-analysis by Residual plots are pre-
sented together to show sample to sample variation.

Dark conditions Nyquist and KK-residual plots for MAPI
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FIGURE 4.2: Nyquist plots of MAPbI3 solar cells in the dark under various bias
voltages. MAPbI3-Fresh includes two test measurements under low illumination.
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FIGURE 4.3: Kramers-Kronig residual plots for Impedance Spectroscopy data of

four MAPbI3 solar cells in the dark for bias voltages of -0.2V to 1.1V. The data

should present a straight line within the & 0.5% border to be Kramers-Kronig com-

pliant and of good quality. Systematic bias is shown for all the residuals, mainly at

higher frequencies except for MAPI2 0.7V. The level of noise in lower frequencies
differs greatly per sample.
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IlIlumination condition Nvquist and KK-residual plots for MAPI
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Figure B.2b in Appendix B.2.

FIGURE 4.4: Nyquist and Kramers-Kronig residuals plots of illuminated MAPbI3-

d103 and MAPI2 solar cells. The data should present a straight line with no bias to

be Kramers-Kronig compliant. The vertical axes of the residual plots are stretched

to 1% to show no systematic bias is present. The residuals lay within the & 0.5%
border, which indicates the spectra are of good quality.

Comparing the residual spectra displayed in Figure 4.4, both samples contain spectra with
residuals lying approximately within the 0.5% border, indicating spectra of good quality. In
addition, the spectra show no systematic bias meaning the real and imaginary part of the resid-
uals do not deviate from each other over several frequency decades. No measurements under
illumination condition were performed for the samples MAPI-d30 and MAPI-Fresh. To sum-
marise which spectra are compliant on the full available frequency range:

e Dark: MAPI2 0.7V is compliant

¢ Light: MAPI2 bias voltages 0V, 0.7V and 0.9V rptl are compliant
d103 bias voltages -0.3, -0.1, 0.4 and 0.6V are compliant
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Kramers-Kronig compliance of spectra without low frequencies (<100Hz)

The Kramers-Kronig test has been repeated for MAPI-d103 and MAPI2 for only mid- and high-
frequency range. Here, all impedance data corresponding to frequencies of 100Hz and lower has
been removed, to see if this influences the KK-compliance for the spectra. The results are dis-
played in Figure 4.5, which displays the Nyquist plots and KK-residual plots for the compliant
evaluated spectra.
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quencies (<100Hz).

FIGURE 4.5: Nyquist and Kramers-Kronig residuals plots of illuminated MAPbI3-
d103 and MAPI2 solar cells.

Summary of compliant spectra for dark and illumination condition

In Table 4.2, the KK-compliant spectra of the pure MAPI cells MAPI-d30, MAPI-Fresh, MAPI-
d103 and MAPI2 are summarised. The full frequency measurement range of the spectra was
from 10° to 1Hz, after which the KK-compliance of the spectra was checked. Then, the low
frequency data below 100Hz was removed and the remaining spectrum was checked for KK-

compliance again to see if the frequency range looked at makes a difference for the KK-compliance.

The KK-compliant spectra over the full frequency range are shown on the left, the KK-compliant
spectra over the frequency range down to 100Hz are shown on the right.
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TABLE 4.2: Kramers-Kronig compliant spectra of four MAPI cells under dark and
light conditions for two tested frequency regions

Freq. Range 1076 - 1Hz Freq. Range 1076 - 100Hz
Device Dark | Light Dark Light
MAPI-d30 - - - -
MAPI-Fresh | - - - -
MAPI-d103 | - -0.3V,-0.1V, 0.4V, 0.6V | - -0.3V-0V, 0.2V, 0.4V, 0.6V, 0.8V-1.1V
MAPI2 0.7V | - 0.7-0.9V | 0V, 0.7V, 0.9V rptl

From Table 4.2, it shows that more spectra are compliant when low frequencies (<100Hz)
are removed. This is mainly due to time-variance (systematic bias) in the residuals and to less
extent due to noise, as can be observed from comparing the associated residual plots here and
in Appendix B.2. The compliant spectra listed above will be modelled in the next section with
equivalent circuit modelling to extract time-constants.

4.1.3 Factors impacting Kramers-Kronig compliance

Very few spectra are evaluated compliant. Thus it is investigated under which conditions the
spectra are (in)compliant. This is checked by 1) varying the illumination, 2) varying the voltage,
3) varying the frequency range looked at and 4) evaluating if repeated measurements under
the same conditions lead to consistent (in)compliance. The incompliance is assessed by noise
(residuals bigger than 2%), and by extent of time-variance (X for maximum bias of 0.4%, x for
maximum bias of 0.2%). This has been assessed dividing the spectrum up in high, mid and low
frequency range, based on distinctive regions in the residual plots. Taking distinctive regions
into account is important as the residuals of a frequency decade are co-dependent on the resid-
uals in neighboring decades (due to fitting by the Lin-KK tool prior to calculating residuals).

Additionally, two ways of operating the Lin-KK tool have been assessed, to check for cor-
rect results. The Lin-KK test performs first a fit of the impedance spectrum with a series of
RC-circuits to account for the mathematical frequency range of —oo to oo, which is impossible
for real-life measurements. Thereafter, it calculates the residuals. Outlier datapoints impact the
KK-compliance through disturbing the fit from which the residuals are calculated. This may
result in apparent KK-incompliance. Those outlier datapoints can be caused by a glitch in the
instrument current range, or due to too low sample conductivity at low frequencies, leading to
low-signal to noise. See Example 4 in Appendix B.1 for an example of this from the Lin-KK oper-
ating guide. Because outlier datapoints influence the KK-compliance to great extent, two types
of analysis are carried out: one in which outlier datapoints are present, and one in which outlier
datapoints are freely removed. See section B.3 for full analysis and extended data tables. The
tables are placed below each other to make it apparent what difference removing outlier data-
points makes to the extent of time-variance in the residual plots. This analysis is presented only
for MAPbI3-d103 and MAPI2, as those cells are the only cells with Kramers-Kronig compliant
spectra. The conclusions on factors that impact Kramers-Kronig compliance are listed in the ta-
ble below. Take note that for MAPI2 High, Mid and Low frequencies are defined as 10° — 10*Hz,
10* — 102Hz, 10> — 10°Hz respectively, whereas this is 10° — 500Hz, 500 — 10Hz, 10 — 0.1Hz for
MAPI-d103. The ranges are chosen different due to different attributes in the residual spectra
for the cells denoting compliant and incompliant regions. The Lin-KK test is very sensitive to
KK-incompliant data, meaning that if a KK-incompliant region is present, this has influence on
the assessment of compliant regions due to the associated fitting problem.
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TABLE 4.3: Factors impacting KK compliance (Impact/no impact). Impact is indi-
cated as an 'X’, no impact is indicated as an ’-" and lack of data is left blank. For
MAPI2 High, Mid and Low frequencies are defined as 10® — 10*Hz, 10* — 10%2Hz,
102 — 10°Hz respectively. For MAPI-d103 High, mid and low frequencies are de-
fined as 10° — 500Hz, 500 — 10Hz, 10 — 0.1Hz respectively. The ranges are chosen
different due to different attributes in the residual spectra for the cells.

MAPI2 (incl repeat measurements) MaPbI3-d103 (no repeat measurements)
IMPACT? | Comment IMPACT? | Comment
Hlumination ) % Only zllztmznuted spectra
are compliant
Voltage - -
Frequency Region (FR) | X Dark: Low + Mid FR more compliance
looked at Light: Mid + High FR more compliance
Repeated measurements under the same
Consistency X conditions are sometimes compliant and
sometimes incompliant
Cut low frequencies Dark: X Dark: Higher Freq more compliance Dark: - Dark: no impact
<100Hz out Light: Light: Light: X Light: Mid and High F more compliance

From this table it becomes apparent which factors impact the KK-compliance of the spectra
of both MAPI cells. First, it is good to observe that which factors impact the KK-compliance are
greatly dependent on the sample. Only the impact assessment of bias voltage is found to be con-
gruent across both cells (indicating bias voltage does not influence KK-compliance). The impact
of the other parameters differs per sample. Illumination impacts the KK-compliance for MAPI-
d103, as only illuminated spectra are compliant. For MAPI2 this is not the case. KK-compliance
(absence of time-variance) differs per frequency region for MAPI-d103 only, where low to mid
frequency region are more often KK-compliant and in the light mid and high-frequency region
are more often compliant. Repeated measurements on MAPI2 using the same measurement pa-
rameters and keeping all conditions constant results in some cases in incompliance and in some
cases in compliance. Therefore, an unknown variable underlies the change in KK-compliance.
Finally, cutting low frequency data (<100Hz) out has a different impact on both cells as well: for
MAPI-d103 in the dark it makes no difference, whereas it does in the light conditions.

Additionally, based on evaluation experience, it is suspected that cutting an impedance spec-
trum does not yield the same KK-compliance result as measuring the sample over a shorter
frequency range. For repeated measurements on MAPI2 in light conditions, the 0.9V repeated
measurement on a shorter frequency range is compliant, whereas the cut spectrum to exactly
the same range is incompliant. More evidence for this is seen by the more general evaluation
of cut spectra without low frequencies: removing low frequencies can yield changes to KK-
compliance in the mid- and high-frequency range as well. Apart from this, from the tables in
Appendix B.3 it becomes apparent that removing outlier datapoints and reducing measurement
noise has proven to influence the KK-compliance to great extent as well, though not in all cases.

To summarise: the factors that impact the Kramers-Kronig compliance differ per solar cell.
KK-compliance consistency between repeated measurements under the same conditions on the
same sample is low, indicating KK-compliance is dependent on a variable not listed in the table.
From the table, it seems that bias voltage does not play a role in KK-compliance. Though no
solid conclusions can be made on what factors impact (in)compliance based on this information,
the data found KK-compliant is evaluated in the next section.
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4.1.4 Extraction of time-constants using equivalent circuit modeling

KK-compliant data is presented in Table 4.2. This data was modelled with an equivalent circuit
to extract time-constants, providing information about the time-scales of transient processes. In
the case of MAPI-d103, cutting low-frequency data below 100Hz out resulted in the spectra of
Figure 4.5a, containing a high-frequency semi-circle and a shorter low-frequency tail than the
full spectra. Below, the results of fitting only the high-frequency semi-circle are presented. In
the subsection thereafter, the results of fitting the full KK-compliant spectra including full-length
low frequency tail are presented.

MAPI-d103 under illumination condition

* Modeling of high-frequency semi-circle

The high-frequency semi-circles displayed in Figure 4.5a were quantified using Equiva-
lent Circuit Modelling. Multiple equivalent circuits may fit the semi-circle. In this case,
the semi-circle is not of perfect shape but somewhat depressed. This means that the semi-
circle can be fit by a circuit containing a resistor R1 and a (non-ideal) constant phase ele-
ment CPE], or by a circuit containing two parallel RC circuits depicting two overlapping
semi-circles with different time constants (double Randles circuit, Figure 4.6). Both results
are shown in Table 4.4. The Chi-squared value in the table refers to the quality of fit. It
should be smaller than 1E — 03 to ensure minimal quality of fit, and smaller than 1E — 5
to ensure good quality [76]. From the Chi-squared value of both fits, which should be
smaller than 1E — 03, it becomes clear that only the double Randles circuit poses a fit of
sufficient quality. The calculated time-constants T (where T = R - C) are multiplied by 27t
to make 7 the inverse of the (peak) frequency and to display the correct time-scale in sec-
onds (7 - 27t = 1/ Fpear). The fit parameters are averaged for the different bias voltages, as
no voltage-dependence is seen for the real resistance in the Nyquist plot (see Figure 4.5a).
To strengthen the argument for averaging the fit parameters, the individual time-constants
times 27t per bias voltage are displayed in Figure 4.6, showing no voltage dependence.

TABLE 4.4: Fitting of high-frequency semicircle of MAPId103 Light with two
Equivalent Circuit Models. Fit is of sufficient quality if Chi-sqr is smaller than

1E-03.
Model: Rs-R1C1-R2C2 Chi-Sqr Rs(2) R1(() CI1(F) 7127 (s) R2(Q) C2 (P 72 277 (18)
MAPI Light High-Freq (average) 9,57E-05 29,6 366 5,50E-09 1,26E-05 253 249E-08 39,5
Model: Rs-R1Cpel Chi-Sqr Rs(Q2) R1(Q) CPE1-T(F) CPE1-P 71 27 (us)
MAPI Light High-Freq 2,37E-03 20,09 630 1,2 E-08 0,92 48

A way of checking how robust a circuit model is, is to ensure the fitting model fits a com-
plete dataset (since then it describes the system under various conditions). In this case,
the double Randles fitting model fits the high-frequency LIGHT semi-circle of MaPblIz-
d103 with sufficient quality (Chi-sqr of 1E — 04). The high-frequency DARK semi-circle of
MaPbI3-d103, which is KK-incompliant data over the full frequency range, can be fit with
the double Randles fitting model only partly: the chi-squared values for the bias voltages
0.8V,0.9V and 1.0V are 2E — 04, which is sufficient, and the chi-squared values for the
other bias voltages is 2E — 03, which is insufficient. This indicates that the double Randles
titting model cannot fit a complete high-frequency dataset of MaPbIlz-d103 under various
bias voltages and illumination condition. It also indicates that incompliant spectra can
be fit with equivalent circuit modeling, resulting in sufficient quality of fit. This stresses
the importance of performing the Kramers-Kronig test before extracting parameters using
equivalent circuit modelling.
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FIGURE 4.6: MAPbI3-d103 LIGHT voltage independence of the processes corre-

sponding to the high-frequency semi-circle. The vertical axis denotes the charac-

teristic frequency the transient processes are active. The parameters are obtained
from the time-constants extracted from fitting with double Randles circuit.

* Modeling of full frequency spectra

R

Four impedance spectra of MAPI-d103 with different bias voltages have been evaluated
KK-compliant over the full frequency range. Thus, the full spectra can be modelled. The

fitting model used was Rs — R1Cpel — Wpe, which is KK-compliant over the full mea-

sured frequency range (see Figure C.4 in Appendix C). Fitting with the circuit model of
2.16¢, used further on in this thesis to model impedance spectra of PSCs under illumi-
nation, resulted in bad quality of fits in this case, whereas for the multi-cation devices
discussed in section D this fitting model does result in sufficient quality of fit.
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FIGURE 4.7: KK-compliant impedance spectra on the full frequency range of
10°Hz to 1Hz of MAPI-d103 under illumination condition. The spectra do not
show voltage dependence.
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TABLE 4.5: Fitting values of MAPI-d103 under illumination with a Randles model

and added linear Warburg-open element. The KK-compliant spectra with bias

voltages -0.3V, -0.1V, 0.4V and 0.6V are fitted and averaged since no voltage de-
pendence is shown in the Nyquist plot.

Chi-Sqr Rs(Q2) R1(Q)) CPE1-T (F) CPE1-P Wol-R Wol-T Wol-P
MAPI-d103 illumination | 0,000593 14,87 5769 1,04E-08 0,9450  393,8 0,0035019 0,37803

It is possible to extract the effective chemical diffusion coefficient from the Wo-T value (see equa-
tion 2.10). However, this is only possible if the Wo-P value is fixed to 0.5, indicating a 45 degree
slope. From the Nyquist plot in Figure 4.7 it can be deduced that the slope of the impedance
data does not amount to 45 degrees, and thus no reliable effective diffusion coefficient can be
calculated from the fit. Fitting with a second RCpe element instead of Warburg-open did not
result in sufficient quality of fit.

MAPI2

KK-compliant data of MAPI2 under dark and light conditions has been fit with multiple equiva-
lent circuit models. The models are simple and double Randles circuits with and without CPEs.
Of the KK-compliant evaluated spectra, see Table 4.2, only the spectra 0V, 0.7V and 0.9V rptl
taken under illumination could be modelled and result in sufficient quality of fit. For 0V, the
time-constants times 27t calculated from the fits are 28yus for processl, and 4.9us for process2.
For 0.7V, the time-constants calculated from the fits are 18us for processl, and 3.0us for pro-
cess2. Surprisingly enough, fitting the full spectrum of 0.8V until 1Hz, evaluated incompliant,
with a double randles circuit with CPE’s resulted in a sufficient fit (Chi-sqr = 8,0E-04). In this
case, both the high and low semi-circle were fit. The Nyquist plot of MAPI2 0.8V Dark is shown
in Figure 4.2d. The extracted parameters are not displayed due to incompliance of the spectrum,
which invalidates the extracted parameters. The next section deals with repeated measurements
under the same conditions on MAPI2 to investigate stability of the measurements.

Summary of KK-compliant data and time-constants

Concluding, it can be said that the high-frequency semi-circle of MAPI-d103 and MAPI2 com-
prises two processes operating at approximately the same time-scale. Both processes lie in the
range of 3-40 microseconds. Additionally, from comparing the Nyquist plots of 4.4, it is observ-
able that the measurements under illumination of MAPI-d103 are not voltage dependent, while
the measurements under illumination of MAPI2 are voltage dependent.
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4.2 Stability of measurements

Repeated impedance measurements on MAPI2

For MAPI2, the same impedance measurement has been carried out at 0.9V bias voltage in dark
condition three times successively on three consecutive days, and for light condition two times
shortly after each other. The Maximum Power Point (MPP) of this cell, which marks the stan-
dard operating conditions, was determined to be 0.928V. Therefore, repeated measurements un-
der operating conditions (0.9V) are presented. Repeated measurements under illumination at
0V bias are also included. Repeated measurements do not necessarily obtain the same results
for perovskite samples, since the state of the samples is dependent on prior conditions the sam-
ple was subjected to, and the sample is prone to change due to degradation processes.

Dark condition 0.9V

The measurements were taken from 10° to 1Hz, but low frequencies were cut to 100Hz, and KK-
analysis has been carried out. All spectra but the first (Day 1 17:24) and last one (Day3 16:18)
proved to be compliant. The Nyquist plot of the repeated measurements is seen in Figure 4.8,
the KK-residuals plot in Figure 4.9, and fitting results in Table 4.6. The measurement on Day2
18:27 has been subjected to external magnetic fields, as the Faraday cage was removed.

i = Day1 17:24 INCOMPLIANT]|
3000 - Day117:38
+ Day117:42
2500 1 Day2 15:33
Day2 15:34
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FIGURE 4.8: MAPI2 Dark, 0.9V Repeated measurements at 0.9V under dark conditions.
RRC fits are indicated.
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FIGURE 4.9: KK-residual plots of repeated measurements on MAPI2 0.9V in the dark.
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TABLE 4.6: Fitting of high-frequency semicircle of MAPI2 Red 0.9V with Randles
equivalent circuit model (Rs - R1C1). Fit is of sufficient quality if Chi-squared
is smaller than 1,00E-03. Please note that the spectra of 17:24 and 16:18 are KK-
incompliant, meaning the extracted parameters (in grey) are unreliable. Fit pa-
rameters from insufficient quality of fit are displayed in grey as well.

Chi-Sqr | Rs () R1(Q)) C1(F) 71 -27 (us) | error 71 (%)
Dayl 17:24 INCOMPLIANT | 6,0E-04 | 38,01 1843 3,40E-09 | 39,3 0,32
17:38 7,0E-04 | 37,84 2463 3,24E-09 | 50,1 0,33
17:42 7,0E-04 | 37,86 2539 3,22E-09 | 51,3 0,34
Day2 15:33 1,7E-03 | 30,45 4315 3,32E-09 | 89,8 0,33
15:34 1,1E-03 | 31,44 4333 3,30E-09 | 89,8 0,41
15:42 1,0E-03 | 36,51 4553 3,26E-09 | 93,0 0,59
18:27 9,0E-04 | 3091 4674 3,03E-09 | 89,2 0,38
Day3 16:07 1,1E-03 | 39,47 6307 3,06E-09 | 121 0,35
16:08 1,0E-03 | 40,26 6342 3,05E-09 | 121 0,40
16:18 INCOMPLIANT | 1,0E-03 | 36,65 4790 3,07E-09 | 92,4 0,37

The change in the time-constant 7 is mainly due to R1, which moves from 246002 to 63002
over the successive measurements (a factor 2.6). The Capacitance C1 only changes marginally
from 3,2E-09 F to 3,1E-09 F. The resulting changes in 7 - 27t go from 50us to 100us (a factor 2).
The series resistance Rs varies across the successive measurements up and down between 300}
and 40Q).

Light condition 0.9V

Measurements in light condition at 0.9V bias voltage were carried out on the same sample and
pixel. The spectra were cut to 100Hz and analysed for KK-compliance. The first spectrum taken
proved to be KK-incompliant, while the measurement taken about 10 minutes later proved to be
KK-compliant without any change in external variables. From KK-incompliant spectra, no reli-
able parameters can be extracted. Here they are displayed to show that KK-incompliant spectra
could in principle, though they should not, be modelled with Equivalent Circuit Modelling, and
parameters could be extracted (and falsely processed) if one was not aware of the consequences
of KK-incompliance for the reliability of the measurement. The time-constants displayed in Ta-
ble 4.7 are somewhat lower than for the measurements under dark conditions (6 microseconds
as opposed to 40-100 microseconds), and thus depicts a faster process. See Appendix C for an-
other example of KK-incompliant data that can be fit with an ECM and result in a fit of good
quality. This spectrum depicts two semi-circles and is taken under dark conditions 0.9V.
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FIGURE 4.10: MAPI2 Light, 0.9V Repeated measurements. RRC fits are indicated.
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FIGURE 4.11: KK-residual plots of repeated measurements on MAPI2 0.9V in the light.

TABLE 4.7: Fitting of high-frequency semicircle of MAPI2 Red 0.9V in light condi-

tion with Randles equivalent circuit model (Rs - R1C1). Fit is of sufficient quality

if Chi-squared is smaller than 1,00E-03. Please note that the spectrum of 18:32 is
KK-incompliant, meaning the extracted parameters are unreliable.

Chi-Sqr | Rs () R1(Q)) C1(F) 71 27 (us) | error T (%)
Day2 18:32 INCOMPLIANT | 7,5E-4 29,7 250,7  4,33E-09 | 6,79 0,66
18:45 3,1E-4 29,34 2098  443E-09 | 584 0,68
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Light condition 0.0V

The Nyquist plot of repeated measurements of MAPI2 in light condition at OV bias voltage is
shown in Figure 4.12. This figure is added to complement the repeated measurements of MAPI2
in light condition at 0.9V bias voltage. All spectra are KK-compliant, see Figure 4.13 for the
residuals plot.
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FIGURE 4.12: MAPI2 Light, 0.0V Repeated measurements. Frequency range is
from 10°Hz to 100Hz. Minimum of the spectra lies around 10kHz.
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FIGURE 4.13: Kramers-Kronig residual plots of impedance spectra of MAPI2 at 0V
bias under illumination condition. The residuals lie within the 0.5% border and
show no apparent systematic bias, and the spectra are evaluated KK-compliant.

The high-frequency semi-circle lies in the frequency range of 10°Hz to 10*Hz. Fitting only
this first semi-circle with a Randles circuit containing a constant-phase element CPE does not
result in good quality of fit, thus no parameters are extracted. The full spectra can be fit in
minimal quality using a double Randles circuit with CPE’s and an added linear open Warburg
element. Results of this are not included due to the arbitrary choice of the circuit model.

The spectra can also be fit with the model from 2.16c. The parameters extracted are listed
in the table below. The difference between the repeated measurements is mostly seen through
change of the electrical resistance.
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TABLE 4.8: Fitting parameters extracted from fitting with the circuit model of Fig-

ure 2.16c.
Chi-Sqr Rs(Q)) Rtr(Q)) Rct(()) Ws-R Ws-T Ws-P Cdl(F) Cu(F) Relectr (1))
Day 118:59 | 6,38E-04 27 785 205 8520 0,031 060 1,00E-07 2,66E-09 1,60E+11
Day 216:16 | 6,64E-04 36 744 254 10465 0,034 059  7,90E-08 2,73E-09 1,00E+20

Solar cell performance before and after impedance measurements

In figure 4.14 current voltage characteristics are shown which are made in between the impedance
sessions. This is done to evaluate the impact of the impedance measurements on the device per-
formance. The plot is shown in logarithmic scale which makes small changes in performance
apparent. From the JV curves under illumination condition (Light), it can be deduced that no
apparent change is occuring. From the JV curves made in the dark, it can be deduced that the
impedance measurements have only a minimal impact on the conductivity. The effect is re-
versible over time, as the last measurement on day 3 shows (small dots). Concluding it can be
said that the impedance measurements itself cause no irreversible changes to de perovskite solar
cell device performance.
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FIGURE 4.14: MAPI2 current-voltage characteristics taken in between impedance
measurements, on a logarithmic scale. Minimal change in performance indicates
the impedance measurement does not degrade the device.
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Chapter 5

Discussion

5.1 Violation of KK-requirements in incompliant spectra

In this thesis, the factors that make an impact on KK-(in)compliance of perovskite solar cells
were investigated by varying the DC bias voltage, illumination conditions and frequency range
looked at. The results indicate that sample stability is the largest factor determining the (in)
compliance. Illumination seems to make an impact on the (in)compliance, whereas DC bias
voltage seems not to make an impact on the (in)compliance. Additionally, by assessing different
parts of the impedance spectra, it was found that (in)compliance seems to be frequency range
dependent (Table 4.3).

The four requirements underpinning Kramers-Kronig compliance are linearity, stability, causal-
ity and finiteness (see section 2.3). From these factors, stability seems to be the problematic factor.
Results show that impedance spectra from repeated measurements are in some cases evaluated
as compliant and in some cases as incompliant- without a change in measurement conditions.
It is therefore likely that the change between compliance and incompliance stems from an un-
stable sample during the measurement. Repeat measurements switch not only between compli-
ance and incompliance, they also differed quantitatively (section 4.2). Thus, the sample seems
to change both during the measurement (leading to incompliance) and between measurements
(leading to different quantities).

Changes in quantity and changes in KK-compliance for repeated measurements on MAPI2
can be seen from the results in Figures 4.9 and 4.11 and the corresponding fitting tables. The
Nyquist plots of repeated measurements do not overlap and the fitting tables show increases in
mainly the value of real resistance. The associated residual plots change as well, showing biased
residuals at different frequencies for KK-incompliant evaluated spectra.

Poor sample stability is expected to express itself by biased residuals towards lower frequen-
cies, as at lower frequencies the measurement time increases (and the sample changes over time).
However, the spectra discussed above show bias in the residuals at high frequencies: from 10° to
100Hz. The measurement there is much shorter (several seconds) compared to measurements
down to 1Hz (which take more than 2 minutes). The change in the residual spectra is not one
directional (as in the example in Figure 2.14): bias in the residual spectra increases and decreases
at different places in the frequency spectrum for the same measurements under the same condi-
tions. Thus, if the sample is indeed unstable, it seems to be expressed at higher frequencies, in a
non-trivial way.

Another cause for biased residuals at higher frequencies could be violation of the linear-
ity requirement. Then, the amplitude of the AC perturbation voltage was set too high. This
would lead to higher harmonics in the output signal, irrespective of the frequency at which
was measured. Therefore, if the residuals show bias irrespective of frequency (across the whole
spectrum), consistently for repeated measurements under the same conditions, the linearity con-
straint may have been violated. Residual plots of repeated measurements on MAPI2 show com-
pliance and incompliance inconsistently, and therefore the linearity requirement is most likely
not violated. Experimentally, by zooming into the JV-curve and making a linear regression it can
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be checked if the data is taken in the linear (Ohmic) regime. Resolution of the JV-curves was not
high enough to check this for this dataset.

If there is an unknown variable influencing the measurement, this could explain the incom-
pliant measurements as the causality requirement would have been violated. An example of
how purposely changing the temperature leads to bias in the residuals at low frequencies can
be found in Appendix B.1 (example 5). However, the unknown variable has to be an occasional
and fast fluctuation of a parameter since most measurements are KK-compliant, and the bias is
seen non-trivially at different places along the frequency spectrum irrespective of a change in
measurement parameters (DC bias or illumination). A flickering of stray light could possibly
lead to the incompliant measurements at higher frequencies, though care was spend to prevent
this from occurring: in the dark the Faraday cage blocks stray light. Additionally, the Faraday
cage blocks influences from external electric sources and prevents noise from occurring in the
low frequency range. Another possibility for KK-incompliance in different frequency decades
can be artifacts due to the measurement setup.

It can be concluded that KK-requirement violated is stability, if sample instability is expressed
at higher frequencies, or possibly causality if the measurement was disturbed by an occasional
and fast changing variable like a flickering of light. Based on the data, it seems that the mea-
surement results are not reproducible both in terms of quantity and in terms of residual spectra
(KK-compliance). For KK-incompliant measurements, the bias in the residuals is not repro-
ducible because the frequency at which maximum bias occurs varies for every measurement.
Since the sample already changes when no variable is introduced, no conclusions should be at-
tributed to the measurements in which a variable was changed, such as perovskite composition,
DC bias voltage, illumination condition, or KK-compliance assessment of different parts of the
impedance spectra.

Not only sample stability hinders a conclusion attributed to the data. Additionally, large
sample to sample variation impedes making conclusions. For example: under illumination
MAPI-d103 does not show voltage dependence, but MAPI2 does (Figure 4.4). This indicates
that for the same type of sample under the same conditions the processes occurring within the
solar cell are fundamentally different. This argument is strengthened by the different results
for MAPI-d103 and MAPI2 at which factors make an impact on the KK-compliance (Table 4.3).
Therefore, both sample stability and sample reproducibility impede arriving at reliable conclu-
sions.

Based on analysis of this data and summary in the before mentioned table, it can therefore
only be suggested that illumination may and DC bias voltage may not make an impact on KK-
compliance, and the KK-compliance may be dependent on the specific frequency range looked
at. If measurement statistics and number of samples are increased these results can gain relia-
bility.

Additionally, it has been found that deleting lower frequency data (<10Hz) also has a dimin-
ishing influence on the residuals at higher frequency data (>500Hz) (appendix B.3.1 illumination
condition). This may be due to the associated fitting problem of incompliant data imported in
the Lin-KK tool, which can influence the residuals over a broad range (Figure B.1). Special care
should be taken on analysing the right cut-off point for compliant/incompliant data.

5.2 Factors causing KK-incompliance

Apart from connecting the KK-incompliant data to the specific KK-requirement violated, be-
low the link between (in)compliance and dependence on illumination, DC bias voltage and fre-
quency range is discussed based on observations in the data and theory. The consequences of
noise for KK-compliance testing and methods to increase signal-to-noise ratio are discussed at
last.
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Firstly, for MAPI-d103 we see that spectra taken under dark conditions are incompliant,
whereas spectra taken under light conditions are compliant. This is not expected, as illumination
stresses the device, which may lead to chemical reactions during the measurement leading to
KK-incompliance. For example, a light-induced chemical reaction can lead to a change in the
electrical properties (i.e. conductivity) of the sample during the measurement. Another expla-
nation for the dark incompliance could be the existence of a link between the hysteresis of the
solar cell, which is most pronounced in the dark (see the JV-curves in Figure 4.1c), and the KK-
incompliance which is only present in the dark. Lee et al. found that for MAPI dark hysteresis
can be partly explained due to ion migration (based on temperature dependent JV-characteristics
that begin to show hysteresis around the frozen time for iodide ion migration [80]). However,
the frequency region that shows incompliance in the dark spectra is 10* — 10°Hz, which is just
too fast for Iodide ion migration. Additionally, it was found that the data under illumination
could not be modelled with a Warburg element (the slope in the Nyquist plot is not 45°). Be-
sides, the link between ion migration and KK-incompliance is not well defined as well, since ion
migration itself is a KK-compliant process (but its consequences are not if ion migration leads to
degradation). In considering the origin of dark incompliance and light compliance it is impor-
tant to note that the JV-curve under illumination might not be the superposition of the JV-curve
taken in the dark, since we are working with non-ideal solar cells [81]. Thus, dark and light
(in)compliance may not necessarily be correlated.

Secondly, here the link between DC bias voltage and (in)compliance is discussed. The results
(Table 4.3) show that DC bias voltage seems disconnected from KK-(in)compliance. In the case of
the linearity requirement this can be explained: if the V¢ is chosen appropriately small for each
bias voltage, the measurement is taken in the linear regime and KK-compliance is independent
of bias voltage. If the amplitude of the signal is chosen constant, however, the V. perturbation
signal which is appropriate at smaller bias voltages could enter a non-linear region of the JV-
curve around the maximum power point, where the curvature is biggest. Then, KK-compliance
would be bias voltage dependent. The absence of a link between DC bias voltage and KK-
compliance in the data seems to suggest that DC bias voltage does not affect the stability (and
consequent degradation) of the solar cell.

Thirdly, KK-compliance may be dependent on a specific frequency range, for example in the
case of a blocking contact which leads to impedance values going to infinity at low frequencies.
This is not shown in the data, though biased residuals are present for MAPI2 at low frequencies,
and for MAPI-d103 at high frequencies (under dark conditions). Bias in the residuals happens
thus at different frequency regions for the same type of sample. Fast or slow processes might
thus limit KK-compliance dependent on the sample. Theoretical explanations for biased residu-
als at low frequencies may be sample instability, low measurement accuracy due to equipment
limits (though this seems not to be the case, Figure E.1), or influences from external electric fields
produced by power supply of equipment (the sample was shielded by the Faraday cage, but the
connection cables were not electrically shielded). Bias at high frequency can be induced by ca-
ble inductance. There is debate whether cable inductance would show up consistently for each
sample, or that the influence of cable inductance would also be sample dependent.

Lastly, noisy data is difficult to evaluate for KK-compliance because the noise gets propa-
gated to the residual spectrum. Measurement noise is present when there is low sample con-
ductivity (generally under low bias voltages when the perovskite is insulating), and in the dark
when there are no photo-generated charges. To increase the signal to noise ratio, V,. can be
increased, paying close attention the linearity requirement does not get violated. Noise is also
more prevalent for low-frequency measurements. External sources operating at these frequen-
cies may produce electric fields which disturb the measurement. Therefore shielding using a
Faraday cage is important. Additionally the connection wires should be shielded [40], which
was not the case in our experimental setup. Other measures to reduce noise can be to increase
the integration time or to increase the number of integrations during the measurement. This,
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however, leads to an increase of measurement time which is ill-advised for samples dealing
with stability issues. Reducing the number of frequency points is recommended when applying
this measure [40]. Smoothing impedance spectra before KK-analysis with the Lin-KK tool could
in principle reduce noise in the residuals, without altering test expression of biased residuals.
However, it is debatable if it can be quantified which data is noise and which data is real data.

5.3 KK-compliance and Equivalent Circuit Modelling

The fitting results from equivalent circuit modelling on MAPI-d103 and MAPI2 (section 4.1.4)
indicated that KK-incompliant data can be fit with low error in equivelent circuit modelling.
This is additionally demonstrated in Appendix C, where an incompliant spectrum with a loop
in the Nyquist plot is modelled with a by-definition KK-compliant circuit model in low error.
The results from modelling the spectra of the multi-cation PSCs can be found in Appendix D,
since they behaved similar as the MaPbI; cells and no further reliable insights were derived
from this data.

Only a very small number of impedance spectra of PSCs in this thesis was rated KK-compliant.
The consequence of the small number of compliant spectra is that it was impossible to find a ro-
bust equivalent circuit model for the data: the models used could not describe a similar sample
due to large sample-to-sample variation. Therefore the time-constants extracted using equiva-
lent circuit modelling are not attributed to physical processes. Since additionally a measurement
on a sample may be KK compliant/incompliant under both the same and different conditions,
this makes it difficult to develop a robust, universal model based on this data.

Many equivalent circuit models for IS on PSCs exist in literature. Reasons why many models
are proposed are firstly that the architecture of cells (composition of the perovskite and contact
layers) is often different. Secondly, the solar cells are often not stable enough. This means that
the sample changes during long impedance measurements. Plus, the sample cannot be expected
to give the same response under the same conditions again, as a result of external stress imposed
by the measurement or measurement conditions. Additionally, both temporary and permanent
changes in device performance are present. Thirdly, due to hysteresis it is not clear under which
conditions the impedance measurement should be carried out (pre-biasing or light soaking).
Fourthly, due to lack of understanding of the physical origin of transient processes in PSCs (both
electronic and ionic) the designed models are often not robust enough to describe the sample
for variation in illumination or DC bias voltage. Fifthly, the transient processes in perovskites
happen on a range of timescales that is impractical or outside equipment limits. Sixthly, because
samples cannot be reproduced well enough to ensure the same impedance response for the
same type of samples. Lastly, conclusions in literature may be based on unreliable data since the
Kramers-Kronig compliance test is rarely performed [44], and measurement protocols are not
sufficiently documented or standardised. Since currently there is no unique circuit model for a
frequency spectrum, attributing the features in the spectrum to a specific physical mechanism is
not trivial.

In this thesis it has been has been demonstrated that KK-incompliant data can be fit in low
error to a circuit model as well. That this is possible may contribute to the difficulties of de-
veloping a robust, universal model. This leads to the open question: where is the threshold for
KK-compliance/incompliance that results in errors in the ECM analysis?
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5.4 Measurement protocol and analysis methods

Elaborate guidelines are available for measuring perovskite solar cells and documenting the
results [82, 83, 84]. During the International Summit on Organic Photovoltaic Stability (ISOS), a
consensus was reached between researchers in the field for protocols to test perovskite solar cell
stability [85]. This includes JV-scans, EQE, storage, stress conditions, encapsulation and more.
Additionally, in the supplementary information of the before-mentioned article a template is
provided for data reporting.

However, detailed protocols on performing impedance spectroscopy measurements on PSCs
to ensure stability and reliability are missing from these documents and are generally not dis-
cussed in literature in the field. The results in this thesis indicate that sample stability and vari-
ation impede making reliable conclusions. It is therefore recommended the measurements are
performed in such a way that the sample is disturbed as little as possible (by voltage, illumi-
nation and oxygen/water exposure) and the number of Kramers-Kronig compliant spectra is
increased. Below, suggestions are made to ensure and check stability of PSCs during impedance
spectroscopy sessions.

Suggestions to develop a measurement protocol based on this research include:

1. Perform a test measurement at 3 different sizes of the V¢ perturbation signal in the dark
at 0.2V bias (In the dark at 0V a noisy and only capacitive response is obtained, providing
no information). If the measurement results are the same, the test-signal is chosen cor-
rectly. Perform the same test under applied bias near MPP and V5¢ on a reference device
to make sure also a quasi-linear regime is reached where the curvature of the JV-curve
is larger. Confirm with a linear regression around the voltage measurement point in the
JV-curve with the amplitude of V¢ as range. The Kramers-Kronig compliance of a mea-
surement can be assessed directly after taking the measurement since the Lin-KK allows
for rapid analysis. If measurements are KK-incompliant, the measurement parameters and
external influences should be evaluated. Lastly, the KK-incompliant measurement should
be repeated every few minutes and checked for any changes in the residuals [86] to see
the impact of wait (relaxation) time. Repeat the test measurements on the reference device
under light conditions.

2. In determining the measurement protocol, take relaxation times for exposure to light and
voltage into account before a later measurement is performed (introduce a wait-time until
the device is stable).

3. Perform IS measurements on 1 of the 6 pixels of a sample only, to make sure exposure to
illumination during IS measurement of several pixels do not influence each other.

4. Perform JV-measurements as cross-checks to make sure the sample performance has not
decreased due to the IS measurement (only dark JV-characterisation for only dark IS mea-
surements, dark and light JV-characterisation for light IS measurements). Keep track of
changes in the maximum power point and Vpc.

5. Repeat the same set of measurements 24h later to make sure the device behaviour is repre-
sentable, since perovskite solar cells are known to recover from stress after storage in the
dark in a nitrogen-filled glovebox for several hours [44].

6. Repeat the same set of measurements for an identical architecture device in the same batch
and as well repeated batches to increase statistics of device behaviour. This is necessary as
sample reproducibility is low.

7. Perform IS measurements on a fixed frequency range, to keep exposure to external stress
conditions as bias voltage and illumination constant.



5.5. Future outlook 51

8. Perform the same set of measurements on each device consistently following the same
measurement protocol.

9. Measure in dry/inert atmosphere with temperature control and store in a nitrogen glove-
box in the dark.

10. Use electrical shielding for the sample (using a Faraday cage) and the connection wires
[40].

Additionally, the guidelines presented in the two papers that do discuss reliability of impedance
spectra of perovskite solar cells [33, 40] should be applied and taken into account when design-
ing a measurement protocol. Lastly, standardisation of measurement protocol and incorporation
of the Kramers-Kronig compliance test is necessary to allow for inter-study comparability.

5.5 Future outlook

Based on this research, three recommendations for future work on KK-compliance of impedance
spectroscopy data of PSCs are formulated. First, there is a need to quantify and reevaluate KK-
compliance thresholds for the spectra in comparison to the errors in equivalent circuit modelling.
In principle, KK-incompliant spectra cannot be modelled by a by definition KK-compliant cir-
cuit model, though in this thesis it was demonstrated that this was possible with low error.
Either the threshold for KK-incompliance was set too strict, or the allowed error on equivalent
circuit modelling was set too loose. The evaluation of KK-(in)compliance was now based on six
example evaluations of residual spectra included with the Lin-KK tool (see 2.3.2 and B). Other
tools may provide more quantitative measures for KK-(in)compliance. For example, the soft-
ware RelaxIS by Nova has the same functionality as the Lin-KK tool, plus provides additional
statistical Chi-sqr, p-values and Shapiro-Wilk-Normality parameters for the goodness of fit and
residuals [76]. Another tool of interest has been published recently, where several scores that
provide quick metrics for the evaluation of the EIS data quality have been proposed. Here, the
Kramers-Kronig relations have been reformulated under a Bayesian framework [87].

Second, IS data on PSCs can be corroborated with other measurement techniques to add
strength to the conclusions based on IS. Stability needs to be ensured with JV-checks, or any
changes to the perovskite or interfaces can be observed with structural studies such as XRD
or (cross-sectional) SEM. Other methods to extract timescales of carrier dynamics (electrical,
optical) and compare these to results from impedance analysis are transient photovoltage (TPV),
transient/intensity-modulated photocurrent spectroscopy (TPC or IMPS) measurements [88, 89,
90, 91]. These techniques can be split into small and large modulation methods, where either a
small perturbation is applied on top of a base light intensity, or the light is switched on or off. In
both cases, the device voltage or current response is measured during and after the excitation.
Using these techniques, the transient device response in carrier transport, accumulation and
recombination kinetics can be investigated [88]. An overview of characterisation techniques for
PSCs is presented by Kim et al., including an overview of more techniques to investigate carrier
dynamics and measure device performance of PSCs [92]. These methods can contribute to the
design of a universal and robust circuit model for PSCs.

Third, analysis of impedance spectra and subsequently equivalent circuit modelling is not
trivial due to anomalous device behaviour and responses. This leads to varying attributes in
the impedance spectra. After analysis of the spectra in this thesis, a paper was found in which
guidelines are presented to do ECM and empirical analysis on impedance spectra [93]. These
guidelines can be followed or further developed to work towards a universal approach for the
analysis of impedance spectra of perovskite solar cells.
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Chapter 6

Conclusion

In this research, four pure MaPblz perovskite solar cells and two multi-cation perovskite solar
cells Mag 95Gag.0sPbIz and Mag g5Fag 05 PbI3 have been measured using impedance spectroscopy.
The research was centered around the question: Which factors impact the KK-compliance of impedance
spectra from perovskite solar cells and what is the influence on equivalent circuit modelling

The factors investigated to make an impact on KK-(in)compliance were illumination, DC
bias voltage and the frequency range looked at. It was found that it is sample dependent which
factors influence KK-compliance. Additionally, the analysis showed low consistency of KK-
compliance between repeated measurements under the same measurement conditions on the
same sample. Therefore, KK-compliance is dependent on a variable not checked, and any con-
clusions connected to the impact of the assessed factors are as well dependent on this underlying
variable. The KK-requirement violated is likely to be stability, since both the impedance spectra
and KK-residual plots can not be systematically reproduced. It was found that bias voltage does
not make an impact on KK-compliance, whereas the illumination and frequency range looked at
may have an impact. Physical causes for incompliance might be changes in contact conductivity
due to degradation processes enabled by ion migration or external electric influences.

Further it was found that a large portion of the data was KK-incompliant, leaving limited
possibilities to analyse the data using equivalent circuit modelling. Here it was found that due
to large sample-to-sample variation the compliant spectra could not be fit to one model consis-
tently, hence no physical parameters could reliably be attributed to the spectra. Additionally, it
was demonstrated that KK-incompliant data can be fit to a KK-compliant ECM and result in suf-
ficient quality of fit (see Appendix C). Therefore further research needs to be done on thresholds
for KK-incompliance leading to errors in equivalent circuit modelling.

Based on this research, guidelines were composed to promote KK-compliance in the data and
perform checks for stability to increase reliability of IS measurements on PSCs. Additionally,
future research using KK-compliant spectra could corroborate time-constants obtained using
impedance spectroscopy with timescales for carrier dynamics obtained with transient photovolt-
age (TPV) or transient photocurrent spectroscopy (TPC). Both in measuring and in analysing IS
data guidelines should be followed [40, 93]. Finally, understanding (semi-)reversible processes
which induce changes in device performance, and subsequently lead to degradation, can lead
to stable perovskite solar cells in the future.
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Appendix A

Sample Design and Fabrication

Sample design and fabrication constitutes of two parts. First in A.1, the experimental procedure
to make the PSC samples actually used for data collection in this thesis (sample preparation and
experimental procedure by Dr. Tom Macdonald, measurements by Mr. Richard Pacalaj), second
in A.2 the experimental procedure and sample making carried out by me at AMOLF Institute
for Atomic and Molecular Physics.

A.1 PSC samples from Imperial College London

Experimental procedure:

All devices were fabricated in a nitrogen filled glovebox. PTAA (Ossila, Inc.) at a concentration
of 2mg/ml in toluene was deposited on the ITO by spin coating at 3000rpm for 20s. The PTAA
layer was then dried in air for 5 minutes. The PFN solution (0.05 wt% in methanol, PEN pur-
chased from 1-Material, Inc.) was spin casted on the substrate at 5000rpm for 30s to improve the
wettability. The perovskite solution was spin-coated on the substrate at 4000rpm for 30s where
at 7s, 0.5ml of diethyl ether was dripped on the substrate. The PCBM (Ossila. Inc) at 40mg in
chlorobenzene was spin casted at 1500rpm for 30s on the perovskite layer. The BCP (Lumtec,
Inc) in methanol (0.5mg/methanol) was deposited on the substrate by spin-coating at 4000rpm
for 20s on substrate. At last, 3 nm of Cr and 80 nm of Au was evaporated on the substrate as
top contact. The device performance was measured by J-V characteristic under Air Mass 1.5G
global (AM 1.5G) illumination provided by an Xenon lamp. The light intensity was calibrated
by silicon reference cell certificated by National Renewable Energy Laboratory (NREL).

A.2 Sample making and experimental work at AMOLF

Prior to measurements on the PSCs from Dr. Thomas Macdonald, samples were fabricated at
AMOLF institute for physics of functional complex matter and several months of experimen-
tal work were carried out. Recipes were designed from combining work of PhD student Lucie
Mcgovern with recipes from literature. Though the samples proved to be unstable, I learned
a lot during this time on working with equipment, gloveboxes, handling chemicals, safety and
working precision. Also I familiarised myself with measurement techniques as x-ray diffrac-
tion (XRD), Scanning Electron Microscopy (SEM), UV-Vis absorption and External Quantum
Efficiency (EQE) measurements. After sample fabrication by me, PhD student Lucie Mcgovern
kindly fabricated samples for this research project. However, the batch of PSCs she made proved
to be unstable as well (PCE <1.9% for MaPbl3). Impedance spectroscopy measurements on the
unstable samples did not result in usable data for the research project. A summary from the
experimental work is found below.
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Experimental procedure:

Cleaning substrates

ITO substrates, pre-cut and etched are cleaned in five steps. 1) With soap in water and tooth-
brush 2) Ultrasonic bath with soap in water for 15minutes 3) Ultrasonic bath with water for
15minutes 4) Ultrasonic bath acetone for 15 minutes and 5) Ultrasonic bath with isopropanol for
15 minutes. The substrates are dried with nitrogen and plasma treatment is applied (just before
spin-casting the hole transport layer).

Three fabrication methods/architectures and results

1. The first recipe is for PSCs with architecture ITO/PTAA/MaPbBr3/C60/BCP/Au. 4.5mg
of PTAA is dissolved in 3ml anhydrous toluene and stirred for 3hours in inert atmosphere.
60-80uL per 6.25cm? of the solution was spin-casted on the substrate with 6000rpm for
30s (acceleration of 2000rpm/s) and annealed at 100° Celsius for 10minutes in a glovebox
filled with nitrogen. The sample was allowed to cool for 5minutes. Perovskite solution
and spin-coating values were taken from the paper of Song et al. [94]. MaBr and PbBr;
precursors were mixed in a 1:1 mole ratio in a mixture of DMF & DMSO in 4:1 volume
ratio. The solution was filtered using a 0.45um PVDF LC 25mm Acrodisc and spin-coated
with 2000rpm for 20s in the glovebox. Upon spin-casting and annealing it is observed
that the perovskite does not attach to the PTAA layer (perovskite crystal is only present at
the edges of the substrate where no PTAA is present). The recipe needs to be changed by
either changing the surface roughness of the PTAA layer (by changing from ITO to FTO
as transparent electrode) or by application of a PEN layer to increase the wettability of
hydrophobic PTAA for the hydrophilic perovskite solution. Additionally, the spin-coating
values may have been unsuitable for fabrication of a solar cell active layer with appropriate
layer thickness. The evaporation step of the transport layers has been passed over, as
the perovskite layer was not attached properly. See Figure A.1 for a schematics of the
fabrication methods for perovskite and transport layers.

Substrate Holder [ t
oy 0
[— s g
-,
{ “f =
Vacuum Spin-coating
Gauge
Hot Plate
Crucibles
(Heatihg] ‘ ‘ ’ 1
Ce0 BCP  Au
Vacuum Deposition Annealing

FIGURE A.1: Schematics of fabrication methods for perovskite and transport lay-
ers. Vacuum deposition/evaporation, spin-coating and annealing [35]. In the case
of vacuum deposition, the sources are not heated at the same time but sequentially.
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2. The second recipe uses Nickel Oxide (NiO) as HTL on ITO transparent electrode, MaPbBr3
as perovskite, C60/BCP as ETL and Au as top electrode. A 0.3M solution is obtained
after dissolving Ni(NOs), hexahydrate in pure ethanol in a nitrogen-filled glovebox. The
solution is filtered with a 0.45um PVDF LC25mm acrodisc. After plasma cleaning, 120 pL
of the NiO solution is spin-casted on the substrate in ambient atmosphere at 4000rpm for
15s and directly after annealed at 150° Celsius for 25min. Then, the substrate with NiO
layer is put in a furnace for Thour at 350° Celsius with a 2h ramping of 3° Celsius/minute
and a cooling time of 1h. The substrates were plasma-cleaned before application of the
perovskite active layer. 152mg of MaBr and 498.2mg of PbBr, were dissolved in pure
ethanol to get a 40% weight solution of 1IM. 200uL of the perovskite solution was spin-
casted in a nitrogen-filled glovebox with 2000rpm for 15s, 30s, 45s and 60sec and directly
afterwards annealed on a hotplate of 100° C for 10minutes. After storage in the glovebox
for 1 night, 30nm of C60 and 8nm of BCP were evaporated on the substrate with 0.1A/s.
100nm of gold was evaporated of the substrate at 0.8A /s, of which the first 10nm at 0.1A /s.
Parameters from the NiO layer are from the work of PhD student Lucie Mcgovern and the
perovskite and ETL parameters taken from the experimental procedure of the paper "How
to make over 20% Efficient Perovskite Solar Cells in Regular (n—-i-p) and Inverted (p—i—n)
Architectures” from Saliba et al. [95].

JV-characteristics were taken using a solar simulator and a reference cell to check for
100mW /cm? incident irradiation. First the dark and then the light characteristics were
taken from -0.3V to 1.2V on three different scan speeds. The fastest scan speed was 181
steps of 0.02V using a 1ms wait time, the second speed of 361 steps of 0.01V of 1ms wait
time and the slowest scan speed of 361 steps of 0.01V and 100ms wait time. PCE of the best
pixels was about 1.7%. This was functional, as MaPbBr3 using this recipe was expected to
have an efficiency of 5%.

Scanning Electron Microscopy (SEM) of the 60second spin-coated perovskite solution showed
the perovskite layer did not contain pinholes, but was not densely packed (see Figure A.2).

A
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FIGURE A.2: Scanning electron microscopy image of perovskite layer deposited
via spin-casting for 60seconds at 2000rpm.
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SEM of the 15second spin-coated perovskite solution revealed a specific feature in the per-
ovskite layer: concentric rings (Figure A.3a, A.3b). These rings have been documented in
literature [96], speculating the concentric rings are caused by circulation of the perovskite
solution, though a completely different fabrication technique was used there (see Figure
A.30).

Besides ]V, also External Quantum Efficiency (EQE), UV-Vis absorption and XRD were
measured. Results of this are not included. Impedance spectroscopy measurements on
these samples were carried out as well, but proved to be too noisy for equivalent circuit
modelling. The poor device functioning can be due to the perovskite solution which was
not filtered before application, not concentrated enough, or due to a too low oxygen level
during plasma-cleaning, leaving organic molecules present on the substrate. Another rea-
son for bad results is likely to be that the solar cell was not contacted properly to the
equipment, as the various solar cell layers at the top of the solar cell were not scratched
away by a spatula to contact the bottom ITO electrode successfully.

. The third recipe focuses on mixed halide PSCs, where the ratio between iodide and bro-

mide is varied and applied on two different HTL's (PTAA and NiO). The NiO solution was
prepared and applied as in the second recipe. Bromide/iodide perovskite stock solutions
were prepared following the paper from Saliba [95]. Pure MaPbIl3 and MaPbBr3 perovskite
were produced, and mixed iodide/bromide MaPblyyBrsy, MaPblyBrey, MaPbleyBrag,
MaPblgyBryy, MaPblgsBris as well. The perovskite solutions were filtered using a 0.2um
PTFE 13mm acrodisk filter. 20uL of the solutions was spin-coated on the PTAA or NiO
substrate at 4000rpm for 30s with an acceleration of 2000rpm/s. 10s before the end, 100uL
of chlorobenzene was applied on the center of the spinning substrate both fluently and
mildly as to not cause a pinhole in the center. After, the samples are annealed at 100°C
for 20-25minutes. See for a photo of the resulting perovskite layer in Figure A.4. Evapora-
tion of the electron transport layers C60/BCP and the gold electrode was done using the
parameters from the second recipe.

Four different batches have been fabricated using this protocol. The first batch yielded so-
lar cells of maximum 0.7%PCE. This was likely to be due to not accurate enough perovskite
precursor solutions. During the second batch, not enough gold for the top electrode was
present in the evaporator. The temperature rose, which could have burnt away the or-
ganic ETL, and the vaccuum had to be breached to insert more gold, which could have
lead to contamination of the surface. No problems were encountered during fabrication of
the third batch, however a problem occurred during transport of the samples (they were
attached to the sample box using sticky tape, which proved to be impossible to get loose af-
terwards for all samples). Again no problems were encountered for the last batch, but still
the samples did not work. This could have been due toill calibrated pipettes leading to in-
accurate precursor solutions or due to the use of old C60 as ETL. Another very likely cause
to ill working samples is the combination of parameters from recipes for pure MaPbI3 and
pure MaPbBrz PSCs on various HTLs (NiO and PTAA). A recipe for perovskite solar cells
takes several months to optimise, and combining recipes is therefore not a good idea to
obtain working samples in a three month time-frame.
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(A) Scanning electron microscopy image of per- (B) Scanning electron microscopy image of per-
ovskite layer deposited via spin-casting for 15sec- ovskite layer deposited via spin-casting for 15sec-
onds at 2000rpm. onds at 2000rpm at a smaller scale.
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(C) SEM images from literature of perovskite layer deposited using doctor-blade coating, featuring con-
centric rings [96]. The ring structure can be formed by circulation of the perovskite solution during
annealing, when the crystallisation of perovskite is in progress.

FIGURE A.3: Scanning electron microscopy images of the perovskite active layer
displaying a specific feature: concentric rings (a, b). This phenomenon has been
reported previously in literature using doctor-blade coating (c) [96].
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FIGURE A .4: Perovskite layers MaPbls, MaPbBrs and mixed MaPbl,Bri_, in dif-
ferent ratio’s (x = 0.2, 0.4, 0.6, 0.8). On the left: pure MaPbls, on the right: pure
MaPbBrs.
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Kramers-Kronig relations experiments

B.1 KK example plots included with Lin-KK tool to guide compliance

assessment

¢ Example 3: Valid Li-Ion Battery Spectrum (noisy situation)
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The residuals are bigger than in the first example, though do not display significant bias.

Hence, the spectrum is of lower quality but is still KK-compliant.
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¢ Example 4: Valid Li-Ion Battery Spectrum (outlier situation)
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The measurement outlier at 100Hz, quite common for multiples of the power supply fre-
quency, has increased the residuals over a broad frequency range. This is because the
program tries to include the measurement point in the fit, at the cost of deviating from the
data around the outlier datapoint. Thus the obtained residuals are bigger than they should
be. The outlier datapoint thus has to be selected and deleted using the Lin-KK tool. This
will result in the true residual spectrum shown below [74].
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¢ Example 5: Invalid Li-Ion Battery Spectrum (time-variance)
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The residuals are greatly biased in the low frequency region. This indicates time-variance
and therefore an KK-incompliant spectrum. In fact, the ambient temperature was pur-
posely altered during the measurement. This shows up mainly in the low frequency re-
gion, as low frequencies take longer to measure than high frequencies and are therefore
more prone to contain measurement noise or influence from external changes during the
measurement [74].
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¢ Example 6: Valid SOFC Spectrum
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The residuals of this spectrum are small and show no systematic bias. Thus, this spectrum
of this symmetric Anode-Anode Solid Oxygen Fuel Cell (SOFC) contains low-noise and

describes a time-invariant system [74].
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B.2 KK residual plots from experimental data
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(B) Ilumination condition KK-residuals plots of MAPbI3-
d103, bias voltages -0.2V, 0V, 0.2V and 0.7-1.1V.

FIGURE B.1: Kramers-Kronig residual plots for Impedance Spectroscopy data of

MAPbI3-d103 in dark (a) and illumination (b) condition. The data should present

a straight line with no bias to be Kramers-Kronig compliant. Systematic bias is
present for the bias voltages in the plots.
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(A) Dark conditions KK-residuals plots of MaPbI2, bias
voltages 0.8V and 0.9V.
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(B) Illumination condition KK-residuals plot of MAPbI2,
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FIGURE B.2: Kramers-Kronig residual plots for Impedance Spectroscopy data of
MAPbI2 in dark (a) and illumination (b) condition. Systematic bias is present for
the bias voltages in the plots.
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(A) KK-residuals plot of illuminated MaPbl3-d103, bias
voltage 0.5V on vertical scale of &= 1%. Systematic bias be-
comes apparent on this scale.
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(B) KK-residuals plot of illuminated MaPblI3-d103, bias volt-

age 0.7V on vertical scale of + 1%. Systematic bias becomes
apparent on this scale.

FIGURE B.3: Kramers-Kronig residual plots for Impedance Spectroscopy data of il-

luminated MAPbI3-d103 for (a) 0.5V and (b) 0.7V on the frequency range of 10°Hz

to 100Hz. Systematic bias is present for the bias voltages in the plots, whereas all
other bias voltages are KK-compliant on this frequency range.
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B.3 Conditions impacting KK-compliance

Qualitative analysis was carried out using the norms set by the example plots in section 2.3 on
Kramers-Kronig relations in Impedance Spectroscopy. By categorising time-variance in magni-
tude by inserting "X" for strong time-variance (>0.4%) or "x" for weak time-variance (>0.2%) in
the tables, the residual spectra can easily be checked for three potentially impacting variables
on KK-compliance: bias voltage, frequency region and illumination. Consistency across repeated
measurements is included for MAPI2. This leads to a better understanding of the conditions
under which the impedance data is and is not Kramers-Kronig compliant. If a measurement is
absent, a "-" is inserted in the table. The individual plots which are assessed are not included in
the thesis, as this would lead to the inclusion of 76 individual Kramers-Kronig residual plots in
the appendix. The individual Kramers-Kronig plots are available on request.

B.3.1 MAPI-d103

KK-analysis results for M APbI3-d103 under dark condition

In the tables below, the residual plots obtained by performing the Kramers-Kronig compliance
test were assessed. The attributes time-variance and level of noise >2% of the residual plots were
evaluated. High, mid and low frequencies are defined as 10° — 500Hz, 500 — 10Hz, 10 — 0.1Hz
respectively.

TABLE B.1: MAPI15_d103 DARK. Presence of time-variance across High, Mid
and Low Frequency Range (FR). "X" indicates strong time-variance (>0.4%), "X"
indicates weak time-variance (>0.2%). When a cell is empty, this means no time-

variance is present.

-0.3vV -0.2V -0.1V 0V 0.1V 0.2V 03V 04V 05V 06V 07V 08V 09V 1.0V 11V

High FR - X X - X X - X X X X noise X X X
Mid FR - X - X - X noise X X
Low FR - - X - X X X noise X X

TABLE B.2: Data outliers removed analysis of presence of time-variance across

High, Mid and Low Frequency Range (FR). "X" indicates strong time-variance

(>0.4%), "x" indicates weak time-variance (>0.2%). When a cell is empty, this
means no time-variance is present.

-0.3V -0.2V -0.1V 0V 0.1V 0.2V 03V 04V 05V 06V 07V 08V 09V 1.0V 11V

High FR - X X - X X - X X X X noise X X X
Mid FR - - - X noise X X
Low FR - - X - X X X noise X X

From comparing the tables above, it shows that in this case removing outlier datapoints only
minimally leads to less time-variance in the residual spectra. Furthermore, we can observe that
the high frequency range is always showing vast time-variance, and thus is KK-incompliant. The
mid frequency range is incompliant more in the high bias voltages. The low frequency range is
generally also incompliant at higher voltages. Not shown in the tables, but nonetheless investi-
gated, is performing the analysis without the low frequency impedance data (< 100Hz). Here
we see that deleting low frequency data does not influence mid or high frequency time-variance.
These observations can be summarised by concluding that for M APbI3-d103 in the dark, remov-
ing outlier datapoints and low frequencies does not have an effect, and time-variance is mostly
in the high frequencies.
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KK-analysis results for MAPbI3-d103 under illumination condition

In the tables below, the residual plots obtained by performing the Kramers-Kronig compliance
test were assessed for PSC under illumination condition. The attributes time-variance and level
of noise of the residual plots were evaluated. High, Mid and Low frequencies are defined as
10% — 500Hz, 500 — 10Hz, 10 — 0.1Hz respectively.

TABLE B.3: MAPDbI3-d103 LIGHT analysis of presence of time-variance across

High, Mid and Low Frequency Range (FR). "X" indicates strong time-variance

(>0.4%), "x" indicates weak time-variance (>0.2%). When a cell is empty, this
means no time-variance is present.

-0.3v. -02V -0.1V 0V 0.1V 0.2V 03V 04V 0.5V 0.6V 0.7V 0.8V 09V 1.0V 11V

High FR X - - X X X X
Mid FR X X X - X - X X X X X X X X
LowFR X X X X - X - X X X X X X X

TABLE B.4: Data outliers removed analysis of presence of time-variance across

High, Mid and Low Frequency Range (FR). "X" indicates strong time-variance

(>0.4%), "x" indicates weak time-variance (>0.2%). When a cell is empty, this
means no time-variance is present.

-0.3V -0.2vV  -0.1V ov 0.1V 0.2V 03V 04V 0.5V 0.6V 0.7V 0.8V 09V 1.0V 11V
High FR X - - X X X X
Mid FR - - X X noise
Low FR X noise - X - noise noise noise noise noise
compliant compliant compliant compliant

From comparing the tables above, the following can be observed. Removing outlier dat-
apoints has a big diminishing effect on the time-variance shown in the residual spectra, and
leads to significantly more KK compliance in the mid and low frequency region. If data outliers
are removed, a small voltage dependence becomes visible. Lower voltages are more often KK
compliant.

In the table below, the results from the same analysis are presented for spectra cut at 100Hz
to range 10° — 100Hz.

TABLE B.5: Data outliers and low frequencies removed analysis of presence of

time-variance across High, Mid and Low Frequency Range (FR). "X" indicates

strong time-variance (>0.4%), "x" indicates weak time-variance (>0.2%). When a
cell is empty, this means no time-variance is present.

-0.3V -0.2V ov 0.1V 0.2V 0.4V 0.5V 0.6V 0.7V 0.8V 0.9V 1.0V 1.1V

High FR X
Mid FR X

compliant  compliant  compliant  compliant compliant — compliant compliant compliant  compliant  compliant — compliant

Only in two cases time-variance is present, for 0.5V and 0.7V, and the rest of the residuals
display a straight line without systematic bias and thus are compliant. This means that all the
spectra of MAPbI3-d103 under illumination, except 0.5V and 0.7V, are compliant if outlier dat-
apoints and low frequencies are removed. It curiously also means that deleting low frequency
data leads to KK compliance in the high frequency region as well. These observations can be
summarised by stating that both deleting outlier datapoints and removing low frequencies lead
to more compliance, and low frequency time-variance influences high frequency residuals.
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Summary of conditions under which the spectra are KK-compliant for MaPbl3-d103
In the dark: spectra show less time-variance in mid- and low frequency range. In the light:
spectra show more compliance when both outlier datapoints and low frequencies are removed.

B.3.2 MAPI2

KK-analysis results for M API2 under dark condition

In the tables below, the residual plots obtained by performing the Kramers-Kronig compliance
test were assessed. The attributes time-variance and level of noise >2% of the residual plots were
evaluated. High, Mid and Low frequencies are defined as 10® — 10*Hz, 10* — 102Hz, 10> — 10°Hz
respectively.

TABLE B.6: MAPI2 DARK analysis of presence of time-variance across High, Mid
and Low Frequency Range (FR). "X" indicates strong time-variance (>0.4%), "X"
indicates weak time-variance (>0.2%). When a cell is empty, this means no time-

variance is present.

0.7V 0.8V 0.9V 0.9V rptl
High FR X
Mid FR X X X
Low FR X X X
compliant

TABLE B.7: Low frequencies <100Hz removed analysis of presence of time-

variance across High, Mid and Low Frequency Range (FR). "X" indicates strong

time-variance (>0.4%), "X" indicates weak time-variance (>0.2%). When a cell is
empty, this means no time-variance is present.

0.7V 0.8V 0.9V 0.9V rptl 0.9V rpt2 0.9V rpt3
High FR X
Mid FR X

compliant  compliant  compliant  compliant compliant

From comparing the tables above, the following can be observed: removing low frequency
data lead to more compliance and also influences high-frequency residuals. Additionally, re-
peated measurements at 0.9V shows some measurements are compliant whilst another is not.

KK-analysis results for M API2 under illumination condition

TABLE B.8: Full frequency range and low frequency removed analysis of presence

of time-variance across High, Mid and Low Frequency Range (FR). "X" indicates

strong time-variance (>0.4%), "x" indicates weak time-variance (>0.2%). When a
cell is empty, this means no time-variance is present.

0.0V100Hz 0.7V100Hz 0.9V 1Hz 0.9V cut100Hz 0.9V 100Hz rpt

High FR
Mid FR X X
LowFR - - X - -

compliant compliant compliant

An important observation from this table is that 0.9V repeated measurement is compliant,
whilst the cut spectrum of 0.9V to 100Hz is not compliant.
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Summary of conditions under which the spectra are KK-compliant for MaPI2
IS spectra of MAPI2 are more often compliant for higher frequencies, and repeated measure-
ments result in some cases in incompliance, and in some cases in compliance.
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Appendix C

Demonstrations

KK-incompliant data can be fit

The spectrum below is incompliant, yet equivalent circuit modelling results in a good quality fit
(see Figure C.1). The model is "Rs - R1Cpel - R2Cpe2" - by definition a KK-compliant model at
all frequencies. The spectrum also shows a loop in the Nyquist plot, see figure C.3.

TaBLE C.1: Fitting of incompliant impedance spectrum of MAPI2 0.9V Dark pixel
"Green’ with two Equivalent Circuit Models. Fit is of sufficient quality if Chi-sqr is

smaller than 0,001.
Model: Rs-R1C1-R2C2 Chi-Sqr Rs(+) R1(+) C1(+) R2(+) C2(+)
MAPI 0.9V Dark 0,0016043 38,23 4866 2,87E-09 1176 1,60E-05
Model: Rs-R1Cpel-R2Cpe2 | Chi-Sqr Rs(+) R1(+) CPE1-T(+) CPE1-P(+) R2(+) CPE2-T(+) CPE2-P(+)
MAPI 0.9V Dark 0,00025548 33,07 4900 3,6586E-09 0,98137 1189 1,9454E-05 0,96594
- ' . 2 g d : »  Dark 0.9V KK-incompliant
2500 - & 1——Fit
2000 .
E 1500 .
3 Rs R1 R2
-'\ul c1 c2
1000 o -
Rs R1 R2
500 - -
CPE1 CPE2
0 1 I 1 1 Ll T T
0 1000 2000 3000 4000 5000 6000
Z'(ohm)

FIGURE C.1: KK-incompliant data can be fit with a KK-compliant equivalent cir-
cuit model (Rs-R1Cpel-R2Cpe2) and result in good quality of fit.
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Residuals
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FIGURE C.2: KK-residual plot of MAPI2 Dark pixel ‘Green” displaying clear time-
variance by biased residuals in the mid-frequency range.

Spectra with mid-frequency loop in the Nyquist plots shows clear mid-frequency time-variance
MAPI at 0.9V bias under dark conditions. Frequency range 1IMHz - 1Hz. The second (bottom)
spectrum is taken 15 minutes after the first (top) spectrum (see Figure C.3). The bottom spec-
trum can also be fit with ECM and result in a good quality of fit, though it is an KK incompliant

spectrum. See Figure C.1.
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FIGURE C.3: Spectra showing both a loop in the Nyquist plot and mid-frequency

time-variance in the KK-residuals.




(2 o]

78

Appendix C. Demonstrations

Warburg mass transport is compliant in the frequency range 10°Hz to 1Hz

Below a spectrum from MAPI2 under illumination condition at 0V from 10°Hz to 100Hz is fit
with a simple Randles model plus added linear Warburg-open element. Then, the Warburg tail is
simulated to 1Hz and the KK-compliance assessed with the Lin-KK tool. The simulated Warburg
tool is KK-compliant over the frequency range of 10°Hz to 1Hz. Therefore, the Warburg-open
element is not time-dependent in this frequency region.

-BOODF

—&— (riginal Spectrum

—8—Fi

Ongnal Spectrum and Fit
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10" 10
f[Hz]

FIGURE C.4: Simulated warburg tail to 1Hz based on a spectrum of MAPI2 0V
under illumination condition measured to 100Hz. No time-variance is shown and
the residuals stay within the 0.5 border, leading to KK compliance of the Warburg-

open element on the frequency range of 10°Hz to

1Hz.

Silicon based reference solar cell shows one semi-circle in the Nyquist plot at dark 0V

Z" (ohm)

-1.5x10* 1

-1.0x10* 4

-5.0x10° 4

0.0 1

T Y T T T ¥ T T M"_q_ 20r‘nV

y i

20mV

|=—— 20mV 5MHz to 0.1Hz
—— 30mV

FIGURE C.5: Impedance measurement of silicon based reference solar cell at both
20mV and 30mV V. perturbation signal in the dark at OV bias. Measurements
were carried out using 200datapoints on a logarithmic scale in frequency on a
range of 5SMHz to 1Hz. One of the measurements at 20mV V. has been carried out
unto 0.1Hz. The measurement at 30mV V4 was not taken in the linear (Ohmic)
regime of the solar cell, since the measurement result is not the same as when mea-

sured at a smaller excitation signal of 20mV.
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Appendix D

Mixed cation perovskites

Apart from pure MAPbI; solar cells, also two multi-cation perovskite solar cells have been mea-
sured. The cells both have 5% added of respectively Guanidinium (GA) and Formamindium
(FA) added in the MaPbI; precursor solutions. The solar cell parameters and JV-curves are pre-
sented below.

D.1 Solar cell performance

80 . —
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FIGURE D.1: Current-voltage characteristics of multi cation perovskite solar cells
Mag95Gago5Pblz and MaggsFagosPbls (MAGA and MAFA) under dark and un-
der illumination condition.

TABLE D.1: Solar cell performance parameters of the two multi-cation devices
MAGA and MAFA. The devices show similar performance.

Device | Jsc (mA/cm2) Voc (V) FF  MPP (V) PCE (%)
MAGA | 23.1 1.06 0.79 0.89 19.3
MAFA | 23.0 1.07 0.76 0.86 19.1
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D.2 IS data representation and equivalent circuit modelling

Below, the impedance data of MAGA and MAFA is compared to each other. The impedance
data of MAPI2 is added as reference and representative for the pure MaPbI; cells, to allow for
comparison of mixed cation perovskites with pure MaPbIs. See Figure 4.1d and Table 4.1 for the
solar cell performance of MAPI2. First, the impedance data in the dark will be presented and
analysed, then the impedance data under illumination will be discussed.

Dark condition

d ' : ' ¢ +  MAPI2 Dark 0.9V
L 1 + MAGA Dark 0.9V
J3 - - MAFA Dark 0.9V
P . RRC Fits
1500 - Y .
P e o "o %
<1000 % .
q‘-.. Rs CPE1
500 - - —\/\/\—E:—
\/ \, =
0

0 1000 2000 3000 4000
Z'(ohm)

FIGURE D.2: Comparison of Nyquist plots of mixed cation perovskite solar cells
MAGA and MAFA in the dark at 0.9V bias voltage, with MAPI2 0.9V as reference.
Frequency range is from 10°Hz to 100Hz.
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FIGURE D.3: Kramers-Kronig residual plots of impedance spectra of MAGA,

MAFA and MAPI2 at 0.9V under dark conditions. The residuals lie within the

0.5% border and show no apparent systematic bias, and the spectra are evaluated
KK-compliant.
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TABLE D.2: Fitting of spectra taken in the dark at 0.9V of MAGA, MAFA, MAPI2

with a Randles model containing a constant phase element (CPE). Only the chi-

squared value of the fit of MAGA is smaller than 103, indicating a fit of sufficient
quality with this circuit model.

Chi-sqr Rs () CPE1-T (F) CPE1-P R1(QO)
MAGA | 0,000742 2796  3,26E-09 0,98709 2380
MAFA | 0,001047 31,98  3,26E-09 09912 3919
MAPI2 | 0,001045 32,35  3,14E-09 0,99148 2755

IIlumination condition
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FIGURE D.4: Comparison of Nyquist plots of mixed cation perovskite solar cells
MAGA and MAFA under illumination at 0, 0.8V and 0.9V bias voltage, with MAPI
as reference. Frequency range is from 10°Hz to 100Hz.
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FIGURE D.5: Kramers-Kronig residual plots of impedance spectra of MAGA,

MAFA and MAPI2 at 0V, 0.8V and 0.9V bias under illumination conditions. The

residuals lie within the 0.5% border and the Residual Real en Residual Imaginary

for every individual spectrum show no apparent systematic bias. The spectra are
evaluated KK-compliant.
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The spectra were fit with the fitting model described in Figure 2.16c. The fitting model has
physical parameters attributed to the components which are described in the caption of the
before mentioned Figure. The fits are of sufficient quality, though negative values for R, and C,
are physically not expected.

TABLE D.3: Fitting values from fitting the spectra of MAGA, MAPI2 and MAFA
under illumination at 0.9V, 0.8V and 0V bias to the model of 2.16c. Large differ-
ences are shown for Re;, Ws — T and R, between cells and per bias voltage.

Chi-Sqr Rs (Q)) Rtr () Rct () Ws-R Ws-T Ws-P Cdl (F) Cyu (F) Reectr (V)
MAPI2 0.9V  0,000196 17763  -17733 251 7,68E+04 184 0,5653  4,06E-09 -4,72E-15 8,42E+07
MAGA 09V 0,001059 43,43  -3,26E-05 87,23 44,66 0,004513 043136 -5,01E-06 5,02E-06  2,13E+18
MAGA 0.8V 0,000122 17762 -17734 394,2 7,09E+04 192,1 05261 3,07E-09 -2,90E-15 1,36E+13
MAFA 0.8V 0,000175 17763  -17732 484,2 1,19E+05 100,2 0,59631 3,16E-09 -4,48E-15 8,58E+09
MAPI2 0V 0,000544 17422 -17394 754,2 1,22E+05 8,608 0,51841 2,57E-09 -4,78E-15 1,38E+08
MAGA 0V 0,000608 17452  -17363 1176 1,30E+05 9,026 057033 2,27E-09 -3,37E-15 4,73E+06
MAFA 0V 0,000602 17555  -17263 1587 2,37E+05 5,551 0,65882 249E-09 -4,84E-15 1,15E+06
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Appendix E

Accuracy chart of MFIA Impedance
Analyser

The MFIA Impedance Analyser from Zurich Instruments is delivered with an accuracy chart for
impedance measurements. The measurements performed on MaPbI; device fall within 0.05%
accuracy, except for frequencies from 6-10*Hz to 10°Hz. Here the accuracy is 0.1 to 1%. See the
black polygon in Figure E.1, based on measurements of MaPbI; using a 20mV excitation signal
under dark/illumination conditions from 0V-0.9V DC bias voltage.
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Appendix E. Accuracy chart of MFIA Impedance Analyser

FIGURE E.1: MFIA Impedance Analyser accuracy chart [78]. The black polygon

indicates the | Z | values for measurements on a MaPbI3 perovskite solar cell using

a 20mV excitation signal under dark/illumination conditions from 0V-0.9V DC
bias voltage.



	Abstract
	Acknowledgements
	Introduction
	Fundamental concepts: metal halide perovskites
	Metal halide perovskite solar cells
	Impedance Spectroscopy
	Kramers-Kronig compliance testing
	Equivalent circuit modelling

	Methods
	Sample design and preparation
	Measurement setup for electrical measurements
	Experimental data collection

	Results
	Factors influencing KK-compliance and extraction of time-constants
	Stability of measurements

	Discussion
	Violation of KK-requirements in incompliant spectra
	Factors causing KK-incompliance
	KK-compliance and Equivalent Circuit Modelling
	Measurement protocol and analysis methods
	Future outlook

	Conclusion
	Bibliography
	Appendixes
	Sample Design and Fabrication
	PSC samples from Imperial College London
	Sample making and experimental work at AMOLF

	Kramers-Kronig relations experiments
	KK example plots included with Lin-KK tool to guide compliance assessment
	KK residual plots from experimental data
	Conditions impacting KK-compliance

	Demonstrations
	C.1  KK-incompliant data can be fit
	C.2  Warburg mass transport is compliant over measured frequency range
	C.3  Impedance response of silicon reference solar cell in the dark at 0V DC bias

	Mixed cation perovskites
	Solar cell performance
	IS data representation and equivalent circuit modelling

	Accuracy chart of MFIA Impedance Analyser

