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Perovskite solar cells (PSCs) are a promising new photovoltaic technology that have the po-
tential to provide low-cost renewable energy on a global scale. Whilst significant problems,
particularly in terms of stability and toxicity, remain to be overcome before this technology can
be exploited on a wide scale, the full potential of PSCs cannot be reached without a correct de-
scription of their fundamental workings. Impedance spectroscopy (IS) is a simple and powerful
technique that can be used to probe the fundamental properties and behaviour of PSCs both in
situ and in the lab. As such, it can be used to asses changes in device behaviour associated with
degradation. However, the results obtained using this technique are poorly understood because

of the additional complexity of device behaviour that ensues from ion motion in the perovskite.

In this thesis, a method of simulating impedance spectroscopy measurements is developed based
on a drift-diffusion modelling approach, that includes the effects of both mobile ions and charge
carriers. The impedance simulations reproduce the features and trends observed in experi-
ment, enhancing our understanding of their physical origin. Systematic asymptotic methods
are applied to the drift-diffusion model and used to obtain an analytic simplified model of the
impedance response of a PSC. This analytic model consists of simple relations for the key fea-
tures of impedance spectra of a PSC. Excellent agreement is demonstrated between the analytic
model and the more complex drift-diffusion model from which it is derived, in a regime where
the applied voltage is close to the open-circuit voltage, including the maximum power point.
This analytic model is compared to the impedance response of an RC-RC circuit and is used to
derive expressions for resistances and capacitances of the cell in terms of physical parameters
in the drift-diffusion model. It is found that the shape of the impedance spectra obtained near

open-circuit can be related to the dominant source of recombination loss in the cell.
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An ideality factor (termed the electronic ideality factor) n, is identified that can be obtained
through measurements of the high frequency impedance. Unlike the standard ‘ideality factor’
that is typically measured and misinterpreted, n.; is not dependent on the ionic properties of
the cell and serves as an analogue for the ideality factor in conventional solar cells in which
mobile ions are absent. Determination of the electronic ideality factor allows the dominant
recombination mechanism within the PSC to be identified. The methods developed in this thesis
to interpret impedance spectra provide much needed insight into the impedance response of
PSCs and allow physical parameters to be extracted from the data. This enables researchers to
more effectively employ IS, characterise key properties and identify losses, helping to develop

more efficient and stable PSCs.
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Chapter 1

Introduction

1.1 Thesis motivation

Global energy demand is set to continue to rise over the next decade despite the effects of climate
change from the use of fossil fuels becoming ever more apparent [7, 8]. Consequently, there is
great urgency to produce significant proportions of energy from low-carbon sources to reduce

overall greenhouse gas emissions.

Solar energy capture using photovoltaic (PV) systems, delivers renewable and low-emission
electricity that can be utilised to generate a significant proportion of the global electricity de-
mand. To accelerate the rate of commercial deployment of terawatt-scale solar PV, the total sys-
tem cost needs to be reduced and the efficiency improved [9]]. Over the last decade there has been
a significant global increase in the rate of installations of solar photovoltaics [[10H12]. Silicon
solar cells currently dominate the global photovoltaic market in the form of mono-crystalline
and multi-crystalline single junction cells [12]. In 2020, multi- and mono-crystalline silicon
accounted for around 15% and 80% of global photovoltaics production respectively, leaving
thin-film technologies at only 5% [12]. The market dominance of silicon technology has been
facilitated by the falling cost of silicon feedstock and the improved economy of scale in produc-
tion [10, [13]].

The theoretical maximum conversion efficiency from solar radiation to electrical power (the
Shockley-Queisser limit) for a single junction solar cell is greatest for a semiconductor with a
band gap of 1.34 eV [14] [15]. Crystalline silicon has a band gap of 1.1 eV and is therefore
not optimal for solar PV applications [[14]]. Additionally, this band gap is indirect, resulting
in a low optical absorption coefficient [[14]. Semiconductor materials with direct band gaps are
termed ‘thin-film’ as only a thin layer of these materials are required to absorb the sun’s radiation
effectively [[16l]. As a result, thin-film materials can be cheaper to produce as less raw material is
required in their production. Another disadvantage of silicon PV is that their performance relies

upon high temperature processing to produce silicon of extremely high purity, increasing their
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cost and energy payback time [14, [17, [18]. Despite the relative success of silicon solar cells,

these drawbacks continue to drive the quest for more efficient photovoltaic technologies.

Most importantly, to be commercially competitive against silicon PV any alternative must offer
greater efficiency, or be able to be produced at a significantly lower cost. Perovskite solar cells
(PSCs) are a new PV technology that has the potential to deliver both of these features, sparking
significant excitement and research into their development [[19-21]].

1.2 Thesis overview

This thesis is set out as follows. Chapters [2and [3] detail the relevant background for the subse-
quent technical chapters. Firstly, in Chapter[2] a brief overview of the properties and operation
of PSCs is given. Some of the main challenges that need to be overcome before PSCs can be
commercialised are also discussed. This includes the impact of mobile ions within the per-
ovskite on device operation. Next, in Chapter [3} an introduction into ideality factors for PSCs
is given, followed by the theory and application of impedance spectroscopy. The interpretations

for PSC impedance spectra, and the models currently available, are reviewed.

Chapter {|is the first technical chapter and details a drift-diffusion model of a planar PSC that
includes mobile ions. The simulation tool TonMonger, which numerically solves this cou-
pled ionic-electronic charge transport model, is extended to enable simulation of impedance
spectroscopy measurements. These numerical solutions are shown to be concordant with exper-
imental impedance measurements, validating the underlying drift-diffusion model. In Chapter
[] this drift-diffusion model is systematically approximated to facilitate analytic solution. Em-
ploying the ‘surface polarisation model’, in addition to other suitable approximations, enables
simple analytic relations to be derived that describe the fundamental impedance response of
PSCs. In Chapter[6] these relations are shown to be accurate by comparing them to numerical
solutions determined from the full drift-diffusion model. This analytic model justifies the use
of a particular equivalent circuit and defines the associated resistance and capacitances in terms
of cell properties. The new interpretations for the impedance response of PSCs provided by the
analytic relations are explored, including how efficiency losses can be identified and understood
from impedance measurements. Finally, in Chapter[7] the main findings and conclusions of this

thesis are summarised and opportunities for further research are discussed.

1.3 Contributions

Sections[3.1)and[3.4.4in Chapter [3|contain excerpts verbatim from the pre-published material in
ref. [2]. This manuscript was written by myself and Dr Giles Richardson and edited by Antonio
J. Riquelme, Dr Nicola E. Courtier and Dr Juan A. Anta.
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In Section the drift-diffusion equations and their description have been published in ref. [3|]
and its supplementary information. The material used in this thesis from ref. [3]] was written
by myself and all authors contributed to editing. Any results presented from this paper are

appropriately referenced.

Significant portions of Chapters [5] and [6] are reproduced verbatim from ref. [2] and its sup-
plementary information. This manuscript was written by myself and Dr Giles Richardson and
edited by Antonio J. Riquelme, Dr Nicola E. Courtier and Dr Juan A. Anta.






Chapter 2

Perovskite solar cells

This chapter provides an overview of the field of PSC research and sets the context for later
chapters. In Section the history and development of PSCs is outlined, in addition to a basic
description of their operation. In Section [2.2] the broad challenges that need to be overcome
for PSCs to become a viable and competitive solar technology are discussed. This includes
stability issues and their environmental impact. Furthermore, the challenges associated with
ionic motion within the perovskite layer are considered and their effect on device operation is

outlined. Finally, a brief summary is presented in Section[2.3]

2.1 Background and theory

Perovskite is the name given to any material which adopts the general crystal structure, ABX3
[19]. The perovskite structure is shown in Figure[2.1|where A and B are large and small cations
respectively and X is an anion. In the context of photovoltaics, the prototypical perovskite
absorber is methylammonium lead tri-iodide or MAPbI3, often abbreviated to MAPI [22]. MA
is a methylammonium cation (CH3NH§F) at the A site, lead (Pb>") is the B site cation, and
iodide (I7) the X site anion. When a vast number of atoms bond to form a crystal structure,
like a repeating ABX3 lattice, the discrete set of permitted energy levels of the electrons form a
‘continuum’ or ‘band’ structure. These bands can split to form a band gap (E,) which is simply
defined as the energy difference (at absolute zero) between an electron in the highest occupied
energy state (top of the valence band) and the energy of the lowest unoccupied energy state
(bottom of the conduction band). A schematic of the band structure of a PSC is shown in Figure
2.2

The energy band gap is critical in determining the properties of a material. A material with a very
small band gap (£, < 0.5 V) is a conductor, whilst a material with a large band gap (£, > 3
eV) is an insulator [[14]. MAPI has a band gap of around 1.6 eV [24]], making it a semiconductor.

This is important as a photon can be ‘absorbed’ by the material to excite an electron from the
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X o >

FIGURE 2.1: Crystal structure of perovskite with a general structure of the form ABXg3. For
MAPI perovskite, A is methylammonium (MA), B is lead (Pb) and X is iodine (I). Reprinted
from [23]], with permission from Elsevier.
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FIGURE 2.2: A simplified representation of the band structure of a typical planar perovskite

solar cell. Light generates free electrons in the conduction band and electron holes in the

valence band of the perovskite. Holes refer to the vacancy left by an electron. The absence of

a negative charge, which moves as a neighbouring electron fills the vacancy to leave another

vacancy, can be described as a positively charged quasiparticle, i.e. a hole. The band energy

alignments enable collection of the electrons via the electron transport layer (ETL) and holes
from the hole transport layer (HTL).

valence to conduction band. This leaves a positively charged hole in the valence band. This hole
can be described as a quasiparticle, that moves in the opposite direction that the electrons move
to fill it. Without a band gap, any excited electrons in the conduction band would rapidly (~10-1
s [14])) dissipate their energy by thermalisation back down to the lowest unoccupied energy level
in the valence band. Instead, excited electrons thermalise to the bottom of the conduction band.
From there, recombination pathways that occur on much longer timescales are required for the
electrons to relax back to lower energy states. Devices can be designed to separate electrons
and holes before they recombine between bands, and transport them to an external circuit where

their energy can be utilised.
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In an ideal semiconductor, there are no electron states available with energies that lie between
the valence and conduction bands. Consequently, photons of energy less than the band gap
cannot be absorbed. Photons with energies greater than the band gap excite electrons to high
energy levels, however, they quickly thermalise back down to the bottom of the conduction
band. As a result, the energy that can be harnessed from any excited electron is equal to the
semiconductor’s band gap. This highlights the importance of a semiconductor’s band gap when

used as absorbers in photovoltaic devices.

To create a planar PSC, an electron transport layer (ETL) is added to a transparent conduct-
ing oxide. This is followed by a perovskite layer and a hole transport layer (HTL). Finally
a metallic contact is added. In PSCs that employ MAPI, titanium dioxide (TiO3) and spiro-
OMeTAD (2,2°,7,7 -tetrakis(N,N-di-p- methoxy-phenylamine)-9,9’-spiro-bifluorene) are often
used as ETLs and HTLs respectively [25H27]. An electron microscope image of a planar PSC is
shown in Figure[2.3] In this ‘standard’ configuration, light enters the cell to reach the perovskite
layer through the ETL. In contrast, for ‘inverted’ configurations the light is directed through the
HTL. The approximations required to model the rough interfaces and inhomogeneities of planar

devices as part of a one-dimensional model are discussed in Section[4.1]

—— Contact
Spiro-OMeTAD HTL
Perovskite Perovskite
Ti/OZCL ' ETL

-

A )

Transparent contact

Light t

FIGURE 2.3: Cross-sectional field emission scanning electron microscope image of a planar

perovskite solar cell. CL refers to a ‘compact layer’ of TiO5 and FTO stands for fluorine doped

tin oxide which is used as the transparent electrical contact. Image adapted from ref. [27] and
licensed under CC BY 4.0.

Under operation, the perovskite material absorbs incident photons with energies greater than the
band gap to produce excitons. These excitons are bound states of excited electrons and holes due
to their Coulomb attraction [[14]. In perovskites, they are weakly bound (< 50 meV [28] 29])
and the thermal energy available at room temperature (~25 meV) causes the rapid dissociation
into free electrons in the conduction band and holes in the valence band. The free electrons
and holes then move by diffusion, from higher concentrations to lower concentrations, and drift,
in response to an electric field, to their respective transport layers. The device is designed
such that the ETL and HTL band energies provide an energy barrier to the opposing charge
carrier. This is demonstrated in Figure[2.2] as it is energetically favourable for electrons (holes)
to move downwards (upwards) on the band diagram. The alignment and bending of the bands
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also establishes a ‘built-in’ voltage and an electric field across the device, which works to drive

charge carriers to their respective transport layer.

In perovskites used in PV applications, lead (Pb?*) is primarily the B site cation, but tin (Sn?*)
is sometimes used. In MAPI, the iodine can be replaced by another halide anion, most com-
monly bromide (Br™) or chloride (C17) [30]. Mixed halide perovskites have been shown to im-
prove device performance and stability, and a commonly used formulation is MAPb(I; _,Br,)3
where x < 1 [30,131]]. Furthermore, the large MA cation at the A site is often partially or fully
replaced by formamidinium (NHQCHNH;) in ‘hybrid’ perovskites, or caesium (Cs™) is used at
the A site in all inorganic formulations [32-36]. Mixing the species of cations at site A and the
halides at site X enables the formation of perovskite materials with a wide range of properties.
These blended formulations, often termed hybrid metal halide perovskites, can be optimised to
produce cells with improved efficiency, better stability and reduced hysteresis [34]. From here
onwards, we use the general term ‘perovskite’ to refer to perovskite materials that are useful in

photovoltaic applications.

The first reported use of perovskites in PV applications was in 2006 by Miyasaka et al. who
produced cells with an efficiency of 2.2% using MAPbBr3 perovskite as a sensitiser in dye-
sensitised solar cells [37]. In 2009, they achieved a power conversion efficiency of 3.8% by
substituting bromide for iodide to produce MAPbl; (MAPI) [38]. In 2012, Kim et al. [39] re-
placed the liquid electrolyte in a dye-sensitised solar cell for the solid hole transport material
spiro-OMeTAD and obtained an efficiency of 9.7%. Simultaneously, Lee et al. [40] announced
success producing 10.9% efficient ‘meso-superstructured’ solar cells. This new solar cell design
used an insulating AloO3 ‘scaffold’ in which a mixed halide perovskite was coated. Critically,
they found that perovskites were capable of transporting both electrons and holes to their re-
spective transport materials [22]. Following this, in early 2013, Ball et al. [41] demonstrated an
efficiency of 9.1% when the mesoporous scaffold was removed and the depth of the perovskite
absorber layer was increased. This established an efficient PSC with a ‘conventional’ thin-film
architecture. The architectures of the best performing PSCs are typically based on a thin-film

planar ‘n-i-p’ structure or a mesoporous TiO2 scaffold 30} 142]].

MAPI has an optical band gap of approximately 1.6 eV and a maximum theoretical efficiency
of around 31% under an AM (air-mass) 1.5 spectrum [24}, 43]]. AM 1.5 corresponds to the
solar spectrum received at ground level after it has passed through 1.5 times the thickness of
the atmosphere [15)]. By varying the mix of halides and cations at the A site, the band gap can
be tuned between 1.48-2.3 eV [35]. This enables the band gap of perovskites to be tuned for
optimal efficiency depending on their application [44} 45]]. For example, perovskite absorbers
with band gaps in this range can be used in multi-junction solar cells [22]]. In particular, silicon-
perovskite tandem devices show great commercial potential, with the record certified efficiency
currently standing at 29.5% [36, 46]. Perovskites exhibit very high optical absorption, with
a steep absorption onset and have very long charge carrier diffusion lengths [31) 47]. As a
result, a thin film of perovskite material (~100-600 nm) can effectively capture the incident

AM 1.5 spectrum, generating mobile charges that diffuse and drift to their respective transport
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layers before they can recombine. A wide range of fabrication techniques for PSCs, including
many low temperature methods (sub-150°C), enable the possibility of large-scale and low cost
manufacturing [25, 26} 48-50].

These properties make perovskite an excellent material for thin-film PV applications and have
enabled the extremely rapid increase in power conversion efficiencies for PSCs to just above
25% |46l [51), 52]. This increase in power conversion efficiency within such a short time is
remarkable for a new PV technology (20, 46]. Whilst PSCs have the potential to compete with
silicon, issues of toxicity, stability, and the effects of ion motion need to be addressed before
large-scale commercial deployment can be achieved [36, 153} [54]]. These issues are discussed in

the following section.

2.2 Challenges

To provide an overview of the field of perovskite solar cells, this section outlines some of the
challenges faced by researchers that need to be overcome before PSCs can be commercialised.
These include the relatively poor inherent stability of PSCs compared to traditional silicon PV
as well as concerns over the toxicity of the materials used in its manufacturing. Evidence of
mobile ionic species within perovskites and their effect on measurements and performance is

also discussed.

2.2.1 Stability and environmental impact

Commercial solar modules are expected to pass international performance standards (IEC 61215
[55])). These standards include stability tests that simulate harsh and accelerated weather testing.
For example, the modules need to be able to withstand many cycles between -40 and 85 °C, 1000
hours at 85 °C at 85% relative humidity and high levels of UV exposure [55-57]. It is crucial to

overcome the inherent instability of PSCs and demonstrate that these tests can be passed.

Heat [58 59], moisture [60, |61]], light [62] 63]] and oxygen under light irradiance [62] 64] are
all factors that have been shown to cause degradation of PSCs [65]. Depending on the exact
perovskite formulation, exposure to these factors can cause degradation within hours or even
minutes, significantly reducing power conversion efficiencies [[61} (62, |64} |66]]. It has also been
demonstrated that the generation, accumulation and depletion of ions within the perovskite lat-

tice can stimulate degradation of the materials [67-72].

Degradation caused by exposure to extrinsic factors such as moisture, oxygen and UV can be
prevented by encapsulation and UV protective coatings [66]. Hydrophobic layers [73] [74],
mixed perovskite formulations [75, [76] and the use of different materials as transport layers
64, [75, [77, 78] further improve stability and reduce the reliance on encapsulants. Heat is an

intrinsic factor that cannot be mitigated by encapsulation. Therefore, it is essential to reduce
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material susceptibility to degradation from high temperatures. It has been established that high
temperature stability is improved by using specific mixed perovskite formulations [79] as well
as employing novel transport layers [80] and the addition of buffer layers [81,82]. Blocking lay-
ers, that work by inhibiting ion migration into and out of transport layers, have also been shown
to eliminate degradation pathways associated with mobile ionic species [65, |83]. Ionic mod-
elling and further experimental study will provide insight and help to advance progress towards

designing long-term stable devices [4, 67]].

While there is still a long way to go before 25 year stable PSCs are fully realised, the stability
of state of the art PSCs has improved tremendously since 2012 [36]. Groups have reported
devices capable of maintaining efficiencies above 20% after 50 days operation under 1-Sun and
capable of passing the high temperature and humidity tests required for IEC 61215 certification
(82, 84, 85].

With the development of a new technology, it is important to consider its overall environmental
impact. In comparison to other solar photovoltaic technologies, PSCs have the potential to
deliver the shortest energy payback time [[17]. However, an obvious concern is their lead content,
which is required to make the most efficient perovskite formulations [86]. As a heavy metal, it
poses a threat to human health and the environment through, its production from raw lead ore,
fabrication into cells, leakage into the environment during cell operation, and at the end of life
disposal. Fortunately, efficient PSCs only need a perovskite absorber layer of around 100-600
nm in thickness. This corresponds to around a few hundred milligrams of lead per square meter
[53]]. Even to satisfy the production of PSCs at the terawatt-scale, which is of the order required
to become the world’s primary energy source, the current rate of lead production would not need
to be significantly increased [36]. Nonetheless, concerns over the health and environmental
impacts refining of raw lead ore for PSCs can be mitigated through the use of recycled lead,
for instance from lead-acid car batteries, which has been shown not to significantly impact cell

performance [I87]].

Fabrication of PSCs can involve the use of toxic solvents, which may have a much greater
human toxicity potential than lead. This risk can be reduced by using less hazardous solvents,
which have been shown to be effective in device preparation with relatively minor reductions
in efficiency (versus the hazardous alternatives) [88]]. Once deployed, or at their end-of-life,
the perovskite can degrade into lead compounds, which are more bioavailable and therefore
more toxic than metallic lead [53} 160} [89]. Replacement of lead with tin (or other cations) in the
perovskite formulation has been proposed. However, the lower efficiencies of these formulations
mean that theoretical and experimental advances are required for these to be viable alternatives

to lead-based PSCs [90]. Furthermore, there are also concerns over the toxicity of tin [89].

Commercially available solar cells use encapsulation to provide a barrier from the outside el-
ements. As such, for PSCs encapsulation serves to benefit both device stability and environ-
mental contamination risks, namely, by inhibiting degradation due to the ingress of water and

oxygen, and to safeguard against leaching of hazardous chemicals into the environment [53]].
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Additionally, degradation can be directly monitored through efficiency measurements of cells
in operation. Thus, defective or damaged cells, at risk of contaminating the environment can
be appropriately handled and removed [S3]]. Finally, end-of-life recycling and safe disposal is
essential. As demonstrated by cadmium telluride (CdTe) solar cell manufacturing, this is an

economically viable option that can be implemented in practice [91].

Overall, high quality encapsulation, refinement of perovskite formulation and the use of novel
blocking and transport layers should be sufficient to deliver safe and stable PSCs, as required to

meet the standards for commercial applications.

2.2.2 TIonic motion

When performing standard characterisation measurements for photovoltaic cells, perovskite so-
lar cells can exhibit unusual behaviour. Perhaps most strikingly, current-voltage (J-V') measure-
ments of PSCs often show a significant difference in the measured current between scanning
from above open-circuit to short-circuit and back again to above open-circuit. This difference
in measured values depending on transient conditions and the history of the cell is termed ‘hys-
teresis’. These dynamic effects, occurring on timescale of around seconds, are an unusual char-
acteristic for a solar cell to have. Understanding the cause of this behaviour is one of the keys to

unlocking the full potential for perovskite solar cells.

Figure [2.4] shows an example of hysteresis for current-voltage measurements of a MAPI solar
cell. Current-voltage curves are measured by sweeping through an applied voltage and measur-
ing the current output of the cell. The voltage sweep typically involves performing a ‘reverse
scan’ from around 1.2 V to 0 V, followed by a ‘forward scan’ from O V back to 1.2 V. This
measurement may be performed with no light incident onto the cell or under irradiance. A stan-
dardised measure of efficiency is obtained when a J-V measurement is performed for a cell that

is exposed to an air-mass (AM) 1.5 spectrum at 100 mW cm2 irradiance [92]).

Hysteretic effects mean that J-V scans of PSCs do not probe the steady-state output of the
cell under different applied biases. Consequently, the efficiencies calculated from them are
ambiguous or unreliable. Scan rate and direction, light and voltage history have all been shown
to affect the hysteresis observed in J-V curves of PSCs [93, 194]]. Transience has also been
observed in measurements of photoluminescence intensity, photovoltage and photocurrent [95,
96|. Efforts have been made to ensure protocols of measurements are well documented and
that stabilised efficiencies are obtained using a maximum power point tracking method [97,98]].
Maximum power point tracking is a method that maximises the power output of the solar cell
under illumination by dynamically modifying the applied load (or equivalently applied voltage)
such that the product J - V' is maximal [[14]. Solar arrays are typically operated using maximum
power point tracking and efficiencies obtained using this method can offer far more realistic

measures of efficiency than the maximum power point of a J-V curve.
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FIGURE 2.4: Experimental current-voltage measurement of a MAPI solar cell with varying

scan rates. Scan rates are 0.5 V s! for blue crosses, 0.25 V s™! for cyan squares, 0.1 V s for

green diamonds and 0.05 V s™! for red triangles. Solid lines represent the reverse scan from 1.2

V to 0 V and dotted lines represent the forward scan back to 1.2 V. The cell was held at 1.2 V

for 5 seconds prior to measurement. Figure reproduced from ref. [6] and licensed under |CC
BY 3.0

The exact cause of hysteresis in PSCs has been highly debated since its recognition in a paper
by Snaith et al. in 2014 [92]]. In this paper, they described the anomalous behaviour and pro-
posed the following explanations: (i) a ferroelectric polarisation of the perovskite; (ii) filling and
saturation of electronic trap states at the perovskite-transport layer interfaces; (iii) mobile ions
within the perovskite [92].

Subsequently, these hypotheses have been thoroughly investigated. (i) It has been shown that
MAPI is not ferroelectric at room temperature as polarisation of ferroelectric domains only holds
for very short timescales [99H101]]. This is much too fast for the relatively slow timescales that
hysteresis is observed (around 1073 to 102 seconds) [67, 92] [94] 06]. (ii) Electronic mobility is
very high in perovskites and so transport is of the order 10 s. This is much faster than that of
hysteresis; however, trapping and detrapping could occur on timescales that match more closely
[6]]. (iii) The presence of mobile halide ions in the perovskites used in PV has been extensively
confirmed in the literature [69,[1014103]]. Furthermore, experiment and modelling show that ion
motion can account for the observed hysteresis in PSCs [} 16} 1102, [104-106]].

Even before their popularity as photovoltaic materials, it was documented that inorganic per-
ovskites with formulations CsPbClg and CsPbBrs had mobile halide ions [107, [108]]. Halide
vacancies within the perovskite lattice allow the motion of halides to the empty sites. As an
analogy to an electron vacancy being described as a hole, it is equivalent to describe this mo-
tion of halide ions (anions™) as halide vacancies with positive charge (cations™) that move in
the opposite direction through the perovskite material. A sketch of this is given in Figure 2.5
Density functional theory calculations have been employed to model the perovskite structure

and have shown that iodide ions can move via vacancies under normal operating conditions in
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MAPI [69] [70]. Eames et al. and Walsh et al. predict a density of vacancies of around 1 x 10%°
m~ [69,[109]. Furthermore, density functional theory calculations have estimated the activation
energy of methylammonium and formamidinium cation vacancies, indicating that the barrier is
low enough for them to be mobile within perovskites [70, [110]. This results in transient be-
haviour on timescales longer than 103 seconds, much longer than that of the halide vacancies
motion [67]].

Electric field —»

FIGURE 2.5: Left: a sketch of a crystal lattice with a single ionic vacancy. In response to

the electric field, a negatively charged ion can ‘hop’ to the left to fill the vacancy. Right:

an equivalent description of the system, in which the ionic vacancy is a positively charged
quasiparticle that hops to the right.

Some experimental evidence indicates that the lead cation in MAPI could also be mobile [111]];
however, this requires further investigation as calculations by Eames et al. had previously ruled
this out [69]]. The possibility of two or more mobile species within the perovskite materials adds
further complexity to modelling and understanding the ramifications for their performance as

solar cells.

At the high densities predicted by density functional theory calculations, mobile ionic vacancies
can redistribute to fully screen the electric field from the bulk of the perovskite layer [4. 5] 169,
109]]. As aresult, at steady-state the electrons and holes (charge carriers) do not drift in response
to an electric field across the bulk of the perovskite. This limits the rate of collection as they
must diffuse to their respective transport layers. Importantly, if the applied voltage varies over
the same timescale in which the ions adjust their distribution to screen the field, then there is
a difference between the currents measured on the forward and reverse scans. Hysteresis-free
J-V measurements are expected for very high scan rates as the ions are effectively static on the
timescale of the scan. Additionally, for very slow scan rates, the ions have sufficient time to
equilibrate with the applied potential so that the system is in a quasi—steady-state throughout the

measurement, resulting in identical current outputs during forward and reverse scans.

The magnitude of hysteresis has been shown to be strongly dependent on temperature and scan
rate [94] [112, [113]]. It is also reported that the severity of hysteresis is influenced by the grain
sizes in the perovskite active layer and the structure of the electron transport layer (typically
TiOg) [[114]]. Furthermore, with identical perovskite active layers, changing the transport layers

of PSCs to different materials has been shown to impact hysteresis. For example, Kim et al.
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report changing TiO; to PCBM and spiro-MeOTAD to NiO results in a hysteresis-free MAPI
cell [L15]. Similar results are reported for interfacial passivation, which may reduce hysteretic
effects in the same way by reducing recombination at the interfaces [116, [117]. Collectively,
these factors seem to indicate a different, or additional process to ion motion to account for the
observed hysteresis, especially the dependence on transport layers. However, the combination
of ion motion and its impact on recombination has been proposed as the mechanism that most
fully accounts for the wide ranging factors that influence the observed hysteresis in PSCs [4}, |5}
118]]. Mobile ions within the perovskite layer may also penetrate or react with the neighbouring
transport layers, adding additional complexity to understanding PSC physics [64} (119, [120].

Since the recognition of the presence of hysteresis in PSCs, there have been many reports of
so-called ‘low-hysteresis’ or ‘hysteresis-free’ devices [73} 115,117, 1121H123]]. In these reports,
it can be unclear whether hysteresis is truly absent owing to the device modifications or sim-
ply missed as it is not probed at the relevant temperatures or timescales [112} [124]. Recent
literature, that presents the results of models including ionic motion, has provided consider-
able insight into the processes that cause hysteresis and the implications of mobile ions within
devices [4, [124]]. The literature often speculates that hysteresis can be eliminated through im-
proved device processing and as performance is further improved. However, ionic vacancies
seem to be an intrinsic property of the popular perovskite formulations and therefore can’t be
entirely eliminated through improved sample processing. Additionally, ionic vacancies may be
generated under light exposure (photo-generation) or during longer-term operation of devices. It
is therefore critical to develop methods capable of probing the ionic properties of PSCs to better

understand the ionic behaviour of PSCs.

The hysteresis displayed in the J-V curves of PSCs can be probed by conducting multiple mea-
surements at different scan rates. However, conducting many J-V measurements is time con-
suming and it can be challenging to appropriately quantify the amount of hysteresis. Impedance
spectroscopy is a technique that measures the current of a device in response to small sinusoidal
voltage perturbations applied at different frequencies. The theory of impedance spectroscopy
and how to interpret the impedance spectra of PSCs is presented in the following chapter. A
J-V measurement is conducted across a wide voltage range for a single scan rate. In contrast,

impedance spectroscopy is conducted at a given voltage across a wide frequency range.

Jacobs et al. demonstrate how impedance measurements can determine the scan rates that hys-
teresis will arise for so-called ‘hysteresis-free’ devices [125]. Broadly, both very fast J-V scan
rates and high frequency impedance measurements probe the response of a PSC with the ions
remaining approximately static. At slow scan rates and very low frequencies, the ions move and
remain in equilibrium with the applied voltage. While both J-V and impedance measurements
simply involve applying a voltage to a device and measuring its current output, both are useful

characterisation tools, that provide very different insights into the operation of solar cells.
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2.3 Summary

Perovskite solar cells display excellent optoelectronic properties. This includes low non-radiative
recombination rates, strong optical absorption and a tunable band gap. Additionally, the per-
ovskite absorber layer can be processed at low cost and temperatures and does not require rare-
earth materials. These favourable properties have spurred significant research interest. In only
a decade, excellent efficiencies have been obtained, with 25.5% and 29.5% for single-junction

and perovskite silicon tandem cells respectively [46, 51].

In this light, PSCs have great potential. However, concerns remain over their environmental
impact and susceptibility to degradation through exposure to heat, moisture and oxygen. Risks
due to toxicity can be mitigated via the use of less hazardous solvents, careful monitoring during
operation and end-of-life recycling. Significant advances have been made in achieving device
stability through the use of mixed perovskite formulations, improved transport layers and the
use of blocking and buffer layers. Furthermore, it seems likely that high quality encapsulation

will play a key role in limiting the risks of both degradation and environmental contamination.

Theoretical and experimental studies have identified the presence of a high density of mobile
ionic vacancies within PSCs. This adds significant complexity to their fundamental operation
and makes interpretation of standard characterisation techniques more challenging. Notably,
current-voltage measurements display hysteresis that is dependent on the voltage scan rate and
history of the cell. Impedance spectroscopy is a technique which is commonly employed to
characterise solar cells and is currently under-utilised for PSCs, largely because PSC impedance
data is poorly understood and so frequently misinterpreted. This will be explored in the next

chapter.
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Chapter 3

Impedance spectroscopy and the
ideality factor

Impedance spectroscopy (IS) is a relatively simple measurement to perform that uses equipment
that is commonplace in labs. With correct interpretation, IS can provide valuable information
about cell properties and performance. Additionally, determining the ideality factor of a solar
cell is a common method of characterisation that allows key properties of the cell to be inferred.
Both of these are straightforward methods to characterise the performance of solar cells. How-
ever, when applied to PSCs, their results are often misinterpreted due to the unusual physics of
PSCs. As a result, specialised models need to be employed that suitably account for the prop-
erties of PSCs, including the high density of mobile ionic vacancies. In this chapter, the theory
of ideality factors and impedance spectroscopy, as required for later chapters, is discussed. Fol-
lowing this, the high, low, and intermediate frequency features observed in the IS response are
detailed. Upon reviewing the PSC models currently employed, an opportunity for an impedance

model based on a drift-diffusion approach is identified.

This chapter is set out as follows. Section [3.]outlines the diode equation and the ideality factor
for solar cells. Its application to PSCs is then reviewed. Section [3.2]describes the basic theory
of impedance spectroscopy and how it is performed. In Section [3.3] equivalent circuit models as
tools to interpret and extract useful information from impedance spectra are introduced. Section
[3.4] details the types of features observed in the impedance spectra of perovskite solar cells and
discusses their physical origin. Section [3.5] reviews the leading models currently employed to

interpret PSC impedance spectra. Finally, in Section [3.6]an overview of this chapter is given.

3.1 The ideality factor and PSCs

From classical solar cell theory, derived to describe semiconductor p-n junctions, the current

response of a photovoltaic diode can be approximated by the (non-ideal) diode equation [14,



18 Chapter 3. Impedance spectroscopy and the ideality factor

126]]
J(V) = jgen — Jdark(V), (3.1)

|4
= Jgen — Jo |€X —11, (3.2)
o =i [exp () <1

where J is the total current density, V' is the applied voltage, jgen is the photo-generated current

density, jqark 1s the dark current density, jg is the dark saturation current density and njiq is the
diode ideality factor. The thermal voltage is given by Vi = kpT'/q, where ¢ is the positive unit

of electric charge, kp is the Boltzmann constant and 7" is temperature. All symbols are defined

on page

The diode equation (3.2)) is derived from the conservation equations for the electron and hole
densities and Poisson’s equation within a p-n junction [14]. The generation current density jgen
is independent of voltage, and corresponds to the current produced from the incident light. The
dark current density jgark is the current that flows in the opposite direction to the photocurrent.
This current, also termed the recombination current, describes the diodic behaviour of a solar
cell. In forward bias (positive applied voltage) the dark current grows exponentially, whereas in
reverse bias (negative applied voltage) the dark current does not flow, except for a small leakage
current jg. For solar cell technologies such as silicon, the diode equation is commonly employed
and provides a good approximation for their current output as a function of the applied voltage.

However, as discussed later, it is generally not appropriate for PSCs.

The diode ideality factor nig is a dimensionless number that typically takes a value between 1
and 2. It is a measure of how diodic the cell response is, such that an ideality factor of 2 means
that the current depends more weakly on the applied voltage. The specific value can be related to
the type of recombination losses that occur. An ideality factor of 1 can indicate that the primary
mechanism is bimolecular radiative recombination, in which free electrons in the conduction
band recombine with holes in the valence band and emit a photon. An ideality factor of 2 can
indicate a monomolecular non-radiative recombination process, for example Shockley-Read-
Hall (SRH) recombination in which carriers recombine at a trap within the band gap; however,
this relies on the recombination being limited by both carrier types [14} 126, [127]]. Non-integer
values are expected when multiple recombination mechanisms limit the performance, with the

closeness to 1 or 2 indicating the relative amount of each type of recombination.

To determine the ideality factor from devices, measurements such as Suns-V, or dark-J-V are

performed. For the Suns-V;,. method, the open-circuit voltage V,. of the cell is measured at

different levels of illumination and the ideality factor can be derived from the formula
1 dIn(Fpp)

— =Vr

3.3
- Voo 53

where Fj, is the illumination intensity. This Suns-V;,. method assumes that the photo-generated
current is proportional to the illumination intensity and, on account of neglecting the -1 term

in equation (3.2), is only valid for voltages above around 0.1 V. For the dark-.J-V method, the
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ideality factor is determined by measuring the current-voltage curve of a solar cell in the dark
via
1 d ln( jdark)

= Vr

- 3.4
Nnid av ( )

This relation can be obtained from eq.(3.2), with J(V) = jga. Similarly this is only valid
at voltages above around 0.1 V. Naturally, these relatively simple and well-established methods
have been applied to PSCs. However, literature reports have found values of the ‘ideality factor’,
determined for PSCs using the techniques outlined above, that are voltage dependent and that
range from around 0.9 to greater than 5 [[128H131]]. Various authors have attempted to relate the
value of the ‘ideality factor’ to specific recombination processes for PSCs [[128) [132H134]. Yet,
a comprehensive framework for interpreting these ideality factor measurements in PSCs has not
been established.

It has been highlighted that applying classical solar cell theory is not appropriate for PSCs
[[134,[135]. This is due to the high density of mobile ions, that redistribute to screen the bulk
electric field and accumulate at the perovskite/transport layer (TL) interfaces, resulting in an
electric potential profile that can be approximately described by Figure 3.1} To address this,
Courtier has produced a PSC model, derived from drift-diffusion theory, which aims to quantify
the steady-state performance of PSCs via a replacement for the diode ideality factor, termed the
ectypal factor [[135]. This work explains why measurements of the ‘ideality factor’ for PSCs
cannot be interpreted using the standard diode theory. Instead, (when carried out near the built-
in voltage of the cell) the ‘ideality factor’ determined by the Suns-V,, or dark-J-V methods for
PSCs is actually the ectypal factor, defined by [133]], as

Voi =V

, 3.5)
Vi, Vo, Vs, V)

nec(V') = il

where, V4, is the built-in voltage of the cell and F; is the potential barrier to recombination,
defined in Table [3.1] The built-in voltage is formed due to the difference in the Fermi levels of
the ETL and HTL at equilibrium, as defined in eq.([.29) [14]]. The size of the potential barrier
F; depends on the type of recombination occurring (assuming a single source dominates) and
the size of the potential drops V;_4. Figure[3.1]labels the location of the potential drops Vi_4
across a PSC. The types of recombination considered here are discussed in Section [4.3] Note
that in general, it is the measured ectypal factor 7. that is determined from experiment, which

is given by [135]]

. V' — Vhi dnec !

ﬁec(v) = nec(VDC) 1 Tioe v

(3.6)
When the applied voltage is close to the built-in voltage of the cell, the measured ectypal factor
is approximately equal to the true ectypal factor. A more detailed description of the potential

distribution across a PSC is provided in Section[5.1]
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FIGURE 3.1: Illustration of the potential distribution across a PSC. At steady-state, as shown,

there is no bulk electric field and the potential distribution can be split into the four potential

drops Vi_4. The large arrows on the right indicate the potential drops that control the rate

of recombination and hence the value of the ectypal factor for each recombination type. PAL

stands for perovskite absorber layer and SRH stands for Shockley-Read-Hall (recombination).
Figure reproduced from ref. [135]] and licensed under CC BY 4.0

Recombination Type F;(Vi, V2, V3, Vy) Thec
Bimolecular Vi+WVa+V3+V, 1
Hole-limited SRH Va+ Vi W
Electron-limited SRH i+V; %
ETL/perovskite interfacial Vo+Vs+Vy %:m
Perovskite/HTL interfacial Vi+Vo+ Vs %

TABLE 3.1: Recombination types and the corresponding value of the ectypal factor, defined in
equation (3.3). The function F;(V7, V4, V3, Vy) is the potential barrier to recombination. The
total potential drop across the cell at steady state is givenby Vi + Vo + V3 + Vy = Vi, — V.

From Table [3.1, a measurement of a cell with a large potential drop at the ETL/perovskite
interface, for example V; + V5 = 4 - (V3 + V};), would identify an ectypal factor of ne ~ 1.25 if
the dominant recombination mechanism were electron limited SRH in the perovskite, or ne. ~ 5
if the dominant recombination were hole-limited SRH in the perovskite. The ectypal diode
theory provides a framework to understand the voltage dependence and the high values for njq >
3 as reported in experiment. In ref. [135]], this theory is validated against numerical solutions to a
drift-diffusion model, in which simulated Suns-V, and dark-J-V measurements are performed.
It is found that the values determined from these simulated measurements are concordant with

those predicted for the ectypal factor, as defined in eq.(3.5)), for each recombination mechanism.

In contrast to classical diode theory, the ectypal diode theory accounts for the ionic distribution
of a PSC, which is necessary to provide a correct description of its steady-state performance.
Measurement of the ectypal factor provides a way to determine the relative size of the potential

drop that controls recombination. With knowledge of the sizes of the potential drops across the
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cell, it may be possible to infer the recombination mechanism that limits performance. However,
in practice it may be challenging to obtain an accurate picture of the potential distribution such
that the exact recombination mechanism can be unambiguously determined. As such, there is
a need for an equivalent to an ideality factor, applicable to PSC cell theory, that can be used to

diagnose the type of recombination occurring within a perovskite solar cell.

3.2 IS background and theory

Impedance spectroscopy (IS) is a measurement technique that is widely used to study solar
cells [96, and many other systems, including lithium-ion batteries [137, [138]], fuel cells
[139, 140], corrosion [141]], coatings, and paints [142) [143]. When applied to systems that
involve ionic or chemical processes, such as PSCs, impedance spectroscopy is often specified
as electrochemical impedance spectroscopy. The equipment required to measure impedance is
fairly simple and inexpensive. Figure [3.2] shows an example of the apparatus used to measure
the impedance of a solar cell. With suitable models to interpret the spectra, IS can provide
significant insight into the properties and functionality of perovskite solar cells. In particular,
the effects of ion motion can be interrogated, making it a particularly valuable technique to use
in the study of PSCs.

FIGURE 3.2: Example of the apparatus required for an impedance spectroscopy measure-

ment. Left image shows a cell under illumination with wire connections to an ‘Autolab/PG-

STAT302N’ potentiostat (right) which applies the voltage perturbation and measures the cur-

rent response. A frequency response analyser module is used to extract the phase and amplitude
from the current response.

Impedance spectroscopy is performed by perturbing a device in steady-state with a low-amplitude
alternating voltage and measuring its current response. The applied voltage, consisting of a con-
stant (or ‘DC’) component and a sinusoidal component, can be expressed in the general form

V(t) = Vbc + Vj cos(wt), 3.7)

where Vpc is the steady-state voltage, V), is the amplitude and w is the angular frequency of the

voltage perturbation. By design, the amplitude of the applied voltage perturbation is small so
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that a linear current response is obtained [[144]. For solar cells, a linear response is obtained
for perturbation amplitudes approximately below the thermal voltage (Vr =~ 25 mV at room

temperature). The resulting current response takes the general form
J(t) = Jpc + Jp(w) cos(wt — (w)). (3.8)

Here, Jpc is the steady-state current density (dependent on Vpc and other conditions such as
illumination), .J,, is the amplitude of the sinusoidal component of the current density and 6 is
its phase relative to the voltage perturbation. The phase and amplitude of the current response
is dependent on the frequency of the applied voltage perturbation. Figure illustrates the
applied voltage and current response for an impedance measurement. The complex impedance

V(t)
VDC Vp -~
§ Z(w)
c
X \Y}
1Z| = _P
o) P
t R (Q cm?)

FIGURE 3.3: Left: illustration of the applied voltage and current response during an impedance
measurement. Right: Nyquist plot, or Argand diagram, showing the impedance at a given
frequency.

Z(w) can be represented in the form [[145]
Z(w) = |Z(w)]e”), (3.9)

where 6 is the phase of the current density relative to the applied voltage and the magnitude

(3.10)

The real component of the impedance R(w), is termed the resistance and the imaginary compo-

nent X (w), is termed the reactance so that the impedance can also be written in the forrrﬂ
Z(w) = R(w) +iX (w). (3.11)

Calculating the impedance using the current density (as above), results in the impedance having
units © cm?. In the context of solar cells, this is a more general and useful representation as it
enables the spectra obtained from cells with different active area sizes to be more easily com-

pared. Impedance provides a measure of the opposition of a system to a change in voltage, and

! Alternatively the notation Z’ and Z” is often used to represent the real and complex components of impedance
respectively.
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thus provides a more complete description of a system’s behaviour than resistance alone. Figure
[3.3]illustrates the complex impedance, determined at a given frequency, and its representation
in the complex plane. The imaginary component of the impedance is typically negative and
therefore it is usual to plot - X (w) against R(w). An impedance spectrum can be determined by
performing measurements of impedance at many different frequencies, that span a wide range
(typically from ~mHz to MHz). Each impedance measurement corresponds to a point on the
complex plane. The impedance of the system, measured over a wide frequency range, often
traces features such as semicircles, lines or loops on the complex plane. These plots are typ-
ically called Nyquist plots [136] [146]. Frequency plots, in which the magnitude |Z|, phase 6,
real R or imaginary X components of impedance are plotted against frequency f, more directly
show a system’s response at a given frequency. Examples of the Nyquist (complex plane) and
frequency plots for impedance spectra are given in the following section (for example, see Fig-
ures [3.4]and [3.6). The maxima observed in the frequency plots correspond to time constants of
the system. For example, these time constants may relate to particular transport or chemical pro-
cesses [96]. Further information can be obtained from spectra by investigating the dependence

of these time constants on temperature, illumination and voltage. [96, [147]].

Impedance spectroscopy is a very powerful technique, enabling a system’s response to be probed
over an extremely wide range of timescales (107 to 10* s [[144, [148])). High precision measure-
ments can be made as the measurement can be averaged over very long periods [[144]. Further-
more, perturbing the system with a low amplitude signal, gives a linear response, significantly
reducing the complexity of the analysis required to interpret the results [136} [149]]. In general,
the current (or voltage) response of PSCs to large amplitude stimuli is highly non-linear, in
part owing to the complex ionic-electronic interaction [[96]]. This makes IS, that obtains linear
or pseudo-linear responses, a particularly useful technique. However, the additional complex-
ity of the ionic-electronic interaction in PSCs means that the models developed for traditional
and other thin-film technologies are not applicable to this technology. The following section
discusses the use of equivalent circuit models to interpret and extract useful information from

impedance spectra.

3.3 Equivalent circuit models

Equivalent circuits are composed of idealised electrical elements, such as resistors and capaci-
tors, that represent a given electrical system. These simple equivalent circuit models can sup-
port interpretation and analysis of the response of electrical systems. Accordingly, experimental
impedance spectra are commonly analysed using equivalent circuit models. The impedance
spectra of PSCs are usually displayed in the form of Nyquist plots. In this representation, one or
more semicircles are typically observed (see Figures[3.8/and[.2] presented later for experimental
and simulated impedance spectra respectively). Table shows the symbols used to represent
resistors, capacitors and inductors as well as their respective impedances.
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Resistor Capacitor Inductor
I w— || oo
_ 1 —
Impedance Zr =Ry Zo = wer Zr, = wwlq

TABLE 3.2: Equivalent circuit components and their impedances.

The total impedance within a circuit can be calculated using the same rules as those for classical

resistance. For example, the total impedance for series combination is given by
Ziot =21+ Za+ ..., (3.12)
while the parallel combination of impedance gives
1/ Zot =1/21 +1/Zy+ ... . (3.13)

In terms of equivalent circuit components, a semicircular feature is produced by a parallel com-
bination of a resistor (R;) and capacitor (C1). As listed in Table[3.2] the impedance of a resistor
Zr 1s a constant (real) value equal to the value of its classical resistance. The impedance of a ca-
pacitor Z¢ is purely imaginary and is inversely proportional to frequency. The total impedance
for the parallel combination of Zr and Z¢ (as illustrated in Figure [3.4)), often termed RC' ele-

ment, is given by

Rl . R%Clw
= —q )
1+ R2C3w? 1+ R2C3%w?

ZRre (3.14)
The impedance for this RC' element is plotted in Figure [3.4] for a 50 2 resistor and a 10 uF
capacitor. Adding a resistor R in series with the RC' element shifts the semicircle along the
R-axis by an amount Rs. Equation (3.14) can be recognised as an equation of a semicircle
(parameterised by w) in the R-X plane, with radius R; /2 centred at R; /2. The product R; - C;
corresponds to a time constant of the system, given by

T = R101 (315)
=1/w. (3.16)

Consequently, distinct semicircles that appear in Nyquist plots of the impedance spectra can

each be attributed to physical processes occurring on different timescales [[146]].

Literature often presents impedance spectra on Nyquist plots. This is convenient as slight vari-
ations to the impedance of cells can result in significant changes to the shape and size of the
plots. However, they remain somewhat abstract and information about frequency is lost or, at

best, limited. Complementing Nyquist plots with frequency plots and relating the spectra to
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FIGURE 3.4: Impedance spectra displayed in the form of Nyquist (left) and frequency plot
(right) for the RC equivalent circuit shown. The Nyquist plot displaying a semicircular spec-
trum is parameterised by the (angular) frequency w. Equivalent circuit parameters: R; =50 €2,
C1 = 10pF. Time constant 73 = 0.5 ms. Data points are connected with lines to aid the eye.
Reactance X and resistance R are displayed as black circles and blue crosses respectively.

equivalent circuit models is essential to getting the most from impedance data. Figure [3.5] dis-
plays a three-dimensional frequency-Nyquist plot to show the relationship between the two data
representations. Owing to the limited representation of frequency, two very different impedance
spectra can give identical Nyquist plots. This highlights the importance of labelling frequencies
and including frequency plots if necessary.

-25

10()

i 50
107 o, o 30 40
Frequency (Hz) 100 10

FIGURE 3.5: Three-dimensional frequency-Nyquist plot with projections onto the X-f, R-f
and X-R planes. Equivalent circuit parameters: R; = 50 2, C7; = 10uF with 100 sample
frequencies.

Nyquist plots of impedance spectra that display two semicircles can be modelled by the series

combination of two RC' elements (as shown in Figure[3.6f)). Calculating the impedance for this
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‘RC-RC” circuit, one obtains

Zrc-rc = Rre—re + 1 XRro-re, (3.17)
Ry Ry
Rre—re = n , 3.18
RC—RC 1+W2R%012 1+W2R3022 ( )
R2C R2C
Xpo—po = ——d1 ket (3.19)

1+ WR2C2 1+ w?RICE

Figure [3.6c) shows this RC-RC circuit and a), b) and d) plot its impedance according to equa-
tions (3.17)-(3.19). The RC elements have been labelled to indicate the high and low frequency
time constants. For 7 << 77 F the semicircles are distinct, as is shown in Figure [3.6] How-
ever, if the time constants differ by two orders of magnitude or less, then the high and low
frequency features are not distinct and the resulting semicircles may overlap, appear as a single

misshapen semicircle, or one with a bulge.
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FIGURE 3.6: a) Nyquist, b) and d) frequency plots with key impedance parameters labelled
for the impedance spectrum of ¢) an RC-RC equivalent circuit. The labelled frequencies are
related to the angular frequencies via f = w/27.

A series resistance R as w — oo is regularly observed in the impedance spectra of solar cells
[96] [150]. On the J-V curve, a large series resistance reduces the gradient at the open-circuit
voltage [14]. This series resistance is attributable to the resistance of the contact layers as well
as the experimental apparatus [151]]. Consequently, a series resistor is added to the circuit shown
in Figure This equivalent circuit has been used to model the full impedance spectra of PSCs
[152]].

It is important to note that the Nyquist plot shown in Figure is not unique to the RC-RC
circuit shown in Figure [3.6c). Other equivalent circuits with two time constants, also produce
identical Nyquist plots [152} [153]]. Examples of such circuits are shown in Figure and c).
The particular configuration of elements should be justified in relation to the physical system
being modelled.

With an appropriate cell model, fitting equivalent circuits to impedance measurements enables
useful cell parameters to be determined. It should be noted that fitting equivalent circuit models

to the feature rich impedance spectra of PSCs is generally inexact. This is because equivalent
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FIGURE 3.7: Equivalent circuit diagrams that can each model an impedance spectrum that
exhibits two semicircles [152, [153]].

circuit model representation is not unique and additional components can be included to sig-
nificantly improve fit to data; however, they may have no relation to the solar cell’s operation.
Whilst it is important to understand their limitations, equivalent circuit models are a valuable
tool to extract useful information and can be used to improve physical understanding of the sys-
tem. Providing a mathematical argument for a particular equivalent circuit model is critical to

justify their use as an analogue of physical systems.

3.4 Impedance spectra of PSCs

Throughout the development of PSCs, impedance spectroscopy has been widely used to study
their properties. This has been facilitated by the extensive experience developed by research
groups using these techniques to study dye-sensitised solar cells and other thin-film photovoltaic
devices [154,[155]. However, owing to the unusual features seen for PSCs, and a lack of suitable
models, there remains uncertainty as to how to correctly interpret spectra and extract physical

parameters from them.

Generally, although not always, IS is performed on full perovskite devices that include transport
layers and contacts [[156]]. The applied voltage typically ranges from short-circuit to the open-
circuit voltage of the device under light and in the dark. The frequency range of the applied
perturbation is typically around 102-10° Hz and its amplitude Vpis ~20 mV [95, 1131, 1147, 1154,
157H162]. In practice, the amplitude of the voltage perturbation is a balance between obtaining a
linear response and having a reasonable signal to noise ratio. Spectra can vary quite considerably
across measurement protocols, device composition and architectures. Overall, spectra plotted
on Nyquist diagrams loosely share the same form as that of Figure [3.6][147]. Examples of real
PSC impedance spectra obtained at V;,. under illumination are shown in Figures and[3.9]
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FIGURE 3.8: Nyquist plots showing examples of impedance spectra for a PSC

(TiO2/MAPDBI;_ . Cl,/Spiro). Measured at open-circuit under blue LED illumination at three

different intensities. Z’ and Z" correspond to the real and imaginary components of impedance

respectively. The 73 mW cm intensity produced a photocurrent equivalent to 1-Sun AM 1.5
illumination. Figure reproduced from ref. [163]] with permission.
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FIGURE 3.9: Corresponding frequency plot for the impedance spectra presented in Figure

The imaginary component of the impedance is plotted against frequency. Figure reproduced
from ref. [163] with permission.

Increasing from low to high frequencies, the semicircular features are traced from right to left.
These semicircles vary in radius, relative size to one another, and may only be partially resolved
[131} [151]. Interestingly, the low frequency feature can lie below the axis, which corresponds
to positive reactances [158) [159|[164]]. Furthermore, other features are occasionally observed at

intermediate frequencies, including loops and bulges [[95} 96, 154} 157, [161]]

It is evident here, and in the literature, that the radii of the semicircles are reduced as the voltage
is increased towards open-circuit [163]]. This can be understood by considering the gradient of a
J-V curve (e.g. see Figure[2.4) [[165]]. Near short-circuit, the gradient is shallow corresponding

to a large resistance. As the voltage is increased to near open-circuit, small changes in voltage
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result in significant changes in current output and hence there is a low associated resistance.
Some literature presents results of IS over a limited frequency range. This can result in features
only being partially traced and not fully captured. Care must be taken when interpreting these
features. The following subsections detail the features observed in PSC impedance spectra and

discuss their origin.

3.4.1 High frequency feature

When plotting the impedance spectra for PSCs on a Nyquist diagram, a semicircular feature is
traced over frequencies around 10%-10% Hz [96] [147]. For example, this feature corresponds to
the left semicircle, for a given illumination, in Figure [3.8] Given that this feature is approxi-
mately semicircular, there is a resistance associated with the diameter of the semicircle and a
capacitance related to the frequency that it is observed. The origin of this feature, henceforth
referred to as the high frequency (HF) feature, has been attributed to many mechanisms. For the
capacitance, this includes; geometric [96, [125 [131] [166l], double-layer [[167], chemical [159]
and depletion capacitances [[162]. The resistance associated with the HF feature R has been
attributed to; recombination [96, [131], electron and hole transport [[157, [168]] and ion motion
resistances [151]]. The present understanding is that this feature arises from the geometric ca-
pacitance and recombination resistance of the cell [96, 125} [131} [157]. The geometric, also
termed junction or contact capacitance, is given by [[157, [166]]

CGeo = ?, (3.20)
where €, is the relative permittivity of the perovskite, €y the vacuum permittivity and b is the
perovskite width. This geometric capacitance (per unit area) is equivalent to parallel-plate ca-
pacitance, where the perovskite is the dielectric material and the transport layers or contacts
function as the parallel plates [157, [166]. Pockett er al. found that the measured capacitance
of the HF feature remains constant across different applied voltages [96]. Independence of the
HF capacitance C'irr with illumination has also been demonstrated [[147]. Guerrero et al. also
measured this capacitance with varying perovskite width, finding that it is inversely proportional

to the perovskite width [[157]]. These findings are consistent with the geometric capacitance, as

defined in eq.(3.20).

The value of the HF capacitance has been found to be around 100 - 650 nF cm2 [96, [1311, [147].
Notably, predictions of the HF capacitance via eq.(3.20) can result in values too small by a factor
of up to around 10. This discrepancy can be reconciled via a ‘roughness factor’ that accounts
for the imperfect and rough planar interfaces between the perovskite layer and the adjacent
transport layers in a PSC, in comparison to an idealised parallel plate capacitor [131]. As such,
including a roughness factor (in the numerator of eq.) means that the value predicted from

a geometric capacitance is in line with experimental measurements.
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The recombination resistance is defined [[129,|169]]

dJ\ *
— (=2 . 321
Rrec <dv> (3.21)

As defined above, the recombination resistance scales linearly with illumination intensity. Given
that the resistance extracted from the HF feature Ry also displays a linear dependence on the
light intensity, this suggests that Ry is proportional to a recombination resistance [96, [129]
1311 [169].

3.4.2 Low frequency feature

The low frequency (LF) feature is observed in the impedance spectra at frequencies around 102-
10! Hz [96, [147, [170]. This is perhaps the most unusual feature of the impedance response of
PSCs. This is because it is indicative of a slow process, occurring roughly on the timescale
of seconds, which is unusual for solar cells, whose response are typically only governed by
electronic processes occurring over much faster timescales. This LF feature is usually apparent
as a semicircle to the right of the HF feature on a Nyquist plot, or a peak in the reactance
versus frequency plot. An example of a LF feature observed in a PSC impedance spectra is
shown in Figure [3.8] In the Nyquist plot representation, a semicircular feature above the axis
usually corresponds to a process with an associated capacitance. Interestingly, the LF feature
can lie below the axis on the Nyquist plot, which can be associated to a ‘negative capacitance’
or an inductive feature [171H175]. An example of an impedance spectrum with a ‘negative’ LF
feature is shown in Figure [3.10] Some references refer to this feature as an ‘inductive loop’
[L74]; however, to ensure clarity for later discussion of a different ‘loop’ feature, henceforth
this is referred to as a negative LF feature. The negative LF feature is observed for regular and
inverted cell configurations [[175] [174]], and for cells without transport layers [[164]. Here, we
note that the semicircles displayed on Nyquist plots for experimental spectra are often imperfect,
or ‘flattened’. In contrast, those determined from the equivalent circuit models presented in
Section [3.3] or drift-diffusion models, are typically exact semicircles. The possible cause for

this discrepancy is discussed in Section 4.3.1

Extracting the capacitance from the (positive) low frequency feature yields extremely high ca-
pacitances. These can be as large as 102-10° F cm™ 115,147, [162]. This capacitance was first
reported as a so-called ‘photoinduced giant dielectric constant’ [[177]. This report garnered sig-
nificant interest and stimulated considerable debate over its physical origin [[99,[178,|179]]. Some
of the proposed explanations include; giant dielectric effects and relaxation [95) 167, 168, [177]],
electronic and ionic accumulation at contacts [157]], electrochemical reactions [164], ionic dif-
fusion [[151]], ionic motion and its impact on recombination and charge injection [96, [125] and
trap states [180-182].

Evidence indicates that this LF feature is a result of ions moving in response to the voltage

perturbation, which effects the charge injection/extraction and recombination of electrons and
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FIGURE 3.10: Examples of experimental impedance spectra of a PSC with negative low fre-

quency features. Measured for a complete methylammonium lead bromide perovskite solar

cell under an inert atmosphere at different DC voltages. Adapted with permission from [176].
Copyright 2021 American Chemical Society.

holes [96} 11251158} [183]]. This interpretation is justified as the resistance associated with the LF
feature has approximately the same dependence on light intensity as the HF resistance [96] [147].
Additionally, groups have performed IS measurements at a range of temperatures and extracted
an activation energy for the associated mechanisms responsible for the LF feature [[96, 147, [184]].
These activation energies are in line with other calculations of activation energies for iodide (~
0.45-0.6 eV) and MA™ (~0.5 - 0.85 eV) [70, 110]) vacancy migration.

The proposed physical origin of the LF feature as an ionic modulation of the current output
demonstrates that the capacitance (and negative capacitance) associated with the LF feature is
not a true capacitance, i.e. not the result of charge storage. Although the probable physical
mechanisms for the low and high frequency features have been identified, the precise conditions
for when a negative LF feature is observed are yet to be established. Additionally, it is not
yet clear how to extract device properties from the spectra. This highlights the importance of

physics-based PSC device models to specify the exact impedance response of PSCs.

3.4.3 Intermediate frequency features

More exotic features, other than the high and low frequency features discussed so far, can be
observed in the Nyquist plots of impedance spectra for PSCs. For example, these include a third
semicircle between the low and high frequency features, or a bulge to one of the semicircles
[185L[186). Additionally, loops between the low and high frequency semicircles have also been
observed [[157, 161} [175l], as well as ‘spirals’ [95, [176]] or multiple negative features [171 (173}
175]]. Henceforth, we refer to this varied group of exotic features as intermediate frequency

(IF) features. Examples of some of these IF features that have been observed in experiment are
displayed in Figure[3.11]

When resolved, IF features can be observed at a wide range of frequencies, 10~1-10* Hz
[96, 1175 175, [185]]. The exact physical origins for these features have yet to be conclusively
determined. One possibility is that some of these features are an artefact of performing IS under
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FIGURE 3.11: Representative examples of impedance spectra from PSCs that show intermedi-

ate frequency, or ‘exotic’, features. a) loop feature, reproduced from IS data presented in ref.

[157]. b) ‘bulge’ feature shown in data obtained from ref. [[L86]. c) ‘spiral’ feature, reproduced
from data from ref. [95]. d) two negative features, data sourced from ref. [173]].

non-steady-state conditions [[158} [187]. Moia ef al. demonstrate that loops between the LF and
HF features can be observed, when otherwise are not apparent, for spectra obtained with insuf-
ficient stabilisation prior to measurement [158]]. This could be a result of residual ion motion
from a cell that is not properly stabilised before, or degradation during, the measurement. The
inherent instability of PSCs and the transient effects of ion motion means that extra care should
be taken to ensure reproducibility of the impedance measurements. These results indicate that
loops between the LF and HF features are not an intrinsic part of the impedance response for
PSCs. However, Jacobs et al. demonstrate that loops can be exhibited using a drift-diffusion
model of a PSC in certain parameter regimes [[125]]. Given that the simulation can be guaranteed
to be at steady-state, this suggests that loops may indeed be a true feature of the impedance

response of some PSCs.

Pockett et al. demonstrate that the IF feature, arising as a bulge to the LF feature has an asso-
ciated activation energy and shares the same dependency on light as the LF feature. This leads
them to a similar interpretation for its origin [96]. They propose that the two activation ener-
gies, determined from the LF and IF features, may correspond to I~ and MA™, or a single ionic
species that diffuses at a different rate depending on its location (e.g. within the bulk or along
grain boundaries) [96]. Fully understanding the mechanism responsible for this IF feature could

enable information about the number of mobile ionic species and their mobilities.

Inductors have been employed in the equivalent circuit modelling of negative capacitances and
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loop features [161 [171} [174]. The inductance, or negative capacitance, observed is a conse-
quence of other mechanisms that resemble these components. As such, their physical interpre-
tation should remain distinct [[125]]. Furthermore, it is important to note that these IF features are
not always observed. The ability to resolve these features within the spectra is highly dependent
on the light and bias of measurement, as well as device composition. This variability between
the spectra obtained by different groups has hindered progress towards understanding their phys-
ical origin. The complex effect of ionic distribution on recombination and charge injection has
been put forward to explain these features, as well the LF features [[125 [158]]. Whilst this seems
most probable, this interpretation still requires considerable investigation to determine the exact

physics responsible.

3.4.4 Trends of the low and high frequency features

While the impedance response of PSCs display a rich variety of features, that are sensitively
dependent on device composition and experimental conditions, Contreras-Bernal et al. identify

the following commonly observed characteristics [147]:

i) Two (or more) features, corresponding to time constants that are visible as peaks in fre-

quency plots or semicircles/arcs in Nyquist plots.

ii) The characteristic frequency of the LF feature is independent of DC voltage, whereas the

characteristic frequency of the HF feature increases exponentially with DC voltage.

iii) Both of the resistances associated with the low and high frequency features (R;r and

Ry r respectively) decrease exponentially with DC voltage.

iv) The capacitance associated with the HF feature is independent of DC voltage, for low

voltages, while the capacitance associated with the LF feature increases exponentially

The low and high frequency resistances and capacitances are determined via fitting to an RC-
RC' equivalent circuit, as shown in Figure [3.6c. Note that i-iv) are compatible with cells that
display a negative LF feature. These trends with DC voltage (or illumination) appear to be
characteristic features of the impedance spectra of PSCs [96, 147, [163]]. Therefore, these should

be reproduced by models that aim to describe the fundamental impedance response of PSCs.

3.5 Prominent models

Accurate device models are essential to interpret and extract useful information from the results
of impedance spectroscopy measurements. The complex operation of PSCs has hindered efforts

to derive device models that can suitably capture the fundamental operation of PSCs. In this



34 Chapter 3. Impedance spectroscopy and the ideality factor

section, four notable models that have been developed to interpret the impedance spectra of

PSCs are reviewed.

In the work by Neukom et al. the simulated impedance response of a PSC is compared to
experimental measurements [183]. The simulated measurements are produced using the PSC
simulation tool, SETFOS from FLUXiM [183|[188]]. In addition, the impact of mobile ions and
device parameters on various simulated measurements and overall efficiency are studied. With a
single parameter set, they demonstrate that the drift-diffusion model can realistically reproduce

the general response of a PSC to a number of different measurement protocols.

The simulated measurements are obtained using the commercial software package, SETFOS
from FLUXiM [[183}[188]]. This tool numerically solves a one-dimensional drift-diffusion model
for the three core layers of a planar PSC. In this study, one negative and one positive species
of mobile ions are modelled within the perovskite layer. Neukom and coworkers conduct
comparison of many different experimental measurements and simulations for a planar PSC
(TaTm/MAPI/Cgy). These characterisation techniques include J-V, intensity modulated pho-
tocurrent spectroscopy (IMPS), impedance spectroscopy, Suns-V,. and transient photocurrent
measurements. The impedance spectroscopy results are presented in the form of capacitance
versus frequency plots and are conducted under illumination, and in the dark at O V. The sim-
ulated results for IS and the other characterisation methods show reasonable agreement with
experiment. However, given the broad scope of the paper, only a limited number of impedance
results are presented. Notably, it was found that mobile ions within the perovskite layer were
required for the simulated measurements to reproduce the experimental measurements they con-
ducted on TaTm/MAPI/Cgq cells. Additionally, SRH recombination and low interfacial recom-
bination were necessary to reproduce their measurements. Interestingly, they show that simula-
tions with only mobile anion vacancies do not differ significantly from those with both mobile

anion and cation vacancies.

Jacobs et al. [[125]] use numerical simulations of a coupled ionic-electronic drift-diffusion model,
based on the work of various groups, to describe the impedance response of PSCs [6} 105, [118]].
They focus on interpreting the impedance spectra of PSCs in terms of the AC capacitive com-
ponent C' = w~!Im(Y (w)), where susceptance Y (w) = 1/Z(w). As such, they consider the
continuity equation for the electron density within the device to derive an expression for the
apparent capacitance. This is found to have two contributions. The first, they label C, cor-
responds to the usual (classical) definition of capacitance involving physically stored charge.
The second, Ag, still with units of capacitance, corresponds to a phase-delayed recombination
current. This component can be positive or negative, which they reason is responsible for the
negative capacitance and loop features observed in IS of PSCs. This distinction between ap-
parent capacitance arising from physically stored charge and phase-delayed capacitance greatly
aids interpretation of IS data and enables reasonable explanations to be formed. This is the

primary focus of their work and, on analysing their numerical solutions, they reach similar but
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more general conclusions than Pockett et al. [96], by describing the low and intermediate fea-
tures observed in the impedance spectra of PSCs in terms of the ionic distribution’s ability to

increase or decrease recombination and injection/extraction.

While the model equations are not explicitly stated, this work is reported to employ a one-
dimensional coupled ionic-electronic drift-diffusion model in line with the models developed
by van Reenan et al. [118], Richardson et al. [6] and Calado et al. [[105]. With the exception
of Fig. 1 in ref. [125]], one mobile ionic species is modelled and constrained to the perovskite
layer. The adjacent transport layers are also modelled. Numerical solutions were obtained using
COMSOL Multiphysics integrated with MATLAB [189,1190] and the impedance was calculated
using a Fourier transformation of the current [[125]]. Upon research, the exact PSC drift-diffusion

model equations used in this work could not be found.

Interestingly, Jacobs et al. investigated how the impedance spectra could deliver information
about hysteresis, which is typically quantified from J-V measurements [125]. Specifically,
they plot Im(Y (w)) versus frequency (where Y (w) = 1/Z(w)) and compare this to different
hysteresis indices for J-V curves measured at various scan rates. Converting scan rates to
frequencies, they observed that below ~10® Hz, the frequency dependence of the magnitude of
Im(Y (w)) generally corresponds to that of the measured hysteresis. The benefits of employing
IS instead of J-V measurements is the simplicity of measurement as well as being able to probe
frequencies that are difficult to reach in J-V measurements. Furthermore, IS can be carried out
at the maximum power point of the cell, providing information that is more relevant to the real

world operation of the cell [123]].

Using their numerical model, Jacobs and coworkers were able to reproduce the so-called giant
LF capacitance and negative capacitances that are observed in experiment [125]]. To reproduce
the loops between the LF and HF features that are sometimes seen in experiment, Jacobs et al.
note that the density of carriers within the perovskite needed to be increased significantly in their
simulations [125]]. They reason that the loops, like the LF feature, are due to the component
of apparent capacitance arising from a phase-delayed recombination current. To obtain dark
LF capacitances as high as observed in their experimental measurements (above 50 uF cm™),
surface states needed to be added at the perovskite/transport layer interfaces, which are hard to

justify physically. This was to increase the ionic charge stored at the interfaces.

Unlike drift-diffusion models, analytic models are able to justify the use of a particular equiv-
alent circuit model and directly show the relationship between specific device parameters and
their impact on the impedance spectra. However, the complexity of the coupled ionic-electronic
response has meant that it is challenging to derive an accurate analytic model. Two notable
papers that propose equivalent circuit models via examination of the underlying physics of op-
eration of PSCs are the works by Moia et al. [158]] and Ghahremanirad et al. [161].

Moia et al. propose an equivalent circuit model that incorporates transistors to couple the effect
of ionic motion to the electrical output of the cell [158]]. Through comparison to both simulated

impedance from a drift-diffusion model and experimental measurements, they demonstrate that
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transistors enable the general impedance response of a PSC to be reproduced effectively. The
treatment of the interfaces as transistors provides a more realistic picture of the coupled ionic-
electronic physics of operation for PSCs than a simple diode model. This helps to deliver insight
into the impedance response of PSCs and offers an alternative to numerical drift-diffusion mod-

els for the simulation of PSC behaviour.

To arrive at an equivalent circuit model, Moia et al. apply detailed balance at equilibrium to
determine relations that describe the current as a function of potential drops at the interfaces
[158]. They identify these current equations to be analogous to those that describe bipolar
transistors. The transistors, one at each interface, are controlled by the ionic environment within
the perovskite and the externally applied bias. As a result, the ionic distribution controls the
flow of current at the perovskite/TL interfaces. Based upon this argument, an equivalent circuit
model is proposed with either one or two transistors (depending on whether the cell response is
controlled by a single or both interfaces). The transistors are controlled by an ionic circuit branch
that modulates the electronic circuit. This equivalent circuit model is shown to fit impedance
spectra measured for hybrid metal halide PSCs. Additionally, the equivalent circuit was fitted
to simulated impedance measurements obtained using the open-source software, Driftfusion
[105, 1191}, 1192]. This tool numerically solves the charge transport model described by Calado et
al. [105], which is equivalent to other drift-diffusion models of a planar PSC, based on a single
mobile ion species in the perovskite layer and mobile charge carriers throughout the device.
[4)118] 183]).

Their equivalent circuit model, and drift-diffusion model, reproduce the characteristics of the
HF and LF features in addition to the LF ‘inductance’ or negative capacitance as observed
in experiment. In these models, the LF response is reproduced via the coupling of the ionic
distribution with the recombination and electronic charge injection. These interpretations for
the apparent capacitance are in line with Jacobs et al. [125]. Interestingly, extension of their
equivalent circuit model to include the penetration of ions into, and reversible chemical reactions

at, a perovskite/TL interface predicts both positive and negative apparent capacitances.

Whilst this equivalent circuit model is intuitively appealing, and based on reasonable physical
assumptions, it lacks formal justification and hence it is not possible to directly relate the param-
eters of the devices connected in the equivalent circuit to real physical parameters of the PSC.
Indeed, attempting to formally derive such an equivalent circuit model (based on transistors)
from a drift-diffusion model of a PSC, using formal asymptotics, could potentially result in an

interesting and valuable contribution to the field.

Ghahremanirad ef al. propose an equivalent circuit model to explain the negative capacitance and
loops observed in the impedance spectra of PSCs [161]. In their work, they employ a surface
polarisation model, developed by Ravishankar et al. [193], to justify a particular equivalent

circuit model and help understand the physical processes responsible for the exotic features.

The surface polarisation model employed by Ghahremanirad et al. [161] was previously used

to simulate hysteresis and other transient techniques and models the accumulation of holes and
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positive ionic charge at the ETL/perovskite interface [[193]. The accumulation of charge forms
an energy barrier that modifies the recombination current. They show that with parameter fitting,
the surface polarisation model can reproduce the experimentally observed hysteresis. Using
semiconductor diode theory and applying this surface polarisation model, Ghahremanirad et
al. transform to the frequency domain to determine an expression for impedance [161]. They
attribute the model parameters to resistors, capacitors and an inductor to form the equivalent
circuit model shown in Figure [3.12] They show that by fitting the seven component values, this
circuit can reproduce the experimental spectra of MAPI cells that display loops between the LF

and HF features and negative LF features.
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FIGURE 3.12: Equivalent circuit model for the impedance response of a PSC proposed by
Ghahremanirad et al. [161]].

Figure [3.12] shows the equivalent circuit model derived by Ghahremanirad et al. [161]. The
capacitor C; was added empirically to represent the capacitance associated with the high fre-
quency bulk dielectric or surface properties of the cell. From the underlying surface polarisation
model, Ghahremanirad et al. find that increasing the charge stored for a given voltage (i.e. capac-
itance), as well as the relaxation constant (which quantifies the lag between the applied voltage
and the internal surface polarisation voltage), results in a loop forming between the high and
low frequency features. Increasing these further, the low frequency feature dips below the axis

to form a semicircle corresponding to ‘negative capacitance’.

The experimental spectra that Ghahremanirad et al. [[161] fit their equivalent circuit model to
were obtained from MAPI cells with modified electron transport layers [[194]. Specifically,
alternate layers of compact TiO2 and mesoporous SnO2 were stacked on top of the FTO contact
before MAPI was deposited. The porosity of these layers means that the perovskite can fill
the mesostructure. The impedance spectra of these cells display distinct loops between the LF
and HF feature, that can dip below the axis. The size of the loops are roughly proportional to
the number of TiO2 and SnOs layers [194]. This modified MAPI architecture lends itself to
the surface polarisation model derived by Ravishankar et al. [193], in which a larger energy
barrier is expected at the ETL/Perovskite interface. However, Kelvin probe force microscopy
(KPFM) measurements have shown that in general, the electric potential is distributed across
both perovskite/TL interfaces [195H197]. Therefore, the equivalent circuit model proposed by
Ghahremanirad et al. may not be a suitable analogue for the impedance response of PSCs. The

surface polarisation model developed by Richardson et al. [6] and Courtier et al. [4}15], is entirely
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consistent with the underlying drift-diffusion model of the ionic-electronic motion in the cell. It

therefore provides a much better representation of evolution of the electric potential in a PSC,

as shown in Figures[3.1j) and

The benefit of the equivalent circuit model presented in Figure[3.12] is that the resistor, capacitor
and inductor values are related to device parameters such as the recombination current and
ionic relaxation times [161]. However, this equivalent circuit is not properly derived from their
phenomenological surface polarisation model, which in itself is only capable of capturing cell
behaviour in a very broad sense. Furthermore, an additional parameter was added in order to
obtain a better fit to experiment. A more general underlying device model is required to define

this parameter.

3.6 Summary

This chapter introduces the ideality factor and describes the experimental impedance measure-
ments for PSCs. It thus sets the context for the remaining chapters. Measurement of an ideality
factor is a widely used technique to evaluate the performance and infer the type of efficiency
loss occurring within a solar cell. However, when techniques such as the Suns-V,, or dark-J-V
methods are applied to PSCs, high njq > 3 and voltage dependent values have been reported
[128-H131]]. These values can be explained using ectypal diode theory, as opposed to classical
diode theory, which accounts for the ionic distribution of a PSC [135]. With this framework,
typical methods to determine the ideality factor in fact return the ectypal factor, which is de-
fined as the ratio of the total potential drop across the cell to the potential that forms a barrier
to recombination. If the sizes of the potential drops across the cell are known, then it may be
possible to infer the recombination mechanism that limits performance through the value of the
ectypal factor. However, in practice, determining the potential distribution to a high enough
accuracy may be challenging. As such, this motivates us to formulate a method to determine a
true ideality factor for PSCs. This is described in further detail in Chapter[6]

Impedance spectroscopy is a measurement technique that involves the application of a DC volt-
age with an additional small sinusoidal perturbation and measuring the sinusoidal current re-
sponse. By analysing the response of a cell at many different frequencies, spanning a range from
mHz to MHz, important device properties can be determined. This analysis is often performed
by fitting to an equivalent circuit, which enables resistances, capacitances, and time constants
to be extracted from the impedance spectra. For more established solar cell technologies, these
equivalent circuits have been derived from fundamental theory, and enable the characteristics
extracted from spectra to be related to device properties. However, for PSCs it is not yet clear
which equivalent circuit should be used, or how the resistances and capacitance are related to

fundamental device properties.

Advancement towards even a qualitative understanding of the impedance response has been

challenging due to the varied and unconventional impedance response that PSCs exhibit. Spectra
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generally display two features, corresponding to a high frequency response and a low frequency
response. The HF feature, is typically observed at around 10 to 100 kHz and is apparent as a
semicircular feature above the axis on a Nyquist plot [96} [147]]. The overall consensus is that
the associated resistance and capacitance has been attributed to the recombination resistance and
geometric capacitance of the cell [96,1125,[1311[157]]. The properties of the low frequency feature
are particularly unusual for a solar cell. Observed at frequencies around 10 mHz to 10 Hz, this
feature is approximately semicircular and can lie either above or below the axis on a Nyquist
diagram [96, 147, 170} [176l]. The very high positive (or negative) capacitance associated with
this feature is not a true capacitance. Instead, evidence indicates that the LF feature is a result of
ions moving in response to the voltage perturbation, which affects the charge injection/extraction
and recombination of electrons and holes [96, 125} [158,, [183]]. This proposed ionic modulation
of the current output can account for the very high, and negative, capacitances extracted from

PSC impedance spectra.

Furthermore, exotic or intermediate frequency features have been observed. These include loops
between the low and high frequency semicircles, or additional semicircles that lie above or
below the axis on a Nyquist plot. If apparent in the spectra, these features can be observed
between around 0.1 Hz to 10 kHz [96, [175],[175][185]]. It has been demonstrated that insufficient
stabilisation can cause loops; however, some evidence suggests these may be a fundamental
feature of the impedance response of PSCs [[125,[158]]. The exact physical processes responsible

for these features have yet to be conclusively determined.

While accurate device models are essential to extract all of the information from impedance
spectra, the development of models for PSCs has been hindered due to the complexity of their
operation. In Section [3.5] the leading models that include the physics of mobile ions are re-
viewed. Overall, there are a limited set of numerical simulation tools available for researchers
to use and better understand the impedance response of PSCs. Additionally, an analytic model
has yet to be systematically derived from a coupled-ionic electronic drift-diffusion model. This
would justify a particular equivalent circuit and enable the extraction of physical parameters
from the impedance spectra of PSCs. Finally, a dedicated study on how recombination impacts

the impedance spectra of PSCs has not been performed.

In summary, this chapter details the impedance response of PSCs, as reported in the litera-
ture. An opportunity for drift-diffusion modelling to provide further insight into the impedance
response of PSCs is identified. In the following chapter, a method of simulating impedance
spectroscopy measurements is formulated based on a charge transport model of the cell. This
drift-diffusion modelling approach is shown to reproduce the features observed in experiment.
Chapters [5| and [6] present the derivation and results of an analytic model derived via approxima-

tions to the model set out in the following chapter.
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Chapter 4

IS modelling and results

In addition to applications in semiconductor physics [[198, [199], drift-diffusion, or equivalently,
charge-transport equations can be applied to a broad range of systems. Some of these applica-
tions include modelling the electrodiffusion of ions in biological systems [200} 201]], electrolytes
and ionic diffusion in chemical systems [202-204]], and the dynamics of fluids in electric fields
[205]. Rather than modelling the kinetics of individual charged particles, which is impractical
on device scales, drift-diffusion models provide a macroscopic description of the charge densi-
ties and potential within the system. This approach is capable of modelling the steady-state and
time-dependent operation of perovskite solar cells and enables current-voltage measurements of
PSCs to be simulated [16, 105, [118]].

A lack of appropriate models for the impedance of PSCs has meant that impedance spectroscopy
is underused, and its results are often misinterpreted. In this chapter, we detail a drift-diffusion
model that includes the coupled ionic-electronic dynamics required to suitably describe the re-
sponse of PSCs during impedance measurements. We summarise the formulation of an ‘IS
module’ for the open-source PSC simulator, TonMonger [106}[206]. This adds the capability
of simulating IS measurements via numerical solution to the drift-diffusion model. A selection
of impedance spectra are presented for different simulated measurement conditions. The low
and high frequency features, as observed in experiment, are reproduced by the model. This in-
cludes the so-called ‘giant” LF capacitance, that can either be positive or negative. The trends
with illumination, universally observed in experiment, are also reproduced. Additionally, we
demonstrate that under particular conditions, the model predicts the intermediate frequency fea-
tures that have been observed in experiment, including loops and additional arcs. These results
validate the underlying charge transport model as a means to describe the impedance response of
PSCs. Finally, we present a framework to better understand the fundamental response of PSCs

during IS measurements.

In the first section of this chapter, a drift-diffusion model for a PSC is specified. In Sectiond.2] a
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module for TonMonger is detailed, which enables simulation of impedance spectroscopy mea-
surements. Section [.3] presents simulated impedance spectra under different voltages and illu-
minations and comparisons are made to experimental impedance spectra, validating the underly-
ing charge-transport model. In Section4.4] a framework for the interpretation of the impedance
response is established. Finally, in Section[4.5] the concluding remarks are given and the context

is set for the following chapters.

4.1 The drift-diffusion equations for PSC modelling

As described in Chapter 2] and depicted in Figure {.1] a planar perovskite solar cell consists of
an electron transport layer (ETL) and a hole transport layer (HTL) that sandwich a photoactive
perovskite layer. Electrical connection is made using metallic or transparent conducting layers
that contact the outer surfaces of the transport layers. Given the symmetry of a planar cell, the
system can be described by a one-dimensional drift-diffusion model. Further description of the
drift-diffusion equations and approximations for semiconductor modelling without mobile ions,
can be found in [14]].

A one-dimensional planar model is an approximation for the structure of a PSC. While two-
dimensional models are available for semiconductor simulation [207, [208]], to account for these
more complex geometries, compromises often need to be made regarding the device physics
that can be modelled in order to overcome the additional computational costs. For example,
mesoporous structures have been simulated in two-dimensions for PSCs; however, the ionic

vacancies are fixed in position [1235].

For a one-dimensional model, the width of each layer is approximated as uniform across the
plane and the rough interfaces (as shown in Figure [2.3) are approximated as perfectly flat. To
produce cells that perform well, the layer widths are carefully controlled to optimise for max-
imising light absorption and minimising charge transport distances. Therefore, it is expected that
for high efficiency cells (i.e. those in which we wish to model) the layers are free from major
defects and their thicknesses do not vary too significantly. On device scales, these variations can
be modelled via parasitic resistances [[14]. The impact of the interface roughness on impedance
spectra is discussed in Sections [3.4.1and [6.2.1]

A further limitation of a one-dimensional model is that grain boundaries, other inhomogeneities
or mesoporous structures that occur within three-dimensional polycrystalline materials cannot
be explicitly modelled. Whilst certainly a limitation, these inhomogeneities and structures can
be accounted for via modification to model parameters that approximate material properties. For
example, by using the diffusion coefficient for ion vacancy migration measured experimentally,

which may occur primarily via grain boundaries rather than through the grains themselves [209]].
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Additionally, it is found that these geometries, or structures, do not need to be explicitly mod-
elled within a drift-diffusion model to reproduce the key features observed in current-voltage

and impedance measurements [3} 4} 125/ [158]].
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FIGURE 4.1: Schematic showing the geometry of a PSC. Incident light excites an electron

into the conduction band (CB) and leaves a hole in the valence band (VB). The generation

of charge carriers (electrons and holes) is shown by Gyyx. Recombination in the bulk of the

perovskite is shown by Ry, and at the ETL/perovskite and perovskite/HTL interfaces by I
and R, respectively.

The system of partial differential equations that make up a drift-diffusion model describe the
conservation of charges within the device and their coupling to Poisson’s equation (which relates
the electric potential to charge densities). In this work, we use the one-dimensional, ‘single-
layer’ coupled ionic-electronic drift-diffusion model established by Richardson et al. [6] and
later extended to a ‘three-layer’ model (ETL/perovskite/HTL) by Courtier ef al. [4]. A more
complete description of the drift-diffusion model is presented in [210]]. Other established for-

mulations are given in [105} 118} [183].

In the context of this work, it is sufficient to consider only one mobile ionic species, specifically
mobile iodide ions. This is in line with the calculations by Eames et al. [69], where the diffusion
coefficient for anion (iodide) vacancies is much greater than that for cation (MA or Pb) vacancies
[69]. Accordingly, the cation vacancy density is set as a constant (/Ng) across the cell width,
equal to the anion vacancy density, to conserve the neutral charge of the device. Mobile cations
can be included in the drift-diffusion equations and should be considered when simulating PSC
operation over long timescales such as hours or days. While there is some evidence of ions
penetrating the transport layers, we do not model this here [[119}211]]. Therefore, in this model,
the mobile anion vacancies are constrained to the perovskite layer. In what follows, we adopt

the formulation of the drift-diffusion equations for PSC modelling given by Courtier et al. [4].
The perovskite layer (0 <z <b)

Within the perovskite layer the density of electrons in the conduction band, holes in the valence
band, and ionic vacancies are modelled. The positively charged ionic vacancies are constrained
to the perovskite layer. Additionally, the generation of electrons and holes by the absorption of

light and their recombination occurs solely within the perovskite layer (and at the interfaces).
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The electron and hole densities, n and p respectively, are governed in time ¢ and one spatial

dimension x via [4]

P q&; = Gouk(@, ) — Rpui(n, p), (4.1)
ZZZ + ;%7; = Guk(,t) — Roui(n, p), 4.2)
Jp = —aDp (gﬁ + nggﬁ) : 4.4)

Here, j, and j, are the electron and hole currents, ¢ is the electric potential, D,, and D, are
the electron and hole diffusion coefficients respectively, V7 is the thermal voltage, Gpyik is the
charge carrier generation rate (per unit volume) and Ry is their recombination rate. The mobile

anion vacancy density P, satisfies the conservation equation

oP O0Fp
— 4.
ot "o O (4.5)
B P P 3¢
Fp=-D+ <ax + VTa:c> ! (46)

where Fp and D, are the anion vacancy flux and diffusion coefficient respectively. The electric
potential satisfies Poisson’s equation [[14]
2

gxf:i(No—P—i—n—p), 4.7)
where ¢, is the permittivity of the perovskite and Ny is the (uniform) density of cation vacancies.
A constant value for €, is in line with measurements of MAPI perovskite, which have determined
that the real component of the permittivity is approximately independent of frequency [212]]. It is
also assumed that the permittivity is not dependent on the direction or magnitude of the applied
field. This is reasonable because a more complex description of the permittivity is not required to
describe the general current-voltage and impedance response of PSCs [3, 4,125, 1158]]. However,
we note that a slight frequency dependence of the permittivity may be needed in order to explain
some of the minor features of PSC impedance spectra, such as the flattening of the semicircles

or high geometric capacitances, that models are yet to reproduce.

The generation and recombination rates, as well as other parameters that appear in the drift-

diffusion equations, are given at the end of this section once the model has been detailed.
The electron transport layer (-bp < x <0)

Within the ETL, the equations that describe the conservation of electrons are

(4.8)
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where Dp is the diffusion coefficient for electrons in the ETL. Note that there are no source
terms to generate or recombine electrons within the ETL (or HTL). No generation of carriers
occurs because the transport layers do not absorb photons to produce carriers. Recombination
is not expected to be significant in the ETL (HTL) because the hole density (electron density) is
assumed to be extremely small within the ETL (HTL) [[14]. This is a reasonable approximation
because the semiconducting transport layers are highly doped and have large band gaps. As
a result, they have very low minority carrier densities and effectively block minority carriers
entering from the perovskite layer. This justifies only explicitly modelling the majority carriers
in each of the transport layers. Poisson’s equation within the ETL is thus well-approximated by
o q

922 % (n—dg), 4.9)

where ¢ is the permittivity of the ETL and d is the effective doping density of the ETL.
The hole transport layer (b < x < b+ by )

Equivalently to the ETL, there is no significant generation or recombination in the HTL. Hence

0 105 0 0

= 4= = 4.1
ot q oz ox Vroz (4.10)

where Dy is the diffusion coefficient for holes in the HTL. Poisson’s equation within the HTL
is given by

P9 _ g
o922 a(dH—p)a 4.11)

where g and dy are the permittivity and effective doping density of the HTL respectively.
Boundary and continuity conditions

Poisson’s equation and the conservation equations require suitable boundary conditions. At the
outer edges of the transport layers (-bg and b + bg) the metal layers form ohmic contact. This

gives rise to the following boundary conditions

V(1) — Ve V(t) — Vo
Plo=—bp = —()zbl, Pla=brby = ()2bl, (4.12)

N|z=—b, = dE, Pla=btby = dH- (4.13)

Additionally, on the internal interfaces at z = 0 and x = b, the ionic flux is subject to the

following boundary conditions

Fplomo=0,  Fploey =0. (4.14)
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This restricts the ionic vacancies to stay within the perovskite layer. At the perovskite/transport

layer interfaces, the hole and electron currents are specified by

jp =0 = _qu7 jTLLE:b = _qRT7 (415)

where R; and R, are the rate of recombination (per unit area) on the = 0 and = = b interfaces

respectively. The continuity equations at the internal interfaces for the electric potential are

given by
(;SIJ::O* = ¢|x:0+7 ¢|x:b* = ¢|x:b+a (4.16)
9¢ 9¢ o o
EE%};B:()* = Ep%‘a::OJr’ EP%‘g;:b* = EH%‘$:b+’ (4~17)

representing continuity of electric potential and the normal component of electric displacement
on the internal interfaces. Here, 0~ and 0 notation is to indicate evaluation within the ETL at
x = 0 and the perovskite at x = 0 respectively. Similarly, b~ and b™ is used to denote evaluation
at x = b within the perovskite and the HTL respectively. The ratio of the carrier densities across

their respective TL/perovskite interface are specified as

kEn|x:0— = n’:c:O""v p|x:b— = ka|z:b+7 (4.18)

where the parameters kr and kp ensure the Fermi level is continuous across the interface and
are defined in and (4.28) respectively. Lastly, the electron and hole currents are subject to

the interface conditions

jn‘x:O* = jn’m:0+ - th jp|;v:b* = jp‘;v:b+ + qu (4.19)

where R; and R, are the interfacial recombination rates at the ETL/perovskite (left) and per-
ovskite/HTL (right) interfaces respectively and together with (4.15)) represent charge conserva-

tion conditions on the two interfaces.
Generation, recombination and additional parameters in the drift-diffusion model

Electrons and holes are generated within the perovskite via the Beer-Lambert law for a single
wavelength of light [[14]

Gbulk(x) = thae_‘”, 4.20)

where Fj, is the flux of photons incident on the device with energy above the band gap and
« is the absorption coefficient of the perovskite. This describes the attenuation of light as it
penetrates the uniform perovskite layer. It is assumed that the transparent contact and the ETL
does not significantly absorb the incident light. In general, the generation of rate can be a func-
tion of time; however, for the purposes of impedance spectroscopy simulation only a constant

illumination is required.
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The two main forms of recombination that occur within the perovskite are trap-assisted Shockley-
Read-Hall (Rgry) and bimolecular, or radiative, (R;) recombination. Shockley-Read-Hall
(SRH) recombination models the recombination that occurs at traps (or, equivalently the avail-
able energy states) that lie within the band gap of the perovskite. This process involves one
carrier type relaxing to the lower energy state of the trap. Recombination occurs when an op-
posing carrier also relaxes to the trap state and annihilates the pair. Bimolecular recombination
is the reverse of generation. This is the direct recombination of carriers across the band gap,
resulting in the emission of a photon. This is an unavoidable form of recombination; however,
under typical operating conditions it is expected that recombination in the bulk occurs predom-
inantly via trap-assisted SRH for PSCs [213]]. These recombination mechanisms are modelled
by [14]

np—n?

(4.21)

Rpu(n, p) = B (np — nf) +
R
b

TpN + ™pP + kSRH '

Rsru

Here, 3 is the bimolecular rate constant and 7,, and 7, are the SRH pseudo-lifetimes for electrons
and holes respectively. For simplicity, it is assumed that the spatial distribution of traps are
uniform and their density is not dependent on temperature. Although trap states are likely to
be located at energies throughout the band gap, when the carrier densities are similar it is the
‘deep traps’ near the centre of the band gap that contribute most to the recombination rate. This
warrants the use of the ‘deep-level trap’ approximation which neglects the smaller contribution

from traps away from the centre of the band gap. With this approximation, ksry is defined
ksru = (Tn + 7p) 14 (4.22)

This constant is typically small compared to the other terms in the denominator. See Nelson

[[14] for a complete description. The intrinsic carrier density, n;, is defined by [14]

E
N = v/(cGuv €XP <— 2@2) . 4.23)

Here, g. and g, are the effective density of states in the conduction and valence bands respec-
tively and E; is the band gap of the perovskite. The intrinsic carrier density is included in the
recombination rates to account for thermal generation of carriers. At thermal equilibrium, the

recombination rate is zero.

Recombination can occur at the interfaces between the perovskite and the transport layers. For
example, this is significant when the material interfaces contain a high density of traps due
to crystal defects at the boundary [14]. Similarly to the recombination in the bulk caused by
traps, the interfacial recombination rate at the ETL/perovskite (left) interface is modelled by the

trap-assisted SRH law of the form

n‘sz*pov:OﬂL - n%/kE

, 4.24)
p’az:[)*/vnE + n‘x:O*/va + ky

Rl(n’z:()*ap‘z:()*) =



48 Chapter 4. IS modelling and results

where, v, g and v, are the electron and hole recombination velocities at the ETL/perovskite
interface respectively. This rate is dependent on the electron density within the ETL at the
interface and the hole density within the perovskite at the interface. Similarly, the interfacial
recombination rate at the perovskite/HTL (right) interface is dependent on the electron density

within the perovskite at the interface and the hole density within the HTL at the interface. Hence

n‘az:b—p‘x:b+ - n?/kH

, (4.25)
p|a:=b+ /UnH + n|x:b_ /UPH + ky

Rr(n|x:b* ’ p|x:b+) =

where, v,y and v, g are the electron and hole recombination velocities at the perovskite/HTL
interface respectively. As for the bulk SRH recombination rate, it is assumed that the traps that
contribute most to recombination at the interfaces have energies close to the centre of the band

gap. Therefore [14]

1 1 1 1
ki = ( + ) ni, kr = ( + ) ni. (4.26)
kpvpe  vnk kavng  vpH

While these terms are included in the interfacial recombination rates, they are typically neg-

ligible. The factors kg, and kp above are related to the band energies and density of states

via
E.—E
ke = 2% exp <—E> , (4.27)
9eE qVr
Eyy — E
ki = 2% exp (-”HU) . (4.28)
GvH qVr

Here, g. and g, are the effective conduction and valence band density of states in the perovskite
respectively, E. and E, are the energies of the valence and conduction band edges in the per-
ovskite respectively, g.g is the effective conduction band density of states in the ETL, g,z is
the effective valence band density of states in the HTL, E.g is the conduction band energy of
the ETL and F, s is the valence band energy of the HTL. The factors given by and (4.28)
are small, resulting in a much larger majority carrier density at x = 0~ and z = b compared
to that within the perovskite at the interface [214}[215]. The built-in voltage, as required for the
boundary conditions in (4.12), is defined by [14]

1
Voi = p (Efg — Eyn), (4.29)

where the Fermi levels of the ETL and the HTL are given by

Epp=Eop — Vpln (22 Epy = Eoy + Vpln ( 2221) (4.30)
dE dH

A full list of the symbols used in this thesis is given in the nomenclature on page
Deriving the total current from the model

Arguably the most important output from the solution of the drift-diffusion model is the total
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current extracted from the cell. This can easily be compared to experimental measurements and

enables the impedance to be calculated. In order to determine the total current output of the
device, we note that eq.(4.2) — eq.(4.1) gives

0

~—(qg(p—n)) +

o . )
5 (jp + Jn) = 0. 4.31)

dx

Rearranging Poisson’s equation (4.7) as follows

%9
¢(p—n)=q(No—P)—epys, (4.32)
x
this can be substituted into eq.(#.31) to give
9, % 0
a4 No—qP —epo— — U in) = 0. 4,
at<q 0—¢ 5p8x2>+ax(]p+]) 0 (4.33)

Noting that the cation vacancy density Ny is constant and rearranging eq.(.3)) such that

oP  0Jjp
—q—= = = 4.34
where the anion vacancy current density jp = ¢Fp, eq.(.33) can be written as
0 0%¢ 0
i P — (i ' ip) =0. 4.35
Finally, on noting that the electric field E' = —%, this gives
o (. . . oOF
9 (jp +Jn+Jjp+ epat) =0. (4.36)
Therefore, the total current density is given by
J(t) = jn(z,t) + jp(z,t) + ja(z, t) + jp(x, ). (4.37)
where the displacement current density is defined
. OE(x,t
Ja(z,t) =€ (2,1) (4.38)

—a
The total current density J(¢) is the current measured from experiment (subject to series and
shunt resistance losses). The total current density can be evaluated at any point within the
perovskite layer and consists of contributions from the free electron, hole and anion vacancy
currents as well as the displacement current. The displacement current arises from polarisation
of free space (the vacuum), which is independent of material properties, and the dielectric po-
larisation of the material itself. This is due to the induction of dipoles that align with the electric
field across the device, which act to reduce the magnitude of the electric field. The magnitude of
the displacement current is only large when the electric field varies rapidly. At typical scan rates

for current-voltage measurements, the displacement current induced is negligible. However, for
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very high scan rates and impedance measurements it can be significant. The anion vacancy
current density jp, resulting from the motion of ions across the perovskite width, is negligible

under typical operation.

Note that the same method as detailed above can be used to calculate the total current in the

transport layers, resulting in

J(t) = ju(z,t) + eEaEgt”’ ) , (4.39)
in the ETL and
OE(z,t
J(t) = jp(z,t) + eHgf’), (4.40)

in the HTL. Equations (4.37h44.40) enable the total current density to be evaluated at any point
across the three-layer device.

4.2 Numerical solution

The set of partial differential equations detailed above describe the electric potential and charge
transport within a PSC. Given that the drift-diffusion equations (without applying simplifica-
tions) are highly non-linear coupled PDEs, solutions must be found numerically. Numerical
solutions can be determined using the method of lines. Employing this technique involves dis-
cretising the spatial derivatives, leaving a system of coupled ordinary differential equations for
the charge densities and algebraic equations for the electric potential [106, 206l]. This set of

differential-algebraic equations can be solved in time using a suitable integration algorithm.

These PDEs are particularly challenging to solve numerically with realistic device parameters
[5, [106]]. This is due to their severe spatial and temporal stiffness, which means that standard
solution techniques require extremely small time steps, and fine spatial grids in order to deter-
mine accurate solutions. Spatial stiffness is a result of the formation of four Debye layers (also
termed boundary or double layers) which are of the order of ~2 nm. These narrow layers are
formed due to the accumulation and depletion of ionic vacancies within the perovskite at the per-
ovskite/TL interfaces. This steep variation in charge density (and hence potential) at the outer
edges of the perovskite layer is accompanied by steep changes in the majority carrier density in
the transport layers, which form adjacent Debye layers [4]. Temporal stiffness occurs due to the

vastly different timescales at which the electronic and ionic charges move [, [106].

To deal with the stiffness in space, Courtier et al. use a non-uniform spacing to position the grid
points most closely at the Debye layers [[106]. This provides sufficient resolution at the interfaces
without wasting computational power solving at this resolution throughout the device, where

distributions vary less sharply. Additionally, a numerical integrator capable of dealing with stiff
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problems is employed. These approaches enable accurate numerical solutions to be obtained

rapidly on a desktop computer.

4.2.1 IonMonger IS module

TonMonger is an open-source planar perovskite solar cell simulator developed by Courtier et
al. [206]. Written in MATLAB, this application numerically solves the coupled ionic-electronic
drift-diffusion equations, as detailed in Section .1} Specifically, the numerical solutions are
obtained using a finite element scheme to discretise the spatial derivatives [206]. The resulting
system of differential-algebraic equations are integrated using ode15s, which is a built-in routine

that is capable of dealing with stiff numerical problems [216) 217]].

By specifying device parameters, as well as the illumination and applied voltage in time, Ton—
Monger can be used to simulate current-voltage measurements of PSCs. With a high density of
mobile ionic vacancies, as predicted by Eames et al. [69]], simulations reproduce the hysteresis
that is observed in experimental J-V curves [6]. The numerical solutions include the carrier
and vacancy distributions, as well as the electric potential, across the cell in time. This provides
detailed information about the physics of operation that can’t otherwise be easily determined

from experimental measurements.

IonMonger is highly optimised to obtain accurate solutions quickly, with realistic planar PSC
device parameters, on a modern personal computer. It contains the relevant physics to simulate
impedance spectroscopy measurements. This includes electronic processes occurring within
less than a microsecond to ionic redistribution occurring over hundreds of seconds. These fea-
tures mean that TonMonger is well suited for adaptation to simulate impedance spectroscopy

measurements.

To model impedance spectroscopy measurements, we have developed an additional ‘module’ for
TonMonger [release paper currently in preparation by W. Clarke, L.J Bennett, G. Richardson,
and N. E. Courtier]. This module routinely employs the core numerical solver of TonMonger,
adding the ability to simulate IS measurements for PSCs. Impedance spectra can be calculated
at different DC voltages, illumination conditions and temperatures. With realistic device param-
eters (Table[4.T)) and experimental protocols, this enables IS measurements for physical PSCs to

be simulated.
Impedance simulation

Firstly, the measurement protocol is defined. This includes the DC voltage, perturbation ampli-
tude, frequency range and the number of frequencies. The DC (or constant level of) illumination
is also specified. These inputs are used to construct an applied voltage protocol V (¢) for each
frequency of the form

V(t) = Vbc + Vj, cos(wt), (3.7| reprinted)



52 Chapter 4. IS modelling and results

which specifies the boundary condition (4.12)). The voltage protocols are passed to the numeri-
cal solver, TonMonger , together with values for the device and recombination parameters (see
Tables [4.1] and F.2] respectively). TonMonger then numerically solves the drift-diffusion equa-
tions (Section for each frequency. The solutions for the current density, J(t), are analysed
using a Fourier transform to extract their phase and amplitude. Finally, the impedance for each

frequency is calculated and a spectrum can be constructed.
Calculating the impedance as a function of frequency

An important part of the IS module is the extraction of the phase and amplitude of the current
output for each frequency of perturbation. This is in order to calculate the impedance, given by

eq.(3.9). Using the trigonometric Fourier series, a general current response is given by

J(t) = Jpc + Z (ap, cos (nwt) + by, sin (nwt) , ) (4.41)
n=1
where
1 T/2
Joc = / J(t)dt, (4.42)
T J 1)
an = ) cos(nwt)dt, = / ) sin(nwt)dt. (4.43)

The period 7" is related to the angular frequency via 7" = 27 /w. Given that the applied voltage is
of a single angular frequency w and that the response (as required for impedance measurements)
is linear, the only non-zero coefficients are for n = 1. Therefore, the general current output in

response to an applied voltage with angular frequency w can be written
J(t) = Jpc + a1 cos(wt) + by sin(wt), (4.44)

where a1 and b; are determined using (4.43). Using a trigonometric addition formul the

current can be rewritten in the form
J(t) = Jpc + Jp cos(wt — 0), (3-8 reprinted)
where

b1
Jp =\/a? + b2, f = arctan <a1> . (4.45)

"Expressing equation (@44) in the form (3.8):

Jp cos(wt — 0) = Jp cos(8) cos(wt) + Jp sin(6) sin(wt)
~—— ~———

al b1
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Therefore the impedance is given by
Z(w) = |Z|e", (3.9 reprinted)

where | Z| = V,,/J,,. Here we note that for impedance it is conventional to define the current such
that an increase in voltage results in an increase in current. This is contrary to how the current
is defined in this work, which is such that the current is positive within the power generating
regime. The effect of J(t) — —J(t) on impedance representation is to shift the phase by 7 rad.
By using numerical integration to determine a; and b;, the phase and amplitude, as required
for impedance calculations, can be determined for a sinusoidal current J(¢). This method is in
line with that used by Moia ef al. [158]]. The accuracy of this calculation can be improved by
increasing the number of time points per period. As standard, two periods of .J(¢) for integration

and 100 time points per period are used.
Optimisation methods

TIonMonger is heavily optimised to produce solutions for J-V measurements. A given J-V
solution only takes around 5 seconds on a moderately fast personal computer. However, even
with this speed, effectively 50 (or more) of these J-V solutions are required to produce an
impedance spectrum. This leads to computational times of around 5 minutes (or longer). This
is fast considering the complexity of the numerical problem. However, to investigate device
parameters and their impact on spectra, tens, or even hundreds, of spectra need to be produced.

For this reason, optimisation to improve computational speed is critical.

The main technique that has been employed to improve the speed of the IS module is to make
use of MATLAB’s parallel computing capabilities [218]]. The IS module is constructed such that
the solutions at different frequencies can be solved independently of one another. Therefore the
multiple cores on a CPU can be utilised, with each used to solve the PDEs for a given frequency
in parallel. This greatly reduces the time required to generate an impedance spectrum, with
the time reduction dependent on the number of cores available. Additionally, the steady-state
solution at Vpc is calculated only once, at the beginning of the operation. This steady-state
solution is then used as the initial condition for each each frequency perturbation. This avoids

wasting computational effort solving for the steady-state solution at each frequency.

Implementing these methods results in very fast simulation times. With a high specification
laptop (2018 Intel i7-8750H 6 core processor at 2.2 GHz (4.1 GHz max) and 16 GB RAM)
the spectra presented in Figure [4.2] take 65-70 seconds each to simulate. These are produced
with 300 grid points in the perovskite layer, with the device parameters from Table [4.1| and are
composed of 128 frequencies each. We note that doubling the number of spatial grid points,
results in identical spectra and thus indicates that with the adaptive mesh used in TonMonger,

there is enough spatial resolution to properly resolve the problem.
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4.3 Results and comparison to experiment

In this section, the impedance spectra obtained via numerical solution to the drift-diffusion
equations are presented. These are obtained using the impedance spectroscopy module for
IonMonger, as detailed in Section 4.2} The parameters that describe material properties and
physical constants, as required to determine solutions to the drift-diffusion equations, are given
in Table .1} The specific values for the parameters are chosen to be in line with experimen-
tal impedance data and known ranges of parameter values for a prototypical perovskite solar
cell, i.e. a MAPI absorber layer sandwiched between a TiO2 ETL and a Spiro HTL. In Figures
SRH recombination in the bulk is simulated. Specifically, electron-limited SRH recom-
bination (which we label R,,) is modelled with the electron and hole pseudo-lifetimes given
in Table SRH recombination is electron-limited when the electron SRH pseudo-lifetime
is much greater than the hole SRH pseudo-lifetime (i.e. 7,, >> 7). In this case, the full SRH
recombination rate, given in {.21]), is approximately monomolecular and controlled by the elec-
tron density. Correspondingly, if 7, >> 7,,, then the SRH recombination is hole-limited. While
these rates can be accurately approximated, as is done in the following chapter, the numerical

solutions obtained throughout employ the full recombination rates given by {@.21)-(4.25).
Simulation protocol

As standard, for each spectrum obtained from numerical solution to the drift-diffusion equations,
the impedance is calculated at 128 frequencies. These frequencies are logarithmically spaced
across a range of 1 mHz to 10 MHz. This frequency range is chosen as it captures the LF and
HF behaviour, as observed in experiment. Typically, experimental measurements are only able
to probe frequencies up to 1 MHz, which is a limitation of the measurement apparatus [224].
Here, a frequency limit of 10 MHz was chosen for the numerical simulations in order to fully
resolve the HF feature across all parameter and measurement regimes. The lower limit of 1 mHz
is approximately the limit of experimental measurements, beyond which would require hours to
days of continuous measurement. The simulation can probe frequencies well below 1 mHz;
however, no additional response is observed for the material parameters used in Table 4.1| The
perturbation amplitude is 10 mV throughout. Unless otherwise stated, the impedance spectra
are calculated under an illumination equivalent to 0.1-Sun. More specifically, the photon flux is
monochromatic (520 nm) with an intensity that produces a photocurrent equivalent to 0.1-Sun
at AM1.5.



Results and comparison to experiment

Symbol Description Value Source
Constants

kg Boltzmann constant 8.62 x 107° eV K'!

q Charge of a proton 1.60 x 1079 C

£0 Permittivity of free space 8.85 x 1072 Fm’!
MAPDI; properties

b Width 300 nm [160]
o Absorption coefficient 1.3 x 10" m’! [219]
Ep Permittivity 24.1¢g [220]
Ec Conduction band level -3.8eV [221]
Ey Valence band level -54eV [221]]
e Conduction band DoS 8.1 x 10** m? [220]
o Valence band DoS 5.8 x 10?4 m™ [220]
D, Electron diffusion coefficient 1.7x 10 m?s!  [222]
D, Hole diffusion coefficient 1.7 x 10 4 m2 st [222)
Dy Ionic vacancy diffusion coefficient 1 x 10716 m? s -1 [69]
Ng Ionic vacancy density 1.6 x 1025 [109]
ETL properties (compact-TiO-)

bg Width 100 nm

dg Effective doping density 5x 104 m

€E Permittivity 10eg

Dg Electron diffusion coefficient 1x10 5 m?s!

9cE Effective conduction band DoS 1 x10% m

E.g Conduction band minimum -4.1eV [223]]
HTL properties (Spiro)

by Width 200 nm

dpg Effective doping density 5 x 10%* m?

€l Permittivity 3e0

Dy Hole diffusion coefficient 1x 1076 m?s!

GuH Effective valence band DoS 1 x 10%6 m™

E,n Valence band maximum -5.1eV [221]
Other

T Temperature 298 K

\%s Thermal voltage (at 298 K) 25.7 mV

Eyp, Incident photon flux (1 sun equivalent) 1.4 x 102! m?s’!

Vi Built-in voltage 085V

TABLE 4.1: Constants and parameter definitions for the drift-diffusion equations. Unless oth-
erwise stated, these values are used throughout.
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Recombination Type Full Form Parameter Values
Bimolecular, R Rpux = 58 (np — nf) f=10""12m3s!
Hole-limited Rt — np—n? T, =3x 10105
SRH, R, bulk = o p+rpnthsra 7 =3x108s
Electron-limited Ret — np—n? Thn=3x10%s
SRH, R, bulk = Tptrontksra 7, =3x 10105
ETL/Perovskite R — nD O —n2 kg Vny = 10° m s,
interfacial SRH, R; D 00 Jun g 400y fop Vpp =5ms!
Perovskite/HTL R — npT) _n2/ky Uy =5msT
interfacial SRH, R, T om0 fop ke | vpy, =100 m s

TABLE 4.2: List of all recombination types considered in this work. Unless otherwise stated,
the recombination parameter values used are those specified here. If, for example, R,, is quoted
then electron-limited SRH is calculated in the bulk using 7, = 3 x 10® s and 7, = 3 x 10710
s (all other recombination rates are zero). The intrinsic carrier density n;, and the parameters

ksru, ki and k, are defined in (4.22))-(4.28).
4.3.1 DC voltage

Figures 4.2}{4.4] show the simulated impedance response of a PSC at three DC voltages, includ-
ing open-circuit. These figures plot the different forms of the complex impedance, which are
defined by equations (3.913.T1). Specifically, Figure i.2]shows a Nyquist plot of the spectra, in
which two distinct semicircles above the axis are observed for each of the DC voltages. Travers-
ing from the left semicircle to the right corresponds to decreasing frequencies. The leftmost
semicircle corresponds to the high frequency (HF) feature and the rightmost semicircle is the
low frequency (LF) feature. The characteristic frequencies of these features are labelled on
the Nyquist diagrams. The high and low frequency features are visible on the frequency plots,
Figures [4.3]and[4.4] as peaks or transitions between two flat regions.
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FIGURE 4.2: Nyquist plot representation of simulated impedance spectra for a PSC at three

DC voltages. The illumination is 0.1-Sun equivalent and the perturbation amplitude is 10 mV.

Recombination is electron-limited SRH in the bulk (R,). Device parameters and recombi-

nation lifetimes are listed in Tables [4.1] and [4.2] respectively. Figures 4.3] and [4.4] show the
corresponding frequency plots for these spectra.
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The characteristic frequencies of around 10*-10% Hz and 107!-10° Hz for the high and low fre-
quency features respectively are in line with those determined from experimental measurements
[96, (147, 1170]. The diameter of, and hence resistances associated with, both the LF and HF
semicircles are strongly dependent on the DC voltage. Reducing the DC voltage from open-
circuit towards short circuit, the semicircles on the Nyquist plots increase in diameter. This can
be understood by considering the gradient of the steady-state J-V curve at each DC voltage.
At open-circuit, the gradient is steep, corresponding to a low impedance (as a small change in
voltage results in a large change in current). As the DC voltage is reduced, the gradient flattens
and thus the impedance is higher. In this case, although not in general, the LF feature remains
above the axis (capacitive) and increases in size roughly proportionally to the HF feature. We
note that the numerical solutions show that the low frequency feature is sensitive to the recom-
bination process occurring. This is studied comprehensively in Section[6.1] As shown in Figure
at high frequencies the phase tends to 90°. This is because there is no series resistance as
the drift-diffusion model is one-dimensional (R is inversely proportional to the cross-sectional

area). Additionally, contact and experimental apparatus resistances are not accounted for.
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FIGURE 4.3: Frequency plots showing the real component, resistance R and imaginary com-
ponent, reactance X of impedance versus frequency for the spectra presented in Figure @

The frequency plots are shown in addition to the Nyquist figures to aid interpretation. While
the characteristic frequencies are labelled on the Nyquist figures, frequency information is still
highly limited. Additionally, trends can be more clearly depicted. Bode plots (|Z(w)| and
0(w) versus frequency) are more typically presented when analysing impedance. However, in
this work it is better to present frequency plots that display the resistance R(w) and reactance
(X (w)) versus frequency. This is because the reactance more clearly shows the characteristic

frequency of the peaks and is not strongly affected by an additional series resistance.

Figure [4.5] shows the current response in time due to a voltage perturbation at two different
frequencies. This is helpful in relating the somewhat abstract frequency response to the more

straightforward temporal response. Specifically, an ultra-low frequency and a high frequency
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FIGURE 4.4: Frequency plots showing the magnitude, |Z| and phase, 6 versus frequency for
the spectra presented in Figure .2}

response is shown at a DC applied voltage of 0.8 V for impedance spectra presented in Figures
@.2}}4.4] The ultra-low frequency response, at 1 mHz, shows the current responds in phase with
the applied voltage. Representing this as a Lissajous diagram (current versus voltage) simply
results in a straight line. Conversely, at 12 kHz which corresponds to the characteristic frequency
of the HF response, there is a clear phase shift and hence the Lissajous trace is an oval. In this
form, the responses can be related to the Nyquist plot. For example, the high frequency response
is greater (i.e. a larger amplitude) than the low frequency response. This corresponds to a lower

impedance, as |Z| o 1/J).

The Lissajous diagrams shown in Figure [4.5] are helpful to determine if the response to a per-
turbation is linear and stable. For a stable response the Lissajous trace for two different periods
overlap. A non-linear response is shown as a curved line for zero phase, or if there is a phase,
then the oval is non-symmetric [[153]]. This representation is particularly useful during experi-
mental measurements. Here, we note the Lissajous figures show that the response for a 10 mV
perturbation amplitude is not perfectly linear; however, this does not significantly impact the

calculation of impedance.

The impedance spectra produced from the drift-diffusion model, and those from the equivalent
circuits in Section [3.3] display perfect semicircles when viewed on a Nyquist plot. However,
impedance spectra obtained from physical devices often display semicircles that are ‘imperfect’
or flattened (see, for example, Figures [3.8 and [3.10). There is uncertainty over the cause of
the flattened semicircles, which could be a result of the measurement not being carried out
under steady-state conditions (i.e. light or temperature variations, or the devices degrading).
Additionally, they could be due to additional physical process occurring that are not typically
included in drift-diffusion models; for example, the presence of more than one mobile ionic



4.3. Results and comparison to experiment 59

= 0.81 T,

oA 1mHz 1-1.85 5 -1.85| 1mHz

g < o JO + Jp

S 0.8 -1.9 E -1.9 L3

> — 0

ge 2195 2 -1.95 b L3 -

g 1.95 g 1.95 ‘]0 Jp

8:0.79 2 2 9

< 0 1000 2000 O 0.79 0.8 0.81

V.-V \% V.. +V

® —~ 'pcVp DC pc” Vp

= 0.81 & | .
) Lesenesse +

% SRR

e < N S

= g -19p -

S 08 & I A

5 = -195 L

=t — L -

& 0.79 5 g e o9

< 0 0.5 1 1.5 O 0.79 0.8 0.81

Time (s)  x107* Voltage (V)

FIGURE 4.5: Left: applied voltage (left axis with black line) and the resulting current response

(right axis with blue data points) versus time. Right: corresponding Lissajous plots (current

versus voltage). The two frequencies show current responses in phase (top = 1 mHz ) and

out of phase (bottom = 12 kHz). The 12 kHz response is indicated on the impedance spectra

(Figures at 0.8 V DC applied voltage. Note that here we take the convention that the
photogenerated current is negative.

species within the perovskite layer [[125]]. It has also been proposed that the flattened semicircles
may be due to inhomogeneities of the devices such as interface roughness or porous structures

[225]], that a one-dimensional model does not capture.

While their exact cause may yet to be fully understood, flattened semicircles can be modelled
using constant phase elements (or, equivalently non-ideal capacitors), as part of equivalent cir-
cuit models [187, [226]. The additional fitting parameters enable the equivalent circuit models
to better match the non-idealised behaviour of PSC impedance spectra; however, without a
physics-based model that defines the additional parameters, these do not provide any further un-
derstanding for the physical cause of this behaviour. Further study using a drift-diffusion model
under simulated non-equilibrium conditions could help elucidate the cause of the flattened semi-
circles. Otherwise, the limitations of a one-dimensional model, as discussed in Section[@ may

be the cause.

4.3.2 Illumination

In this section numerical solutions are presented that simulate impedance spectroscopy mea-
surements at open-circuit voltage under different levels of illumination. These measurements
are commonly performed as the dependence on illumination can be used to help identify the
physical processes responsible for each feature [[147]. Additionally, ideality factors and activa-
tion energies can be calculated from these trends [96} [131]]. This is discussed further in Chapter

6l
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Figures [4.6]and 4.7] show Nyquist and frequency plots for simulated impedance spectra at open-
circuit under various illuminations. Here, the cell parameters are the same as those used in the
previous section, from Table The only change has been to the type of recombination oc-
curring. Previously, electron-limited SRH recombination (R,,) was modelled, and the resulting
spectra show positive LF features. Here, in contrast, hole-limited SRH recombination (R,) is
simulated and the resulting spectra have negative LF features. This shows how the drift-diffusion
model can reproduce the negative or ‘inductive’ features as have been reported in the literature
[175,[186]. Note that for simplicity, the monochromatic photon flux that results in a short-circuit
photocurrent equivalent to 1-Sun illumination has been labelled 1000 Wm™2. The other levels of

illumination have been scaled from 1-Sun accordingly.

Higher illuminations significantly reduce the diameters of both the high and low frequency semi-
circles. Across all illuminations, the LF feature lies below the axis and its size relative to the
HF semicircle remains roughly constant. As can be seen in the peaks of the reactance X in
Figure the characteristic frequency of the LF feature remains somewhat independent of
illumination. Whereas the HF feature shifts to higher frequencies with increased illumination.

-15

0 ) 10 15 20 25
R (2 cm?)

FIGURE 4.6: Nyquist plots for simulated impedance spectra at open-circuit voltages under
different illumination intensities. Recombination is hole-limited SRH in the bulk, R, with
lifetimes from Table [f.2)and cell parameters from Table [4.1]

The trends with illumination are more easily understood by plotting the key features of the
spectra versus open-circuit voltage, which is a proxy for illumination intensity (high V. corre-
sponding to high illumination), as shown in Figure In this case, the key features such as the
characteristic frequencies, resistances and capacitances are obtained by ‘reading off’ the values
from the spectra. For example, the resistance of the high and low frequency features are simply
the diameters of the respective semicircles. The characteristic frequencies f; are obtained from

the peaks in the reactance versus frequency plots and are related to the time constants 7; via

1
- 2nfi

(4.46)

Ti
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FIGURE 4.7: Frequency plots for the spectra presented in Figure

where w; = 27 f;. The capacitance associated with each feature is related to the time constant
and resistance via

C; = T (3-15] reprinted)

R;

In practice, this method of ‘reading off” the values of the resistances or characteristic frequencies
is built into the TonMonger IS module (for spectra with one or two semicircular features). The
spectra are analysed to find the number of local maxima and minima in the reactance versus
frequency data. This is used to classify the impedance spectrum, i.e. determine the number
of features and their position above or below the axis. For simple spectra that show a high
and low frequency feature, the diameter of each semicircle (equal to R;) is simply twice the
value of the peak in reactance X (w;). This is shown in Figure While basic, this is all that
is required to extract the impedance parameters from spectra with two semicircular features.
For impedance spectra with more features, dedicated equivalent circuit model fitting software,
such as Zview, should be used. The impedance parameters obtained using this method (for
two distinct semicircular features) are equivalent to fitting to an RC-RC circuiﬂ This circuit
is shown in Figure [3.6c). Fitting to equivalent circuits is common in the literature, however
equivalent circuits (and the values of the components found from fitting) do not have a physical
meaning without a suitable physical model to justify their use. This becomes acutely clear
when negative resistances and capacitances are obtained from fitting, as is the case for negative
LF features. While resistors and capacitors with negative values are clearly unphysical, the

mathematics that describes the impedance of an RC-RC equivalent circuit is compatible with

2Using a non-linear least squares method to fit experimental impedance spectra to an equivalent circuit model is
more appropriate to extract resistances and time constants than ‘reading them off” from the spectra. This is because
fitting can account for signal noise, non-ideal components, a low number of sample frequencies and extrapolate
impedance spectra to beyond the minimum and maximum frequencies. Additionally, when more than two features
are present the values of the impedance parameters cannot be simply read off from the spectra.
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such negative component values. In this sense, the equivalent circuit is simply a tool to extract

key data from the spectra such as ‘resistances’ and ‘capacitances’.
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FIGURE 4.8: High and low frequency resistances, capacitances and time constants calculated

from impedance spectra (Figures[4.6|and[4.7) at different illumination intensities (and therefore

open-circuit voltages). These equivalent circuit parameters are determined by fitting to an RC-

RC circuit or reading off the resistances and frequencies from the Nyquist and frequency plots.

Capacitance is obtained via C; = 7;/R;. The ‘ideality factor’ obtained from the gradient of the

HF resistance is approximately 1.7. Note that the low frequency resistances and capacitances
are negative.

Figure [4.§] clearly shows that the high frequency resistance decreases exponentially with in-
creasing open-circuit voltage. The gradient of log( Ry ) with V. gives an ‘ideality factor’ of
approximately 1.7. In Section [6.3.2] it is shown that the ‘ideality factor’ extracted using this
method is in fact the ectypal factor. Similarly to the HF resistance, although not as strictly,
the magnitude of the low frequency resistance also decreases exponentially with open-circuit
voltage. Correspondingly, the magnitude of the LF capacitance increases exponentially with
open-circuit voltage. Hence the LF time constant is approximately independent of open-circuit
voltage. On the other hand, the HF time constant decreases exponentially with illumination. The
position of the HF peak is therefore strongly influenced by the level of illumination. Notably,
the HF capacitance is almost independent of open-circuit voltage. This indicates that this is a

geometric capacitance, as defined in eq.(3.20).

The qualitative trends of the resistances, capacitances and (implicitly) the time constants shown
by Figure [4.8] are consistent with those of experimental impedance measurements for PSCs
(96| [131), [147] (i.e. points i-iv in Section[3.4.4)). Additionally, we note that these general trends
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are consistently reproduced for spectra simulated with different device parameters (inverted con-
figurations [3]]) and recombination types. This provides validation that the underlying drift-
diffusion model contains enough of the relevant physics to appropriately model the operation of
PSCs.

4.3.3 Reproducing experimental spectra using the IS module

Riquelme ef al. employed a combined modelling and experimental approach to better understand
the impedance response of PSCs [3]]. TonMonger, which numerically solves the drift-diffusion
model detailed in Section .1} was used to simulate J-V and Suns-V,. measurements and the
IS module was used to generate impedance spectra. They demonstrate that with their standard
parameter set, for a MAPI PSC with a mesoporous TiOy ETL, the IS model can reproduce the
trends of impedance spectra with illumination, as described in Section[3.4.4] Additionally, they
show that these trends are matched for the device parameters used by Neukom et al. [183]] for
an inverted cell configuration. Most notably, with meticulous parameter fitting they are able to
obtain a semi-quantitative fit to experimental J-V, Suns-V,. and impedance measurements for
a mesoporous PSC. This is shown in Figure 4.9 with experimental measurements in black and

two different simulated solutions from IonMonger in red and blue.
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FIGURE 4.9: Experimental (black), and simulated (red and blue) a) J-V curve, b) Nyquist

plot, ¢) Suns-V,,. and d) imaginary component of the impedance versus frequency. The red and

blue data are for a mesoporous cell parameter set before and after parameter fitting respectively.

The fitting to better match experiment involved the inclusion of interfacial recombination and

modification of the diffusion coefficients in the perovskite layer. Panel a) shows hysteresis in

the forward (solid line) and reverse (dashed lines) voltage sweeps. Figure adapted from ref. [3|]
and licensed under CC BY 3.0.
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The standard parameter set for the drift-diffusion model, in red, is based on direct measurements
and values in line with those reported in the literature. Recombination consists of bimolecular
and electron-limited SRH. The blue data correspond to solutions obtained after modification of
the standard parameter set to fit the experimental measurements. This parameter fitting involved
the introduction of interfacial recombination at both perovskite/TL interfaces in order to obtain
the same ‘ideality factor’ from Suns-V,,. measurements. Additionally, the anion vacancy density
and density of states in the perovskite were increased, and the diffusion coefficients of all mobile
charge in the perovskite were reduced. These changes were made to reproduce the open-circuit

voltage and hysteresis, displayed by the experimental J-V curve.

As discussed in Section @.1] the one-dimensional planar model is a considerable approxima-
tion for the mesoporous structure of some PSC architectures, including those measured for the
data represented in Figure [4.9] Nonetheless, the particular transport properties of mesoporous
cells can be approximately accounted for via modification of the input parameters. In contrast
to planar cells, the mesoporous cells are modelled with reduced diffusion coefficients for elec-
trons, holes and anion vacancies. Additionally, increased rates of interface recombination were
required at the perovskite/ETL interface, perhaps as a result of the higher surface area at the

mesoporous interface.

It is clear that the numerical solutions closely match the hysteresis and the gradient of the Suns-
Voc measurement. Riquelme et al. also show that the dependence of the open-circuit voltage
on temperature is matched very well by the fitted parameter set. In contrast, the agreement is
not as favourable between the simulated and experimental impedance spectra. The magnitude of
the (real) impedance at intermediate frequencies (between the HF and LF features) matches very
closely. However, there is a disparity between the size of the LF features, and as shown in Figure
(.94, the characteristic frequency of the HF feature in the simulated spectrum is much greater
than that for the experimental spectrum. In the latter case, this discrepancy can be accounted
for via a ‘roughness factor’. Finally, we note that a series and shunt resistance has not been

explicitly modelled.

This subsection demonstrates that the IS model reproduces the key PSC impedance features,
and their dependence on illumination, for parameters other than those listed in Tabled.1] i.e. for
mesoporous cells and inverted configurations. With extensive parameter fitting, Riquelme and
coworkers were able to semi-quantitatively match both experimental JJ-V and impedance spec-
tra using the drift-diffusion model [3]]. In order to obtain similar simulation results to the mea-
surements, (for a PSC with a mesoporous TiO, ETL), interfacial recombination was required.
Manual parameter fitting is a difficult and time consuming process. There is opportunity for
automated and optimised parameter searching, for example using machine learning [227]. Fur-
thermore, analytic relations that describe the impedance response of a PSC would more directly
show the impact of each parameter on the spectrum. This would greatly improve understanding
of the impedance response of PSCs, and enable more straightforward fitting to impedance mea-
surements. Overall, these results provide further validation of the ability of the drift-diffusion

model to reproduce the impedance response of PSCs.
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Intermediate frequency features

Thus far, we have focused on spectra with two features, corresponding to a low and high fre-
quency time constant. While these are the most commonly observed features, other ‘exotic’ or
intermediate frequency features have been reported in the literature. Representative examples
of some of these features are given in Figure [3.11] These features include; (a) a loop between
the two (positive) high and low frequency semicircles, (b) a ‘bulge’ or additional arc on the
(positive) LF semicircle, (c¢) a ‘spiral’ where a negative LF feature extends back above the axis,
and (d) two negative LF features (similar to the ‘bulge’ but below the axis). Notably, these
exotic features are observed in impedance spectra obtained using the TonMonger IS module.
Figure [4.10] shows examples of simulated impedance spectra that exhibit the four intermediate
frequency features described above. These spectra are all simulated with a single concurrent
recombination mechanism. Specifically, the recombination is either electron or hole-limited
SRH.

-30 - - -0.3
— a) 52 kHz b)
g -20 ] 0.2 1.1 MHz 93 mHz ]
o 0.28
= -10¢ Hz 1
<
0 . .
0 20 40 60
-0.03
1 460 kHz d)
& -0.02 ¢
&
oS -0.5
\C_]/ -0.01+
T 0t
0.23 H
_SHz o7 [ g0 P
0 1 2 0 0.02 0.04 0.06
R (2 cm?) R (2 cm?)

FIGURE 4.10: Examples of simulated PSC impedance spectra showing exotic intermediate
frequency features. See Figure [3.11] for examples of these features in experiment. a) loop
feature, simulated with modified parameters from Table[.T]at 0.9 V. These parameters are the
same as those used in Table but with the following changes: b = 400 nm, E.g = -4.0 eV
and recombination is SRH with lifetimes 7, = 3x10~" s and 7, = 3x 1079 5. b) ‘bulge’ feature
determined using parameters from Table@with R,, recombination from Table@ at1.2 V.¢)
‘spiral’ feature, obtained with the same parameters as a) but at 1.1 V. d) two negative features,
obtained with the same parameters as b) but with R, recombination. All spectra are simulated
with 1-Sun equivalent illumination. Simulation protocol and the other parameters remain the
same as those used throughout.

With the parameters stated (see the caption of Figure [4.10), these intermediate frequency fea-
tures are observed at around 1-10 Hz. This is concordant with experimental reports [96), [228]].

As detailed in Section [3.4.3] there has been significant speculation over their physical origin. It
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has been suggested that loops are the result of measurements taking place under non—steady-
state conditions [[158] [229]. This has even been demonstrated experimentally (see the SI of
ref. [158]]) where cells show loops between LF and HF features when measured after insuffi-
cient stabilisation prior to measurement, which disappear when measured after sufficient time.
Additionally, the degradation of cells, or other variations to measurement conditions, may also
result in loop features. However, the drift-diffusion simulations presented here, and in [3} [125]],
demonstrate that loop features can be reproduced without invoking non—steady-state conditions
or additional processes. Therefore, loops may indeed be a genuine feature of the impedance
response of PSCs, but care should be taken to ensure impedance spectra are free from artefacts

caused by non—steady-state measurement conditions.

The spectra presented in Figure .10] are particularly interesting because it has been proposed
that these features may be the result of multiple mobile ionic species, or a single ionic species
that diffuses at a different rate within the bulk or along grain boundaries [96]]. However, these
results demonstrate that a drift-diffusion model of a PSC, with a single mobile ionic species
constrained to the perovskite layer, is sufficient to reproduce the rich variety of features observed
in experiment. We note that this does not necessarily mean that IF features can not be produced
by multiple mobile ionic species. For example, the intermediate frequency feature observed by
Garcia-Rodriguez et al. shows a dependence on the relative proportion of bromide versus iodide
in the perovskite formulation [[185]]. In this case, the IF feature has a characteristic frequency

closer in frequency to the HF feature, as opposed to the LF feature in Figure .10

Additionally, we note that to generate the distinct IF features in simulations, as shown in Figure
[.10] this required a significant amount of fine-tuning of the parameters. The size and shape
of these features are strongly dependent on the simulated experimental conditions, as well as
cell and recombination parameters. In general, these features are not commonly observed in
the simulations and, if observed, are less pronounced than the HF and LF features. A brief

discussion of the origin of these features is given in Section[4.5]

4.4 Understanding the impedance response

To gain further insight into the response of a PSC during impedance measurements, it is help-
ful to examine the spatial distribution of charge and potential over the course of voltage per-
turbations. This helps to relate the temporal response to the frequency response captured by
impedance measurements. The response of a PSC can be classified according to the frequency
of the voltage perturbation. This motivates the classification of frequency ‘regimes’, in which
the impedance response is approximately constant and is the result of particular physical pro-
cesses. These regimes are indicated in Figure
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FIGURE 4.11: Frequency plot indicating the ultra-low frequency (ULF), intermediate fre-

quency (IF), and ultra-high frequency (UHF) regimes. These regimes classify the three distinct

responses of a PSC during impedance measurements. This spectra is the same as that presented

in Figures 4.2 and Specifically, Vpc = 0.8 V with electron limited SRH recombination in

the bulk (R,) under 0.1-Sun equivalent illumination. Cell and recombination parameters are
listed in Tables . T|and [f.2) respectively.

The following frequency regimes categorise the impedance response of a PSC:

— Ultra-low frequency regime: f < 102 Hz
* Low frequency feature: 10" < f < 10° Hz
— Intermediate frequency regime: 10! < f < 10° Hz
* High frequency feature: 10* < f < 10° Hz
— Ultra-high frequency regime: f > 106 Hz
The exact range of frequencies that these regimes span is dependent on the cell parameters
as well as illumination and DC voltage. The low and high frequency features have also been
indicated. These features are the result of the cell transitioning between different regimes that
dominate the (frequency) response of the cell. The following sections describe the general

response of a PSC within each of these regimes, followed by interpretations for the low and

high frequency features.

4.4.1 Ultra-low frequency regime

The ultra-low frequency regime describes the response of a PSC for voltage perturbations of

frequencies below around 10 mHz. Within this ultra-low frequency regime, the electric potential
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across a PSC over a period of perturbation is described by Figure This figure shows
the electric potential across the three core layers of a PSC at five equally spaced time points
during an ultra-low frequency impedance measurement. The electric field within the bulk of
the transport layers as well as the bulk of the perovskite layer remains flat over the course of
the perturbation. To compensate for the applied voltage perturbation, the potential drops at the
perovskite/TL interfaces grow and shrink over a period. The flat potential across the bulk of the
perovskite shows that there is virtually no electric field to drive the electrons and holes to their

respective contacts.
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FIGURE 4.12: Electric potential at five equally spaced points in time during an ultra-low fre-

quency impedance measurement, as indicated by Figure d.T1] The value of the applied voltage

at the time points £_, is shown. Specifically, this is at 1 mHz but represents the electric poten-

tial for any perturbation with a frequency less than ~10 mHz. See, Figures #.2]and £.3] (Vpc =
0.8 V) for the full spectrum and simulation protocol.

The electric potential across the perovskite and adjacent Debye layers is largely determined by
the applied voltage via the high density of anion vacancies [4-6]. This is shown in Figure .13
which plots the anion vacancy density across the perovskite layer at five equally spaced time
points, in a similar fashion to Figure The inset shows the filling and depleting of the right
Debye layer (perovskite/HTL interface) by the anion vacancies relative to the steady-state (Vpc)
distribution. Similarly, the charge contained within the Debye layer at the ETL/perovskite in-
terface increases and decreases over a period. At these ultra-low frequencies, the slow drift of
the anion vacancies can keep up with the ultra-low frequency voltage perturbation. Therefore,
the ions (in approximate quasi-equilibrium) migrate in phase with the applied voltage and effec-
tively screen the bulk electric field. The motion of ions into and out of the Debye layers modify
the perovskite/TL potentials. These interfacial potentials modulate the current output of the cell

via carrier recombination and collection.

The impact of the modulation of the interfacial potentials on the electron and hole distributions
is shown in Figure[d.14] As the bulk electric field is screened by the ionic distribution throughout
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FIGURE 4.13: Anion vacancy density across the perovskite layer at five equally spaced points

in time during an ultra-low frequency (ULF) impedance measurement. The inset shows a mag-

nified view to capture the variation of the anion vacancy density within the perovskite/HTL
Debye layer. The time points ¢o_4 are equivalent to those labelled in Figure @

an ultra-low frequency perturbation, the electrons and holes diffuse to a roughly uniform distri-
bution across the bulk. These electron and hole distributions are equivalent to their steady-state
distributions at the particular voltage V' (¢;). Increasing the voltage from steady-state (tg — ¢1)
causes an overall increase in the electron and hole densities. This is because reducing the size of
the interfacial potential drops (via an increase to the applied voltage), impedes the transport of
carriers to their respective transport layer. This results in a reduced current output (or increase
in the recombination current). Conversely, reducing the applied voltage improves the transport

and collection of carriers resulting in an increase in current.
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FIGURE 4.14: Electron density (left) and hole density (right) across the perovskite layer at five
points in time over an ultra-low frequency perturbation. The time points ¢y_,4 are equivalent to
those labelled in Figure .12}

4.4.2 Intermediate frequency regime

The intermediate frequency regime characterises the response of a PSC to perturbations with
frequencies of 10 < f < 10% Hz. Figure shows the variation of the electric potential
during an intermediate (and ultra-high, see next subsection) frequency impedance measurement.
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FIGURE 4.15: Electric potential at five equally spaced points in time during an intermediate

frequency impedance measurement or above (IF+), as indicated by Figure .11} The value of

the applied voltage at the time points ¢y_4 is shown. This figure is equivalent to Figure f.12]
but is valid for frequencies greater than ~10 Hz.
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Over a period, the electric potential across the bulk of the transport layers remains flat and
the applied potential is spread uniformly across the bulk of the perovskite. This results in an
oscillating uniform bulk electric field which is in phase with the applied voltage. The size of the
potential drops at the perovskite/TL interfaces remains constant. This is because at frequencies
within and above the intermediate frequency regime, the ionic vacancies do not have time to
move significantly over the course of a period. Therefore, the ionic vacancy distribution (to

a very good approximation) remains fixed at the steady-state (Vpc) configuration as shown in

Figure[4.16]
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FIGURE 4.16: Anion vacancy density across the perovskite layer at five equally spaced points

in time during an intermediate frequency impedance measurement or above (IF+). This is

equivalent to Figure .13] but for frequencies above ~10 Hz. The inset shows that the anion
vacancy density effectively remains static at the steady-state Vpc distribution.

Figure shows how the sinusoidal components of the Debye layer charge and the electric
field are dependent on the frequency of the perturbation. The Debye layer charge ) can be
approximated by integrating the total ionic charge over the right-hand side of the perovskite

layer as follows

Q) = g / " Plast) - N da, (4.47)

b/2
where P is the anion vacancy density and N is the static uniform cation vacancy density. The
integration range is much larger than the width of the Debye layer. This is reasonable as within
the bulk of the perovskite P(x,t) ~ - Ny. The ionic charge contained within the left-hand
perovskite Debye layer is equal and opposite to the charge contained within the right-hand per-
ovskite Debye layer. This Debye layer charge is a key component of the ‘surface polarisation

model’, which is detailed in the following chapter. The electric field E(t) is calculated at the



72 Chapter 4. IS modelling and results

centre of the perovskite layer. This is illustrative of the entire bulk of the perovskite as the

electric field is approximately uniform across it.
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FIGURE 4.17: Phase and amplitude of the sinusoidal components of the bulk electric field £

and Debye layer charge () across an impedance spectrum. The electric field (black solid line)

is calculated at the centre of the perovskite layer. The Debye layer charge (blue dashed line) is

the excess ionic charge in the perovskite/HTL Debye layer. Note that the axis for the phase of

the Debye layer charge is negative. Both phases have been shifted by 180° to be in line with
the current convention (increasing V' — increases J).

For each frequency, the sinusoidal component of the Debye layer charge and electric field is
analysed using the same method presented in Section .2]to extract the amplitude and phase.
Here we note that the phases of £ and () have been shifted by 180°. This is in line with the
phase shift applied to the current perturbation and maintains the convention that an increase in
voltage results in an increase in current. Therefore, the phase and amplitude of the bulk electric
field and Debye layer charge can be plotted for each frequency as shown in Figure With
this representation it is clear that the amplitude of the electric field within the ultra-low frequency
regime is negligible and the Debye layer charge amplitude is maximum. Conversely, within the
IF frequency regime (and above), the Debye layer charge oscillation amplitude is negligible and
the electric field oscillates with a maximum amplitude. This figure also shows that the relative

phase between E and () is approximately 90° throughout the frequency range.

In contrast to the ultra-low frequency regime, the carrier densities are strongly modulated by
the alternating positive/negative bulk electric field. This is shown in Figure d.18] Increasing the
voltage from steady-state (9 — %) induces a negative electric field across the bulk of the per-
ovskite. This drives the electrons and holes away from their respective transport layers, reducing
the current output. Conversely, reducing the voltage (to — t3) forms a positive electric field,
promoting the collection of carriers and increasing the current. As the fast-moving electronic

carriers are in quasi-equilibrium, the electron and hole currents are in phase with the applied
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voltage perturbation. Hence, the total current is in phase with the applied voltage within the

intermediate frequency regime.
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FIGURE 4.18: Electron density (left) and hole density (right) across the perovskite layer at
five points in time over an impedance measurement above ~10 Hz. The time points £y_4 are
equivalent to those labelled in Figure [d.15]

4.4.3 Ultra-high frequency regime

This regime describes the behaviour of a PSC during impedance measurements at frequencies
above around 10° Hz. Within this regime, the electric potential over a period matches that within
the IF regime (Figure [4.15)). This is because for perturbation frequencies greater than around
100 Hz the anion vacancy distribution effectively remains static. However, in contrast to the
intermediate frequency regime, the displacement current dominates the total current response

at ultra-high frequencies. The displacement current, that contributes to the total current via

eq.(d.37) is given by

Ja(x,t) = epaEéf’t). (4.38 reprinted)
This current arises from the polarisation of the perovskite layer, in which the conductive trans-
port layers act as the capacitor plates and the perovskite as the dielectric insulatoﬂ Within
the ultra-high frequency regime, the electric field across the bulk of the perovskite varies si-
nusoidally, in phase with the applied potential. As shown above, the displacement current
is proportional to the rate of change of the electric field. Hence, during ultra-high frequency
impedance measurements it has a phase relative to the voltage (and by definition E) of 90°. The
amplitude of the displacement current only becomes non-negligible when the voltage across the

device is modulated extremely quickly (i.e. at high frequencies).

Figure 4.19| shows how the sinusoidal components of the total current vary with frequency.

The electron j,, hole j, and displacement currents j, are all calculated at the centre of the

3This assumes sufficiently doped transport layers, which is reasonable for efficient PSCs.
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perovskite layer. This figure shows that at frequencies within the ultra-high frequency regime,
the amplitude of the electron and hole currents is insignificant compared to the amplitude of the
displacement current. Therefore, the response of a PSC within the ultra-high frequency regime
is characterised by the displacement current, which is purely capacitive. Consequently the total

current has a positive phase and leads the voltage.
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FIGURE 4.19: Amplitude and phase of the sinusoidal components of current versus frequency.

The total current density is composed of the sum of the electron and hole currents j,, + j, and

the displacement current j4. This shows how the components of the total current vary according
to frequency.

4.44 Low frequency feature

The numerical solutions find the characteristic frequency of the low frequency feature to be
around 0.1-1 Hz, which is in line with experimental measurements [[171,[175]]. Additionally, the
so-called giant capacitance associated with the LF feature and its dependence on illumination, as
observed in experiment, is reproduced by the model [177]]. This is demonstrated in Figure 4.8]
which shows values ranging from 10-1000 mF cm™2; concordant with experimental calculations
[115] 147,157, [162].

As stated previously, the features apparent on the Nyquist plots of the spectra are produced in the
transition between two different frequency regimes. The low frequency feature is produced over
frequencies that span the transition between the ultra-low frequency and intermediate frequency
regimes. Over these frequencies, the mobile ions can no longer move sufficiently quickly to
remain in phase with voltage perturbation and are therefore unable to fully screen the electric
field from the central region of the perovskite layer. This means that the interfacial potentials
are modulated and there is a bulk electric field, which is out of phase with the applied voltage
perturbation. This is shown in Figure where the amplitudes of both F(t) and Q(t) are
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non-negligible and have an absolute phase between 0° and 90°. As a result, the electron and

hole currents are modulated by both the interfacial potentials, and the bulk electric field.

As reported experimentally, the numerical solutions show that the low frequency feature can
be ‘capacitive’ (positive) and also ‘inductive’ (negative). This numerical model helps to probe
and understand the underlying physics responsible for the low frequency feature. In the case
of a ‘capacitive’ or positive LF feature, the changes to the interfacial potentials from the slow
movement of ions within the ultra-low frequency regime modulates the current less strongly
(i.e. the amplitude of the current is smaller) than in the intermediate frequency regime where the
electric field modulates the current. Conversely, an ‘inductive’ or negative LF feature is observed
when the motion of the ions within the ultra-low frequency regime modulates the current more
strongly than the bulk electric field does in the intermediate frequency regime. This negative
feature corresponds to the current lagging the voltage. In other words, the phase of the current
is negative. This phase is usually indicative of an inductance; however, the relationship with
frequency means that this feature is more appropriately classified as a negative ‘capacitance’.
Nonetheless, the positive or negative capacitance associated with the low frequency feature is not
a true capacitance. Similarly, the resistance associated with this feature, which is also negative
when the capacitance is negative, is not true resistance. An RC' element (resistor and capacitor
in parallel) should only be used to extract the diameter of the semicircle and the time constant

of the feature.

4.4.5 High frequency feature

The properties of the HF feature, as shown in the numerical solutions for the impedance spectra,
are consistent experimental measurements. The HF feature is visible as a semicircle above the
axis on the Nyquist plots, for example see Figures and[4.10] The HF feature is pro-
duced in the frequency range between the intermediate frequency and the ultra-high frequency
regimes. Over this frequency range, the ionic vacancies are effectively static, since they move
too slowly to significantly adjust their position in response to the high frequency forcing. They
thus remain fixed in the same configuration that they would adopt at the DC voltage. The elec-
tric field, which is in phase with the applied voltage perturbation, modulates the electron and
hole currents. Additionally, the displacement current, which is 90° out of phase with the electric
field, contributes to the total current. A more detailed description of the current response at high

frequencies is given in Section[#.4.3]

With the perovskite solar cell parameters listed in Table 4.1} the characteristic frequency of the
HF feature in the numerical spectra is around 10 - 100 kHz. This is in line with experimental
reports [96, [147]]. The resistance associated with the HF feature, displays the same dependence
on illumination and DC voltage as observed in experiment [3, 196, 131]]. Calculating the theoret-
ical geometric capacitance of the PSC using eq.(3.20) and the device parameters from Table {.1]
returns a capacitance of 71 nF cm™. This value closely matches the value of C - determined

by fitting to the numerical impedance spectra, as shown in Figure 4.8] Here, the value of the
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capacitance is around a factor of 10 times less than that measured experimentally (96,131, 147].
This discrepancy has been attributed to the roughness of the perovskite/transport layer interfaces
and is accounted for by introducing a qualitative roughness factor, as described in Section|3.4.1
(L3 1]].

4.5 Conclusion

To summarise, a drift-diffusion model that includes mobile anion vacancies within the perovskite
layer has been presented. We follow the particular model formulation specified by Courtier et al.
[4]. Numerical solutions to this model are obtained using the open-source PSC simulation tool
IonMonger. With the aid of an additional impedance module, developed especially for this
thesis and the associated published works, we were able to simulate impedance spectroscopy

measurements.

As shown in Section[4.3] the numerical solutions for the impedance response of a PSC are con-
sistent with experiment. For example, the HF feature is a semicircular feature above the axis on a
Nyquist plot, and observed at around 10 - 100 kHz. The associated capacitance is approximately
independent of voltage and illumination, with a value predicted from eq.(3.20), indicating a ge-
ometric capacitance. The high frequency resistance displays a linear dependence on the light
intensity, indicating that it is proportional to a recombination resistance. As observed in exper-
iment, the LF feature is semicircular and can lie either above or below the axis, corresponding
to a positive or negative ‘capacitance’ respectively. The numerical model correctly predicts the
so-called giant capacitances measured in experiment and demonstrates how mobile ions can
impact the charge injection, extraction, and recombination of electrons and holes during a LF
impedance measurement. The more unusual intermediate frequency features, including loops
and additional arcs, can also be reproduced by the drift-diffusion model. This is demonstrated

in Figure [4.10] which qualitatively matches the experimental spectra presented in Figure [3.11]

In Section[4.3] it is shown that the low and high frequency features displayed within the simu-
lated spectra display the same dependencies on illumination as observed for experimental spec-
tra [147]. Additionally, Riquelme et al. showcase results that reproduce these trends for cell
parameters that describe mesoporous and inverted cells [3]]. Furthermore, a direct comparison
of simulated spectra, obtained using this numerical model, to experimental measurements has
been made by Riquelme et al. [3]. In this work, a semi-quantitative fit to both impedance spectra
and J-V measurements is obtained after fitting device parameters for the drift-diffusion model
[3]. It is found that interfacial recombination is required to match the observed hysteresis and

the approximate features within the impedance spectra.

A framework to understand the impedance response of PSCs, depending on the frequency of
perturbation, is established. We classify three frequency regimes, in which the impedance re-

sponse is approximately constant and is the result of particular physical processes. For each
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regime, the spatial distribution of charge and potential during impedance measurements are ex-
amined, helping to relate the temporal response to the frequency response. The impact of the
bulk electric field and the ionic charge within the Debye layers on the current response is exam-
ined. Classifying and understanding the cell’s response for each of the frequency regimes, helps
to elucidate the causes of the high and low frequency features, which are observed as the cell

transitions between two frequency regimes.

Understanding the exact processes responsible for the exotic IF features remains a challenge. We
note that for spectra that display only a HF and LF feature, the electric field perturbation over all
frequencies is a constant 90° out of phase with the Debye layer charge oscillations, as shown in
Figure However, when IF features are observed, this phase difference is no longer exactly
equal to 90° in the IF regime. This indicates that IF features are produced when the charge
carrier distribution is high enough to impact the ionic vacancy distribution. In general, this is
not the case. However, at high voltages (at or above V. at 1-Sun) the charge carrier densities
are high enough to accumulate and impact the ionic distribution. These findings are in line with
the drift-diffusion simulations by Jacobs et al., where it was found that loops could be obtained
when the density of the carriers within the perovskite was increased [[125]. While interesting,
these features are not a universal feature of the impedance response of PSCs. Hence, a more

detailed investigation of the IF features is left for future work.

The simulated spectra presented in this chapter were produced using the IS module for the
open-source PSC simulator TonMonger [206]]. This module will be released as an update to
IonMonger to provide an accessible and fast tool for researchers to simulate IS measurements
of PSCs.

The numerical model presented in this chapter is capable of simulating PSCs under a wide pa-
rameter regime, including regimes that result in an extremely stiff set of PDEs. The impact
of specific parameters on the spectra can be examined. For example, the ionic density, or the
type of recombination, can be modified to understand their effect on the impedance response
of a PSC. It is not always straightforward to obtain quantitative agreement with experiment via
parameter fitting because each parameter, or measurement condition, does not necessarily have
a linear effect on the resulting spectra. Additionally, changing the size of one parameter im-
pacts how other parameters modify the spectra. Even with the optimisations made to the IS
module for speed of simulation, with over 20 parameters it is a time-consuming and challenging
task to obtain a good fit to experiment. Analytic solutions, derived from the same underlying
drift-diffusion model can show the impact of each parameter on the features, and more directly
describe the fundamental impedance response of a PSC. A comparison of these analytic solu-

tions to the numerical model will enable validation of their accuracy.

The drift-diffusion model employed in this chapter was originally developed to accurately sim-
ulate current-voltage measurements across a range of scan rates [4} [6]. Accordingly, the model
contains the device physics required to accurately simulate both short and long timescales and,

as a result, is ideal to simulate the impedance response across a wide frequency range. In general,
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the model uses the simplest, but physically accurate, descriptions to approximate the workings of
PSCs. More sophisticated descriptions are only added when necessary to reproduce experiment.
For example, in contrast to other solar cell models, it was found that the high density of mobile
ions within the perovskite layer played a considerable role in device operation and therefore
must be included in a device model [6} [69]. Additionally, it was determined that the transport
layers played a significant role in the observed characteristics of PSCs [4]. This approach results
in a minimally complex model that describes the mobile charge and electric potential within the
three core layers. Additional physics, such as multiple ionic species, photogeneration of ions,
steric effects, or inclusion of two-dimensional geometries may be necessary to more accurately
simulate the physics of PSCs. For example, to explain the HF capacitance without a roughness
factor or the flattening of the semicircles. Furthermore, the planar ‘three-layer’ model employed
here is not directly suitable for PSCs with less standard architectures, such as those that employ

novel layers [230] or Ruddlesden-Popper phases [231]].

Overall, the simulated impedance spectra show favourable agreement with experiment, thereby
providing validation for the underlying drift-diffusion model of a PSC. It is found that a high
density of mobile anion vacancies coupled with electrons and holes in the perovskite layer and
appropriately modelled transport layers is sufficient to describe the fundamental impedance re-
sponse of PSCs. This agreement with experiment motivates the derivation of an analytic model,
via systematic approximations of the full drift-diffusion model, to describe the impedance re-

sponse. This is the aim of the following chapter.
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Chapter 5

Deriving an analytic model for IS

simulation

In this chapter the surface polarisation, or ionic capacitance, model of a PSC is described. This
is a systematically derived approximation (see refs. [4}15]) to the coupled ionic-electronic drift-
diffusion model for a PSC presented in the previous chapter. This model forms the basis for
which analytic formulae can be derived; however, in order to arrive at tractable final solutions,
further approximations are made. It is shown that for efficient PSCs the charge carriers (electrons
and holes) can be approximated by a Boltzmann distribution. This allows the recombination
equations for five different pathways to be simplified and enables a straightforward, yet general,
equation for the total current output of a PSC to be derived. Finally, through linearisation,
simple analytic relations are determined that describe the low and high frequency features of

PSC impedance spectra.

To date, accounting for and understanding the impacts of mobile ions on the impedance response
of PSCs has been challenging. Approaches thus far either use one of many proposed equiva-
lent circuit models, whose physical origin are not suitably justified [[157, 232]] or use numerical
methods to determine the solution to a drift-diffusion model [3} 125 [158 [183]], which can in-
volve a time consuming fitting process to match experimental spectra. The approach we present
in this chapter addresses the drawbacks associated with both of these methods, yielding analytic
solutions that justify a particular equivalent circuit and defines the associated resistances and
capacitances in terms of physical device parameters. In the following chapter these analytic

relations are examined and verified against numerical solutions to the full drift-diffusion model.

This chapter is set out as follows. Section [5.1] details the surface polarisation model for a per-
ovskite solar cell. Section [5.2] presents the Boltzmann approximation for the carrier densities
and its accuracy is confirmed on comparison to numerical solutions. Next, in Section [5.3] a
general form for the recombination current for different recombination types is systematically

derived, which includes a factor which we term the electronic ideality factor. Following this, the
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current is linearised and analytic relations for the impedance of a PSC are determined in Section

[5.4] Finally, in Section[5.5] we summarise the chapter and present our conclusions.

5.1 The surface polarisation model

The surface polarisation model of a PSC is a systematically derived (and highly accurate) ap-
proximation to the standard coupled drift-diffusion model for charge carrier transport across the
cell and the motion of a single ion species in the perovskite absorber [4H6]. This model greatly
reduces the complexity of the underlying drift-diffusion model and enables analytic results to be
obtained after further analysis. Accordingly, the surface polarisation model is a key component

in the derivation of an analytic model for impedance spectroscopy simulation.

To derive the surface polarisation model, Richardson et al. and Courtier et al. employed the
technique of matched asymptotic analysis for a single-layer model of a PSC [5,16]]. In this model,
the transport layers are assumed to be very highly doped such that they can be considered ‘quasi-
metals’. Consequently, the electric potential across the transport layers is uniform and equal to
the applied potential at the metal contacts. Additionally, the majority carrier density is uniform
and equal to the doping density within the transport layers. Extension of the surface polarisation
model to a three-layer model was later made by Courtier et al. [4]. Here, the transport layers
are no longer assumed to be quasi-metals resulting in the correct description of the potential
drops that form within the transport layers at the perovskite/TL interfaces. This model provides
a more accurate description of PSCs and demonstrates how transport layer properties impact
their operation. In more recent work by Courtier, the three-layer surface polarisation model was
employed to determine an analytic relation for the current density at steady-state [135]]. This
enabled comparison to the traditional diode equation and identified the ectypal factor. This is
detailed further in Chapter [3.1]

5.1.1 Model description

Unlike other photovoltaics the response of PSCs is determined not only by the motion of the
charge carriers but also by that of mobile ion vacancies. This makes their physics more complex
than that of other solar cells. In the case of MAPbI; it is known, both from experiment [[102,233]]
and from ab-initio molecular calculations [69], that there is significant motion of the relatively
mobile iodide ion vacancies. These vacancies move much more slowly than the (electronic)
charge carriers and occur at much higher densities. In addition, mobile ion vacancies are known
to occur at sufficiently high densities to result in the formation of narrow Debye (or double)
layers at the interfaces between the perovskite and the transport layers. See, for example, [69,
195]]. Figure shows a schematic of these Debye layers and the electric potential across a
PSC. Indeed Debye layers are a requirement for simulations to reproduce the behaviours that
are characteristic of PSCs [4, 16, 125} (158, 1183, 234, |235]].
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FIGURE 5.1: Diagram illustrating the potential drops V;-Vy across a perovskite solar cell at

steady-state. Dashed lines indicate the four Debye layers located at the perovskite/TL inter-

faces. Inset shows the charge contained within the perovskite Debye layers at steady-state
Qpc. Not to scale.

The properties of PSCs described above enable Richardson et al. [6] and Courtier et al. [4,
5| to derive the surface polarisation model from the underlying charge-transport model of the
cell. Firstly, the approximate, yet highly accurate, physical insights that this model provide
are described ahead of presentation of the equations. The comparatively high density of mobile
charged ion vacancies in the perovskite crystal structure means that the internal electric potential
within the device is, to a very good approximation, determined almost solely by the ion vacancy
distribution, and is almost completely unaffected by the charge carrier distributions. Below the
built-in voltage, the iodide vacancies accumulate at the perovskite/HTL interface. The total
amount of excess ionic charge within this right Debye layer is given by @. This is balanced by
an equal and opposite ionic charge -() at the ETL/perovskite Debye layer. The Debye layers
within the selective contacts contain an equal and opposite (electronic) charge to that contained

within the adjacent perovskite Debye layer.

Additionally, it is found that the electric potential varies significantly within the narrow Debye
layers around the transport layer interfaces but is well-approximated as linear in the perovskite
bulk and flat in the bulk of the highly-doped transport layers (see Figure [5.2). Therefore, no
electric field forms within the bulk of the transport layers and the electric field in the bulk of
the perovskite is uniform. The uniform bulk electric field drives ionic vacancies into or out of
the perovskite Debye layers. The redistribution of ionic vacancies is such that at steady-state,
the bulk electric field within the perovskite is zero. Under non—steady-state conditions the total
potential drop Vi — V() across the cell is composed of five components, as illustrated in Figure

such that
Voi = V(£) = Vi(t) + Va(t) + bE(t) 4 Va(t) + Va(?). (5.1

Here, V;(t) is the potential drop across the portion of the left-hand Debye layer lying within
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the ETL; V5(¢) is the potential drop across the portion of the left-hand Debye layer lying within
the perovskite; bE(t) is the potential drop occurring across the central region of the perovskite;
V3(t) is the potential drop across the portion of the right-hand Debye layer lying within the
perovskite; and, Vj(t) is the potential drop across the portion of the right-hand Debye layer
lying within the HTL.
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FIGURE 5.2: Diagram illustrating the electric potential across a PSC with a non-zero bulk
electric field after a rapid reduction to the applied voltage.

The bulk electric field is related to the ionic charge contained within the perovskite/HTL Debye
layer (per unit area), Q(t), via

Ve dQ

E(t) = =
() qD+NQ dt7

5.2)

in which V7 is the thermal voltage, D is the vacancy diffusion coefficient and Ny is the uni-
form static cation vacancy density (equal to the average anion vacancy density). A full list of
the material parameters that appear in the equations that follow are defined in Table On
rearranging eq.(5.1), and using eq.(5.2) for the bulk electric field, the evolution of the Debye
layer charge in time is given by the ordinary differential equation (ODE)

e (vz,i V() ~ Q) — Va(Q(1) — Va(@Q(t)) ~ V4(Q(t))>~ (53)

As the ion motion is relatively slow, the charge within the Debye layers lags behind the changes
in the applied voltage. The potential drops V;_4 are a function of the Debye layer surface charge
Q. The exact functional forms of V1 (Q), V2(Q), V3(Q) and V,(Q) are contingent on the physics
of the device. In the widely considered scenario in which a single positively charged ion vacancy

species is constrained to the perovskite layer, the potential drops V;_4 are given by [4]

Vi(Q) = —V(-92&Q), V2(Q) = —V(=Q),

5.4
V3(Q) = V(Q), Va(@Q) = —V(-9QrQ),
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where the dimensionless parameters 2 and {2y set the relative magnitudes of V; and Vj re-

spectively and are defined

S No S NO
Qp = P Qg = P . 5.5
E VaEdE’ H \/ngH (5.5)

The capacitance relation V(Q) is given by
(et )
Vrlog | — LambertWy | —e : for Q <0,

(g )
Vrlog | —LambertW_; [ —e : for @ > 0.

V(Q) = (5.7)

Here, the Wy and W_; correspond to the 0™ and the -1% branches of the Lambert W function
respectively. Figure[5.3|plots this non-linear capacitance relation. Figure[5.4p) shows the Debye
layer charge calculated for different steady-state applied voltages for the cell parameters listed
in Table[d. 1] This was achieved using a numerical root finding algorithm to solve eq.(5.1)). Note
that steady-state values are denoted as ‘DC’. This is in line with the notation used later in this
chapter. Additionally, Figure [5.4b) shows the dependence of the potential drops V;_4 on the
Debye layer charge.

0.05

-0.1+

-0.15 : : : :
215 -10 5 0 5 10 15

Charge @ (mC m~2)

FIGURE 5.3: Non-linear capacitance relation from the surface polarisation model [4-6]] given
by equation (5.7).

!"The inverse of V(Q), is a more simple relation and is given by

Q(V) = /qNoe, Vi sign(V) V2 (e"/ VT YV — 1)% . (5.6)

Evaluating this can be less numerically intensive than its inverse.
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FIGURE 5.4: Left: Charge within the Debye layers for different steady-state (DC) applied

voltages. Right: Potential drops across the interfaces of a PSC at steady-state with varying

Debye layer charge. See Figure [5.1] for an illustration of these potential drops across the cell.

The relative magnitudes of V; _, are dependent on perovskite and transport layer properties via
eq.(5.3). Table [d.1|lists the parameters used for these examples.

5.1.2 Drift-diffusion equations within the surface polarisation model

The drift-diffusion equations that describe the electron and hole densities within the perovskite

bulk (0 < x < b) are given by

—(1]%7; = Gpuk(z) — Rpuik(n, ), (5.8)
;ZJ; = Gpuk () — Rpui(n, ), (5.9)
dn = qDn (gZ + %E(t)) , (5.10)

Jp = —qDp (gi - éE(t)) ; (5.11)

where Gpuk and Rpyix are the generation and recombination rates in the bulk respectively. The
same rates are used as those defined in equations (4.20) and (.21). Note that in contrast to equa-
tions (@.1)) and (.2) the time derivatives of the electron and hole densities, On/dt and dp/0t,

have been neglected. This is because, for physically accurate parameter estimates, the electronic

motion is extremely fast relative to the other timescales within the system. Consequently, the

electron and hole densities are in quasi-equilibrium, even during rapid changes to the potential,

i.e. during high frequency impedance measurements. Therefore, it is a reasonable approximation

to disregard these time derivatives. Further justification can be found in ref. [S]].

At the ETL/perovskite interface the hole current is subject to the following boundary condition:

Jplyegr = —aR (5.12)
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where I?; is the recombination rate at the left boundary. The interfacial recombination rates are
defined in equations (4.24)) and (@.23) and are functions of the carrier densities given by (5.16)
and (5.17) respectively. The electron density within the perovskite at the interface is subject to

%+%>

V (5.13)

n‘x:m = kpdg exp <—

where kg is the ratio between the electron densities across the boundary, given by equation
(4.27). At the perovskite/HTL interface the electron current is specified as

|y = —aRr, (5.14)

where R, is recombination rate at right interface. The boundary condition for the hole density
at the perovskite/HTL interface is given by

Vs + Vi
Plyey = kndy exp (— 3;; 4), (5.15)

where k is defined in eq.(4.28)) and is the ratio between the hole densities across the interface.
The interfacial recombination rates, ?; and R,., are functions of the carrier densities within the
Debye layers at each interface. In their analysis, Courtier et al. find that at leading order the
charge carrier densities are Boltzmann-distributed within the Debye layers [4]. Hence, at the

ETL/perovskite interface (on z = 0) the carrier densities are are given by [4]]
(5.16)

where, the electron density within the ETL is denoted by ng)TL and the hole density within the

perovskite is denoted by p(Y). Correspondingly, at the perovskite/HTL interface (z = b) the
electron density within the perovskite, n(") and the hole density within the HTL, pg%L are given

by
(5.17)

T 4
p%r)FL(t) =dgexp <_VT) )

The exponential functions of the potential drops V;_4 account for the steep variation in carrier

densities over the Debye layers.
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5.1.3 The total current

The total current within the perovskite layer is given by
J(t) = jn(z,t) + jp(z, t) + ja(z, t) + jp(z, t). (4.37|reprinted)

The displacement current j, is defined in eq.(4.38) and, with this approximate model, is not
spatially dependent as the bulk electric field is uniform. The ionic current jp, resulting from
the motion of ions across the perovskite width, is at least four orders of magnitude less than
the other current contributions. This is true across the full impedance spectrum and therefore

it is reasonable to neglect this ionic current contribution. Evaluating the total current at

x = b~ yields
J(t) = —qRr + jp|,_, + Jalt), (5.18)
where the boundary condition (5.14)) is used to specify jj, ’x:b_. To determine the hole current
at x = b~, we integrate eq.(5.9) as follows
1 [ 95 b
/ W gy = / Ghouik () — Rpuik(n, p)dz, (5.19)
q Jo+ Ox 0+
to give
1'\ 1'\ —/bG (z) — Rpux(n, p)dz (5.20)
q]p T—b— q]p 2=0+ o bulk bulk (72, P)AT. .

Here, jp‘x o+ 1s defined via the boundary condition eq.(5.12). Substituting the relation above

for jp|,_,- into eq.(5.I8) an expression for the total current is obtained

J=q Goulk(7) — Rpu(n, p)dx — qR, — qR; + ja- (5.21)

o+

For the following analysis it is helpful to define the generation current density

jien =4 [ Goanla)d. (522)
o+
which, on integration using the generation rate (eq..20)) gives
jgen = quh <1 - e—ab) . (5.23)

Additionally, the recombination or equivalently dark current density is defined

Jrec = ¢ /+ Rbu]k(TL?p)dJ? +qR, +qR;. (5.24)
0
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As such, the total current density can be expressed as

J(t) = jgen - jrec(t) + jd(t)' (5.25)

5.1.4 Summary of the surface polarisation model

In comparison to the full drift-diffusion model presented in Chapter [ the surface polarisation
model is a greatly simplified set of equations. The coupled PDEs are reduced to a single first
order ordinary differential equation for Q)(t), namely (5.3)), that describes the evolution of ionic
and electronic charge within the Debye layers and a quasi-steady state boundary value prob-
lem for the charge carriers within the perovskite bulk. The temporal and spatial stiffness has
been eliminated through the decoupling of the electronic and ionic dynamics, and by explicitly
resolving the solution in the Debye layers. As such, the surface polarisation model not only
enables numerical solutions to be obtained more easily, it facilitates analytical solution. Specif-
ically, to obtain solutions for the current output of a PSC, equation is integrated in time for
a given applied voltage V'(t). This determines the Debye layer charge Q(¢) which allows the
bulk electric field E(t) and voltage drops Vi_4(t) to be determined as functions of time, from
equations (5.8}5.T1). At a given time point ¢;, the boundary value problem (5.8}{5.15) can be
solved to determine the electron and hole densities across the perovskite layer. This enables the
current output of the cell, at the time ¢;, to be computed from eq.(5.25). Solving the boundary
value problem repeatedly at different time points for which Q(t) is known, enables the current

flow J(t) across the cell to be determined as a function of time.

The solutions obtained from the surface polarisation model have been verified against those
determined from the full drift-diffusion model [4, |5 [135]. Excellent agreement is observed
between the drift-diffusion model and the surface polarisation model in the relevant parameter
regimes, validating the approximations employed to derive the surface polarisation model. On
employing the surface polarisation model a variety of experimental observations have been re-
produced including current-voltage hysteresis, dark current decay transients and voltage-dependent
ideality factors [4} 16, 135, 236].

5.2 Boltzmann approximation to the carrier densities

Analytic solutions can be determined from the surface polarisation model without further simpli-
fication [210]. However, in order to arrive at a tractable final solution that can be interpreted rel-
atively easily, we employ the further approximation that the charge carriers in the perovskite are
Boltzmann distributed. This approximation has also been employed in ref. [135]]. To justify this
approximation, we need to analyse the typical size of the parameters within the drift-diffusion
equations. This is done via non-dimensionalisation which involves rescaling the dimensional

variables by parameters with magnitudes (and units) that are intrinsic to the cell. Here, we use
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the same scaling as in [206] with the dimensionless variables labelled with a *

*

r = bx ) p:de*7 n=dgn”,
(5.26)
Jp = aFpndp*s n = qFpnin*, E=YLE*.

Ideally, this rescaling would result in dimensionless variables that all have magnitudes of order
1. However, this is not always the case; under typical operational conditions the magnitudes
of variables such as the carrier densities are strongly dependent on factors such as the applied
voltage, illumination and recombination. Therefore, the magnitudes of the non-dimensional
variables should still be considered when comparing the sizes of different variables. On applying
the rescaling as specified above to equations (5.10) and (5.11) for the electron and hole currents,

one obtains

Jo = Kn (8:1}* +n"E (t)> , (5.27)
Jp = ~hp (81,* —p'E (t)> ) (5.28)

where the dimensionless variables are defined

D, dg Dydys
) - . 52
Fpb’ 7T Fgb (5.29)

Rn
With device parameters from Table {.1] these have magnitudes
Fon = kp = 2 x 107, (5.30)

It is implicitly assumed in conducting the non-dimensionalisation that the electron and hole

currents across the perovskite have sizes
in = 0(1), j,=0(1). (5.31)

As such it is apparent that the following approximation can be made

on* op*
~ —n'E* ~p*E*(t). 32
G~ E(l), S~ p B (5.32)

This approximation is accurate for cells operating near their built-in voltage that have long car-
rier diffusion lengths with respect to the total perovskite layer width, as is the case in state-of-the-
art PSCs [31} 222]]. Integrating and applying the boundary conditions (eq.(5.13)) and eq.(5.15))

one obtains

n* = kgexp (—Vl;% - x*E*) ,
T

Vs +V,
Vr

(5.33)

p* = kpexp (— + (z* — 1)*E*> .
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These approximate expressions describe the carrier densities as Boltzmann distributed. Figure
[5.3] plots these approximate expressions at different applied voltages together with numerical
solutions from the full drift-diffusion model. Specifically, the distributions at five equally spaced
time points are calculated for a high frequency impedance perturbation of the form of eq.(3.7),
with V,, = 10 mV. The spacing of the five time points over a perturbation is illustrated in Figure
[@.12] A HF perturbation is chosen to observe the effect of the bulk electric field. It is clear that
the approximate solutions closely match the numerical solutions in the bulk of the perovskite at
open-circuit (0.93 V). The correspondence is reasonable at the maximum power point (0.82 V),
however, it is poor at voltages much below this. Between 0.7 V and open-circuit, the average
carrier density in the perovskite increases by around two orders of magnitude. Therefore, at
voltages close to open-circuit many more carriers are present in the perovskite. This enhances
conductivity and, in turn, leads to the establishment of a quasi-equilibrium (i.e. Boltzmann)

carrier distribution.
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FIGURE 5.5: Comparison between solutions obtained for the electron and hole densities from

the full drift-diffusion model and the Boltzmann approximation, given by [5.33] Solutions dur-

ing a high frequency impedance perturbation (25 kHz) at different DC voltages are shown,

including maximum power point (0.82 V) and open-circuit (0.93 V). The parameters used are

detailed in Table .1} under 0.1-Sun equivalent illumination and with recombination at the
ETL/perovskite interface (R;) from Table @

On re-dimensionalising the approximate Boltzmann distributions given by (5.33) one obtains

Vi(t) + Va(t) + xE(t))
Vi '
Vs(t) + Va(t) + (b — :c)E(t)>
Vi ’

n(x,t) = kpdg exp (—
(5.34)

p(x,t) = kgdy exp <—
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An additional example showing the agreement between these approximate relations and the full
drift-diffusion model is shown in Figure[5.6] Simulation and cell parameters remain the same as
those used for Figure[5.5] with the addition of calculating the carrier densities over an ultra-low

frequency perturbation (1 mHz in this case). Insets show the left and right perovskite Debye

layers.
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FIGURE 5.6: Comparison between solutions obtained for the electron and hole densities from

the full drift-diffusion model and the Boltzmann approximation, given by (5:34). In both cases

Vbe = Vic. Left: carrier density at equally spaced intervals over an ultra-low frequency period

(specifically, 1 mHz). Right: the equivalent but over a period of frequency 25 kHz. IF+ refers

to frequencies within the intermediate frequency regime and above, i.e. greater than around 100

Hz. The parameters used are detailed in Table 4.1} under 0.1-Sun equivalent illumination and
with recombination at the ETL/perovskite interface (R;) from Table @

To further verify the effectiveness of the Boltzmann approximation, Figure [5.7] plots the carrier
densities at maximum power point. Good agreement is shown, although it is not as good as
at open-circuit. Additionally, Figure [5.7] shows solutions for a reduced anion vacancy density
(at Vie). Specifically, the mean anion vacancy density is 1.6x10%3 m™ which is two orders of
magnitude less than the default used throughout. In this case, the solutions closely match in the
perovskite bulk, however the lower anion vacancy density results in much wider Debye layers.
This is expected as the Debye length is proportional to 1/1/Ng [3].

Finally, Figure [5.8] shows a calculation of the error for the Boltzmann approximation eq.(5.34))
at different DC voltages, both under illumination and in the dark. The relative error is calcu-
lated from the hole density determined from eq.(5.34) and the hole density determined from the
numerical solution to the full drift-diffusion model. The mean relative error is then calculated
at each time point during a sinusoidal perturbation, across 128 frequencies from 1 mHz to 10
MHz.
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FIGURE 5.7: Verification of the Boltzmann approximation for the electron and hole densities

at maximum power point (MPP) 0.82 V (left) and with a lower anion vacancy density at open-

circuit 0.92 V (right). The carrier densities at five points in time over a period of frequency

25 kHz are shown. Illumination is 0.1-Sun with R; recombination. Insets show the left Debye
layer within the perovskite.
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FIGURE 5.8: Mean relative error between the hole density calculated from the approximate re-

lation eq.(5.34) and numerical solution to the full drift-diffusion model at different DC voltages.

Hole densities calculated both under simulated illumination at 0.1-Sun and in the dark. Recom-

bination is chosen to be at the ETL/perovskite interface (R;) with device parameters from Table

[@.1] For these parameters, the built-in voltage of the cell is 0.85 V and the open-circuit voltage
at 0.1-Sun equivalent illumination is 0.93 V.
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Overall, Figures demonstrate that the carrier densities across the perovskite bulk during
an impedance voltage perturbation are well approximated by (5.34) near the built-in voltage of
the cell. The results presented in the following chapter demonstrate how well this approximation

works when employed to model impedance spectroscopy measurements.

5.3 Recombination current

As derived earlier in this chapter, the total current density flowing across the cell J(t), equa-
tion (5.23)), is comprised of three components: the current generated by the incident radiation
Jgen, the current loss due to charge carrier recombination —jrc and, at high frequencies, the

displacement current j4. Specifically, it is given by

J(t) = jgen — Jrec (t) + jd(t)- (@]reprinted)

The current density generated by the incident radiation jgen, can be determined via eq.(5.23)) and
the displacement current in time j4 can be evaluated via solution to the ODE for the Debye layer
charge, given by equation (5.3)), with a specified applied voltage. Therefore, on calculation of

the recombination current given by

e = aft (il (0.50(0) + o, (0,551 0) + [ " Rua (. ), (. 6) d.

’ (5.24) reprinted)
the total current density can be determined. With the approximated carrier distributions across
the perovskite bulk given by eq.(5.34), the recombination current can be calculated straightfor-
wardly using the bulk recombination rate Rpyk, and the interfacial rates R; (on the interface
with the ETL) and R, (on the interface with the HTL). However, simplification to the recombi-
nation rates leads to a far more tractable relation for the recombination current. On analysing
the typical sizes of the recombination parameters, the full forms of the five recombination mech-
anisms considered in this work can be approximated as either bimolecular or monomolecular,
as shown in Table 5.1l The values for the recombination lifetimes used for each recombination
type are also displayed. The simplified recombination rates provide very good approximations
to the full rates and have been used in other modelling studies [4} 5]. In line with the rest of
the approximations detailed in this chapter, the approximated recombination rates are verified

against numerical solutions to the full model in Chapter [6]

In the case where there is a single dominant recombination mechanism, it is shown in the fol-

lowing subsections that the recombination current can be expressed in the general form

jrec(t):jRiexp<_Fi(VI(Q(t))’V2(Q<t>)"/E)’(Q(t))’v4(Q(t)))_ b E(t)>' (5.35)

Vr nelVr
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Recombination .. Parameter
Full Form Approximation
Type Values

Bimolecular, Ry Ryux = 5 (np — nlz) Rpuk = OBnp b= 10712 m3s7!
Hole-limited R R op | Tn=3x10""s
SRH, R, oulk ™ maptrontRsri bulke ™ 7, 7, =3 x 108
Electron-limited R — np—n2 Rt m T, =3x108s
SRH, R, oullk ™ rup+rontksra KT 7 =3x 1010
ETL/Perovskite R - n p)—n2 kg R~ v, p) Upp = 10° msT,

interfacial, I?; LT o0/, J : PE Vpy =5 ms!

Perovskite/HTL |, np{f}, —n?/kp R~ nl) Upyy =5 ms™!
interfacial, R, T UL Jon gy A0 fup Ak oo Vpyy = 10° ms!

TABLE 5.1: List of the recombination types and the relevant parameter values used in this work.
The full and approximated rates are used in the numerical and analytic calculations respectively.
Unless otherwise stated, the recombination parameter values used are those specified here. The
intrinsic carrier density n;, and the parameters kspp, k; and k, are defined in (4.22)-(@.28).
The interfacial recombination rates are dependent on the carrier densities at the left and right
interfaces; for the analytic model, these are defined by equations (5.16) and (5.17) respectively.

Here, F;(V4, V3, V3, Vy) (the potential barrier to recombination for recombination type 7, where

t = b,p,n,l or r), ng (the electronic ideality factor) and jg, (the recombination current pref-

actor) all depend on the dominant recombination mechanism and, for the recombination mech-

anism stated in Table [5.1] are presented in Table[5.2] Notably, the electronic ideality factor nej,

takes either the value 1 or 2, depending on the recombination mechanism, and can thus be used

as a diagnostic tool (just as the ideality factor is in conventional photovoltaics) in order to dis-

tinguish between different possible sources of recombination within the cell. Importantly, all

the ionic effects are contained in the function F; so that n.; depends only upon purely electronic

effects. Further discussion of the electronic ideality factor can be found in Section along

with details of how it may be obtained experimentally.

Label R; | Recombination | F;(Vy, Va, V3, Vy) JR; Thel
Ry, Rpuik = Bnp Vi+Vo+Vs+Vy | ¢bBkpdpkpdy | 1
Ry Rouk = p/7p Vi +Vy % 2
R, Rpuik = n/ Tn i+ Ve % 2
Rl Rl = UpEp(l) VQ + Vg + ‘/21 qudHUpE 1
R, R, = v,,,n") Vi+ Vo4 Vs qkpdgv,, 1

TABLE 5.2: Recombination types with labelling convention and corresponding values for the

electronic ideality factor. F;(V1, Vo, V3, V) is the potential barrier to recombination for recom-

bination of type R;, where ¢ = b,p,n,l,r. This notation enables the recombination current

(5.39) (and later the impedance parameters) to be written in a general form. The total potential
drop across the cell at steady state is given by V3 + Vo + V3 + Vy = Vi; — Wpe.

Equation (5.35) is an extension of the recent work by Courtier to non-steady state conditions

[[L35]. This enables the frequency-dependent current output, as required for IS simulation, to be
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determined later in this chapter. The following subsections, detail the derivation of the recom-

bination current for each of the five recombination types. This is to justify the representation

given in eq.(5.33).

Bimolecular recombination. In this first example, only bimolecular recombination in the bulk
of the perovskite, Rk = [np takes place. Shockley-Read-Hall recombination in the bulk
is zero as are the interfacial recombination rates R; and R,. In this case, from eq.(5.24), the

recombination current is given by

b
' Vi(t) + Va(t) + Vs(t) + Va(t) + bE(t
]rec:q,Bk‘EdEkHdH/ exp < 1() 2() 5‘3/(T) 4() ()
0

) dr. (5.36)

Given that V;_4 and E/(t) are not spatially dependent

(5.37)

t t t t bE
Jrec = qbBkrpdpkpdr exp (—‘/1()+VZ( )+“2()+V4( )+ >

On defining the following for bimolecular recombination, R,
ij = qbBkpdgkydy, Fb(t) = Vl(t) + Vg(t) + Vé(t) + ‘/Zl(t), el = 1, (5.38)
one can write the recombination current in the form

jrec(t) _ ij exp <Fb(vl(t)> V2(t)> ‘/3(75)’ ‘/él(t)) o b E(t)) ]

.(5.35) for R
Vr neVr (eq-:33) for )

Table details the definitions of jg,, F},(t) and the electronic ideality factor n¢j for bimolecu-
lar (and the other forms of) recombination.

Hole-limited recombination. The following considers hole-limited SRH in the bulk of the
perovskite layer. Therefore, Rpux = p/7, while the bimolecular and interfacial recombination

rates are zero. The recombination current is given by

qkrdy /Obexp (_Vg(t) T Vi) + (b— x)E(t)) . (5.39)

Jrec = T Vi

Integrating this over the cell width, one obtains

bE(t)
krd t t I —exp(——~

e = I Hexp<_V3()+V4()>VT P(—=v; ). (5.40)

T Vr FE

Making the substitution £ = bE/Vr, one can write
1 —exp(—F

oo = Wodrr (-Vf”(t) + V4(t)> exp(=F) (5.41)

Tp VT E

Considering small perturbations to the bulk potential drop (bFE) relative to the thermal voltage, as

is reasonable for impedance measurements, suggests expanding in powers of the small quantity
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E
1 —exp(—FE) E —o
— =1—- =+ O(E*). 5.42
i 5 T (£7) (5.42)
Neglecting terms of order O(E?) and noting that
E E .
exp(—7) =1-7+ O(E?), (5.43)

allows us to rewrite the recombination current in the form

qbkpdy Vs(t) + Va(t) b
~ — — E(t) ). 5.44
Jrec 7 exp ( Vr W ( ) ( )
where E has been eliminated. Defining the following for hole-limited recombination
} bkpd
ir, = LByt = V() + Vi), ma =2, (5.45)
P

one can write the recombination current in the form of equation (5.35).

Electron-limited recombination. Here the bulk recombination rate Ryyx = n/7, and R; =

R, = 0. The recombination current is given by

Jrec =

b
gkpds / exp (_Vl(t) + Va(t) + xE(ﬂ) . (5.46)
0 Vr

Tn

Integrating one obtains

1 — exp(—LE
gkedp exp (_Vl(t) + VQ(t)> v p(—7:.)

Vr B (5.47)

Jrec =
Tn

Using the same approximations detailed in equations (5.42)) and ((5.43)), the recombination cur-

rent can be written

e = P (— Vilt) +Valt) _ b E(t)> L O(EY). (5.48)
Vr 2V

Tn
Defining the following for electron-limited bulk SRH recombination

. bkrd
jr, = PRECE B (6) = Vi) + VR(E),  na =2, (5.49)

Tn

one can write the recombination current in the form of equation (5.35).

ETL/perovskite interfacial SRH recombination. Here R; = vap(l). The recombination
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at the perovskite/HTL interface and in the bulk is set to zero. The hole density at the ETL/Per-
ovskite interface is given by

Va
P =p|, . exp (_VT> : (5.50)
Vo(t) + V3(t) + Va(t) + bE(T
T
Therefore the recombination current is given by
Vo+ Vs +Vy+bE
Jree = gkadHVy, €xp (— 2+ 3‘—1/_ 4t > . (5.52)
T

Defining the following for ETL/Perovskite interfacial SRH recombination

le = qudH'UpE, Fl(t) = VQ(t) + Vg(t) + V4(t), el = 1, (5.53)

one can write the recombination current in the form of equation (5.35).

Perovskite/HTL interfacial SRH recombination. Finally, we consider the case where R, =
Up, Hn(r) with zero recombination in the bulk or at the ETL/Perovskite interface. The electron

density at the Perovskite/HTL interface is given by

V.
() = —3> (5.54)
n'/ =n| _,_ex ) .
}$:b p < VT
Vi(t) + Va(t) + Va(t) + bE(L
2" = kpdp exp (— 1) + Va(t) + Vs(t) + ()>. (5.55)
Vr
Therefore the recombination current is given by
Vi(t) + Va(t) + Va(t) + bE(t
jrecqunHkEdEeXp<— 1(t) + 2()“/" 5(t) + ()> (5.56)
T
Defining the following for Perovskite/HTL interfacial SRH recombination
jR,- = qvnHkEdE, Fr(t) = Vl(t) + V2(t> + Vg(t), Nel = 1, (5.57)

one can write the recombination current in the form of equation (5.35).

This section has described how the general form for the recombination current is valid for each
recombination mechanism. It is found that a factor, which takes an integer value of 1 or 2, is re-
quired in order to express the recombination current in a general form. In light of its relationship
to the type of recombination mechanism and its equivalence to the ideality factor for traditional
solar cells, we term this factor the electronic ideality factor. Further analysis of the electronic

ideality factor is presented in Chapter 6]

Here, we note that it is a simplification to only consider a single recombination mechanism

occurring at one time. Particularly, in physical devices bimolecular recombination is always
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non-zero; however, it is reasonable to expect that a single mechanism might dominate over all
others. Furthermore, it is worthwhile producing a model that describes the simplest operation
of a PSC before adding complexity. Nonetheless, cells with losses via multiple recombination

pathways are considered in Appendix [A]

5.4 Linearisation and impedance spectroscopy

Now that we have a recipe to determine the current density in time for a general voltage per-
turbation, we consider the current response during an impedance measurement. To measure the
impedance of a solar cell, a ‘DC’ (or constant) voltage is applied with an additional small sinu-
soidal signal to perturb the cell about a steady-state. The applied perturbation is small to induce
a linear current response. By design, this enables the technique of linearisation to be employed

in the analysis of impedance spectroscopy measurements.

Linearisation involves determining solutions at a given steady-state (in this case at a given DC
voltage and illumination) and approximating the general (non-linear) behaviour close to steady-
state as linear. Equivalently, linearisation can be thought of as a first order Taylor expansion
about the steady-state. This technique is highly accurate for small deviations from the equilib-
rium, and hence, is ideal for the analysis of IS measurements. The general form of the applied

voltage for an impedance measurement is
V(t) = Vbc + Vp exp(iwt), (5.58)

where, Vpc is the DC voltage, w is the angular frequency of the sinusoidal perturbation and
V}, is its amplitude. Here, the applied voltage perturbation given in eq.(3.7)) has been presented
in complex form to simplify the subsequent analysis. The size of the perturbations can be

characterised by the following non-dimensional parameter
6=V,/Vr, (5.59)

where Vr is the thermal voltage (which is around 25 mV at room temperature). Impedance
measurements require ¢ to be small for the analysis to be valid. In experiment, the perturbation
amplitude (typically 10-20 mV) is such that it is small enough to ensure a linear response, but
large enough that the response is significant compared to nois For the purposes of this work,
we assume that § is sufficiently small such that a linear response is observed and terms of order

62 and higher can be neglected. The applied voltage can be written in the form

V(t)=Vpe + V@), V(@) = Vpet, (5.60)

*In practice, a perturbation amplitude of 20 mV suffices, even though this is not particularly small in comparison
to the thermal voltage. In addition to the perturbation amplitude and temperature, the linearity of the current response
is dependent on the DC voltage that the cell is perturbed from. This can be understood by looking at the gradient of
a J-V curve at different voltages (see, for example, Figure.
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where (1) is used to denote first order terms. The Debye layer charge () and the bulk electric

field E can be expressed in terms of the leading and first order terms as follows

Q(t) = Qoc + 0QW(t) + O(s?), (5.61)
E(t) = Epg+ SEW (1) + O(6?). (5.62)
=0

At steady-state, the charge contained within the left and right Debye layers within the perovskite
is -Qpc and Qpc respectively with zero bulk electric field. Using eq.(5.1) we see that the leading
order (or steady-state) Debye layer charge (Jpc is given by the solution to

Vbc — Wi + Vi(Qpc) + Va(Qpe) + V3(Qpc) + Va(Qpc) = 0. (5.63)

To condense the notation, we define Fr(¢) the total potential drop across all four Debye layers,
by

Fr(t) = Vi(t) + Va(t) + Va(t) + Va(t), (5.64)
which, at steady-state is simply

Fr(Qpc) = Vi(Qpc) + V2(Qpc) + V3(Qpc) + Va(@pc),
— Vo — Ve (5.65)

This equation can be solved to determine (Jpc as a function of the applied voltage Vpc. Owing
to the complexity of the capacitance relations that set the potential drops V;_4, it is not possible
to determine an analytic solution for )pc. Therefore, a numerical root finding algorithm must
be used to determine (Jpc in terms of the applied potential Vpc. This is the only part of the
model that requires numerical evaluation, the rest is analytic. On linearising equation (3.3)), we
obtain the following ODE for the first order Debye layer charge, QW (t)

dQ(t) gDy No

i Vb (V@) + QU@ Fr(Qoc) ). (5.66)

Here the prime denotes a derivative with respect to (), hence

av; % av- av,

Fp(Qpc) = d—l d—z d—?’ d—‘* . (5.67)
Q Qpc Q Qpc Q Qpc Q Qpc
On solving this first order ordinary differential equation one obtains
—G1FH(Qpe) +iw
W(t) = G4 Vp—gis LPC el 5.68
where we have defined
D4 N

G, =700 (5.69)

Vrb
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On recalling that the electric field is given by

1 d
E(t) = bG+dCf’ (5.2 reprinted)

the electric field at first order is therefore given by

1 dW
TGy dt

- blg QW, (5.70)
+

EW ()

where the derivative was calculated using (5.68) for Q). Linearising the recombination current,

one can write

dree(t) = Jree(Vic) + 6352 () + O(62), (5.71)

where
Gree (Vo) = jr, exp <—P@I?C)> , (5.72)
() = QW) CSQ o (5.73)

We use the notation in Table to keep this derivation general. Taking the derivative of
eq.(5.35)), one obtains the first order recombination current

1)
(1) oy (D) (44 _FZ'/(QDC) B b dE
Jrec (t) Q (t)Jrec(VDC) ( Vi etV dQ(l) , (5.74)

where a prime denotes a derivative with respect to the Debye layer charge (). The short-circuit,

displacement and total current can be expressed as

jgen = jgen(VDC) +0 ]gﬂ)l, (575)
~~
=0
jat) = ja(Voc) +65) (1) + O(62), (5.76)
=0

J(t) = J(Vioe) + 6JW () + O(6?). (5.77)
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Using these linearised expressions and equation (5.25), the leading and first order current are
given by

J(VDC) = jgen(VDC) - jreC(VDC)a

= qFpn (1 — e‘o‘b> — JR; €Xp (—(STDC)> ) (5.78)
TV = %0+ @),
. F!(Qpe) b dEW dE®)
_ _nm _ T _
Q" (£)Jrec(VbC) ( Ve naVr 4O T (5.79)

After numerical evaluation of eq.(5.63) for the steady-state Debye layer charge Qpc, the current
response to an impedance perturbation (5.77) is given by the analytic relations (5.7815.79). This
enables the impedance for a given frequency perturbation to be determined, as shown in the

following section.

5.4.1 Impedance parameters

Now that we have the linearised current output, specifically the first order current given by
eq.(5.79), analytic relations for the impedance of a PSC can be determined. Electrical impedance
is defined

148

Z(w) = —ay = R+iX, (5.80)

where R is resistance and X is reactance. When considering the impedance of a system, it
is conventional to define the current such that an increase in voltage results in an increase in
current. Hence, for the rest of this section the current has been redefined to be consistent with
this convention. Therefore, on using (5.60) and (5.79), the impedance is given by

VT 6iwt

Z(w) =
j _F@ 0 )’
Q(l)(t)]rec(vbC) ( (VTDC) nelb‘/T ng) £p dtc?lt

(5.81)

which includes a sign change of eq.(5.79) due to this convention. Equation (5.81) is most
straightforwardly related to the admittance Y = 1/Z given by

Y(w) = G+ iB. (5.82)
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Hence, using equations (3.70) for the electric field and (5.61)-(3.68)), the admittance is found to
be

2
G(w) ! (GJrjrec(VDc)F{(QDC)F%(QDC)

- G% F(Qpc)? +w? \ Vr
rec (V1 G
+ w? <.7 Vi nch) B Z&: F}(QDC)> > (5.83)

_ w & Fjl“(QDC) 7 Eip 2
B(w) = G2 T (One) + & <VT Jrec(VDe) (nel Fz‘(QDC)) + Jw ) . (5.84)

It is worthwhile removing the variables F; and F'. in favour of the ectypal factor. This is because
the ectypal factor is commonly measured (and mistaken for an ideality factor) and is therefore
something that can be easily identified and determined from experimental measurements [[135]].
Further description of the ectypal factor is given in Section[3.1} On investigation it can be shown
that the measured ectypal factor 7 is related to the variables F; and F, Viﬂ

Fr(@pc)

Nec(@pc) = Qo) (5.89)

The above combined with the definition of F7. given by

, d dVi
Fr(Qoe) = g5 (Vi = V) g, = —dQDDCC, (5.90)

enables the variables F and F. to be eliminated. On eliminating the variables F and F7. in

(5.83)) and (5.84)), and using

G B
R=crpr X=—Gropm (5.91)
3The following justifies equation (5-39). Using eq. (5.64), which defines the total potential drop Frr across the
Debye layers, one can write

Fi(Qoc) a0 (V= Vai)lo=ane

0 = . (5.85)
F; (QDC) % (Fi)|Q:QDC
Using the chain rule, the derivatives can be taken with respect to voltage such that
% (V — Woi)lo=apc _ ﬁ V — Vi) lv=vie (5.86)
g (Fi)le= & (Fi)lv= ' '
aQ (Fi)le=apc av i) lV=Vpc
Using the definition of the ectypal factor ne., eq.(3.3), to eliminate F}, one obtains
F7(Qpc) S (V = Vi) lv=vie
; =— 1 T . (5.87)
F{(Qnc) -+ (V — VLi)|V:VDCrec — (Vbe — Vhi) ET‘;C‘V:VDC
Finally, noting that ﬁ (V' — V&i) = 1, one finds
-1
F’}‘(QDC) VDC - ‘/;ai dnec
; = nee(Voc) [1 = ————
F{(Qnc) nee AV |, _y
= ﬁec(VDC)‘ (588)

The right hand side of this equation is exactly the measured ectypal factor as defined by eq.(3.6) [133].
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one obtains the resistance and reactance of a PSC as a function of frequency

‘rec )% dVi ‘rec Vi dVi
B (G e )? + (% + 3G+ dQ];CC>
R(w) = — (Vo) (v dVie ) e(Voc)? o a3 0%
Jrec 2 [ Jrec €p Jrec 2
(St fgie )+ (Smss + 23 G e + o)

jrec (VDC ) dVpc 1 1 Ep, 2
w (JviGwi (* - -*) —gw )
X(w) = — — QDVC E— - . (5.93)
.TCC dv ‘TCC 'l'e(.‘ dv €
(rienige) +or (085 + 205000 s + i)

These relations describe the general impedance response of a PSC, including the impact of
mobile ions, in terms of fundamental cell properties. The Nyquist spectra generated by these re-
lations, for cell parameters from Table .| consist of a high frequency semicircle above the axis
and a low frequency semicircle that lies either above or below the axis. Spectra calculated us-
ing these relations are validated against those obtained numerically from the full drift-diffusion

model in the following chapter.

5.4.2 Resistances, capacitances, and an RC-RC circuit

On analysing the frequency dependent relations for the real and imaginary components of the
impedance, (5.92)-(5.93), the diameters of (or equivalently resistances associated with) the LF
and HF semicircles are given by

Vrne
Ryp=—"—, 5.94
e ]rec(VDC) ( )
Vr
Rip = ————— (Nec(Vbe) — Nel) 5.95
LF ]rec(VDC)( (Vbe) 1) (5.95)

which have units 2 m?. The characteristic frequencies corresponding to the location of the peaks

in the reactance —X versus frequency plots are

b rec V
wyp = 22 (Vbe) (5.96)
EpVTnel
Nel dQDC>_1
wrr =G — . 5.97
LF *ﬁec(vnc)< WVoc 69D

See Figure for a Nyquist and frequency plot labelling these impedance parameters. The
capacitances, related to the resistances and characteristic frequencies via C = 1/(Rw), are

given by

Cyp=-L (5.98)

Nec(VDe) Jree (VD) < dQDC>
Crp = — . 5.99
M G Vg (e (VD) — Mel) dVpc (599)
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and have units of capacitance per unit area, F m2. On substitution of these resistances and
capacitances, given by (5.9415.99), into (5.92)) and (5.93) the impedance relations take the form

(Rur + Rrp) (1 = w?RypCHrRLrCLR) + w?*RupR3 pCF
(1-— WzRHFCHFRLFCLF)Q + sz%FC%F ’
wR? :Crp (1 +w?R% .CHrCLr)

(1 —w?RyrCrrRLrCLr)? + W R} ,CEp

R(w) =

(5.100)

X(w)=—

(5.101)

Notably, these relations are not identical to the impedance of an RC-RC circuit, given by
eq.(3.17), or any of the circuit models presented in Figure [3.7] that produce two semicircular
features. However, while not exact, we note that the frequency dependent impedance relations
derived here are extremely well-approximated by an RC-RC' equivalent circuit with component
values specified by equations (5.94}5.99). This is true provided the time constants of the two

features are very different (7 < 71,r), as is the case for typical parameter estimates for PSCs.

The close equivalence between (5.9215.93) and an RC-RC circuit is shown in Figure[5.9] with
panel ¢) showing the error between the two. An example of the spectra produced from (5.92))-
(3:93) and an RC-RC, when the time constants of the low and high frequency features are
similar, is also shown in Figure ) and d). Specifically, 7y = 71 /4. This demonstrates the
fundamental difference between (5.92))-(5.93)) and an RC-RC circuit.

< ~
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FIGURE 5.9: Comparison between the full impedance relations and an RC-RC
equivalent circuit approximation using the component values specified by equations (5.94}
[5.99). The Nyquist plot shown in a) uses cell parameters from Table 4.1} resulting in time
constants that differ by 6 orders of magnitude. Panel b) shows an example of a spectrum with
time constants that are similar. ¢) and d) show the difference, as an estimate of error, between
the full impedance relations (5.92}{5.93) and an RC-RC equivalent circuit approximation.
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5.5 Summary

In this chapter, we derived analytic relations that describe the impedance response of PSCs. To
summarise our approach, we began by employing the surface polarisation model to approxi-
mate the coupled ionic-electronic drift-diffusion model for a PSC. This approximate, yet highly
accurate, model correctly describes the evolution of the mobile ion vacancies and the electric
potential. Therefore, it can be used to predict the results of impedance measurements. However,
in order to arrive at tractable analytic expressions (i.e. a set of transcendental equations) for the
impedance of the device, the electron and hole distributions are also assumed to be Boltzmann
distributed throughout the device. As demonstrated, this is a suitable approximation for efficient
PSCs when the applied voltage lies in the vicinity of the open-circuit voltage and the maximum
power point. After linearisation, we obtain analytic expressions, in terms of the fundamental
physical properties of the cell, for an appropriately defined (electronic) ideality factor and for
the high and low frequency resistances and capacitances typically extracted from the impedance

spectra of PSCs.

Although analytic solutions that are valid under a wider parameter regime can be determined
directly from the surface polarisation model, further approximations have been made to lead to
tractable relations. These offer greater insight and can be more easily employed by experimen-
talists. Notably, we derive a general equation for the recombination current (5.35)), valid for a
PSC with either SRH, bimolecular or interfacial recombination. This serves as an equivalent
to the traditional diode equation, but is valid for the mixed ionic-electronic behaviour of PSCs.
Additionally, we identify an ideality factor, which we term the electronic ideality factor ne.
In contrast to the ectypal factor (which is what is actually determined from typical measure-
ments of an ideality factor for PSCs), the electronic ideality factor has the advantage that it is
not dependent on the applied voltage or ionic parameters, and can be related straightforwardly
to the dominant form of recombination, according to Table [5.2] The following chapter pro-
vides more detail on the electronic ideality factor, and a recipe to determine it using impedance

spectroscopy.

The analytic model derived in this chapter produces a low and high frequency semicircle on a
Nyquist plot, corresponding to two time constants. Without reference to equivalent circuits, this
model is derived directly from the drift-diffusion model from which it approximates. When the
time constants for the low and high frequency features differ significantly (as is the case for
PSCs), we find that the analytic model can be well-approximated by the impedance response of
an RC-RC equivalent circuit. Therefore, we have justified the use of an RC-RC equivalent
circuit and defined the associated resistances and capacitances in terms of physical device pa-
rameters. The analytic relations for the impedance response of a PSC are examined and verified

against numerical solutions to the full drift-diffusion model in the following chapter.

Finally, we remark on the generality of the approach that has been adopted to arrive at the ana-

lytic model. For ease of interpretation, it has been assumed that the cell response is dominated
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by a single recombination mechanism. However, this model can describe cells with multi-
ple concurrent recombination pathways (see Appendix [A]) as well as full (non-approximated)
recombination equations. Furthermore, the analytic model is compatible with capacitance rela-
tions derived from other versions of a drift-diffusion model, which describe a modified physical
picture of a PSC (for example, one in which both anion and cation vacancies are mobile, or
one in which the charge carriers in the transport layers obey degenerate statistics). Indeed, it
should be noted that our approach can be applied more widely to other devices based on mixed

ionic-electronic semiconductors.
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Chapter 6

Analytic model results

In the previous chapter an analytic model was constructed to describe the impedance response of
PSCs. This chapter seeks to validate this model against the more complex drift-diffusion model
(see Chapter[) from which it is derived. In a regime where the applied voltage approaches built-
in voltage, the analytic model and the drift-diffusion model solutions agree very closely. This
is demonstrated for impedance spectra produced at different DC voltages, including maximum
power point, and at different levels of illumination. Additionally, the trends observed in the
resistances, capacitances and time constants are concordant with those observed experimentally
(3,196, [147].

It is found that the shape of the spectra are shown to be closely related to the type of recombina-
tion losses occurring within the cell, through the particular values of the electronic ideality factor
nel and ectypal factor fie.. For the first time, this provides a simple explanation for when and
why negative LF features are observed. The relations for the high and low frequency resistances
and capacitances are examined and employed to further explain the processes responsible for
their origin. The properties of the electronic ideality factor and the ectypal factor are detailed
and their values are calculated from analytic and numerical impedance spectra. It is demon-
strated that the electronic ideality factor can be determined from the HF resistance as a means
by which to infer the type of recombination occurring within a PSC. This is a significant result
and shows that this new factor (the electronic ideality factor) plays an analogous role in PSCs
to that played by the ideality factor in conventional photovoltaics. Lastly, cells with multiple re-
combination mechanisms are considered and good agreement is observed between the analytic

and numerical models.

The analytic model provides a practical and useful tool with which to interpret PSC impedance
data and extract physical parameters from IS experiments. A novel physical parameter nej,
the electronic ideality factor, which is of particular significance to PSC physics, is identified.
By measuring the n. and 7. from experimental impedance measurements, using the recipes

detailed in this chapter, the main form and in certain cases the location of recombination losses
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within the cell can be identified. This will aid the development of more efficient PSCs by
enabling researchers to identify losses easily using impedance spectroscopy.

In the first section of this chapter the analytic model solutions are presented and validated against
numerical solutions at different DC voltages, illuminations and recombination mechanisms.
Next, in Section the analytic relations are examined to provide insight into the origins of
the low and high frequency features. Section [6.3|shows how the shape of impedance spectra are
related to the values of the ectypal and electronic ideality factors. Recipes to determine them
from experimental impedance measurements are also laid out. In Section[6.4] the results from
the analytic model with multiple concurrent recombination mechanisms are validated against
numerical solutions. It is demonstrated how multiple concurrent recombination mechanisms af-
fect the values measured for the electronic ideality factor. Finally, the conclusions are outlined
in Section

6.1 Comparison between the analytic and numerical drift-diffusion

models.

In the previous chapter, analytic relations for the impedance response of a PSC were derived. It

is found that the low and high frequency resistances and capacitances are given by

Vrne Ep
R = e —— C = ) 6.1
HF e (Vo) HF =7 (6.1)
VT _ Tec (VDC)jrec (VDC) ( dQDC >
Rip = —L (Vi) —na), Crp — C - .
L e (Vbe) (ee(Vo) = net) M G Ve (Ree(Vbe) — nel) dVbc

(6.2)

Here, jrec(Vbc) is the steady-state recombination current density, ¢, is the perovskite layer per-
mittivity, e is the measured ectypal factor determined by the standard techniques used to obtain
the ideality factor (such as the Suns-V,. or dark-JV methods), ng is the electronic ideality fac-
tor, and G4 quantifies the ionic conductance per unit area of the perovskite layer, and is given
by

Dy N
Gy = T+ 9 (5.69) reprinted)
Vrb

where D and Ny are the ionic vacancy density and diffusion coefficient in the perovskite layer.

The final term in (6.2)) is the ionic capacitance of the cell (per unit area) and is found by solving
(5.1) to obtain an expression for Q)pc as a function of Vpc and then differentiating this function

with respect to Vpc. An example plot of Qpc as a function of Vpc is made in Figure [5.4]
Numerical and analytic solution protocol

Numerical solutions are obtained using the impedance spectroscopy module for the open-source
PSC simulation tool TonMonger [206], as developed for this thesis and associated works [2}[3]].

This solves the fully coupled ionic-electronic drift-diffusion equations for a planar PSC with a
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single positively charged mobile ion vacancy species and mobile charge carriers in the per-
ovskite layer (as described in ref. [4] and Chapter Ef]) The IS module for TonMonger is de-
tailed in Section In line with the spectra presented in Chapter [ the numerical and analytic
impedance spectra presented in this work (unless otherwise stated) are simulated at open-circuit
under monochromatic (520 nm) illumination with intensity that produces a photocurrent equiva-
lent to 0.1-Sun. Cell and recombination parameters are listed in Tables 4.1 and [5.T| respectively.
Impedance spectra are composed of 128 and 256 frequencies for the numerical and analytic so-
lutions respectively over a range of 1073-107 Hz. The voltage perturbation amplitude is 10 mV

throughout.

For transparency, we note that the analytic solutions are calculated using the frequency depen-
dent equations (5.92)-(5.93) rather than equations (6.1)-(6.2) as part of an RC-RC circuit. For
physically realistic device parameters these are indistinguishable and so equations (6.1)-(6.2)
are referenced for ease of interpretation. In this section, comparison between the analytic model
and numerical solutions is first made for different DC voltages and illuminations. Following

this, we examine the impact of different recombination mechanisms on impedance spectra.

6.1.1 DC voltage and illumination

Figure [6.1] shows a Nyquist plot for simulated impedance spectra, all with the same device
parameters (given in Table [4.1), but at different DC voltages, including open-circuit. In this
example, recombination takes place on the ETL/perovskite interface ([7;). See Table for
the values chosen for the recombination parameters. Figure [6.2] represents these spectra as the
real and imaginary components of impedance versus frequency. It is clear that across these DC
voltages, the agreement between the analytic model and the numerical solutions is remarkably
good. The best agreement is observed at open-circuit. This is expected as the carrier densities

are closer to a Boltzmann distribution at open-circuit, in comparison to lower voltages.

In line with Figure {1.8] the dependence of the resistances, capacitances, and time constants on
open-circuit voltage is shown in Figure [6.3] Specifically, five spectra are calculated at open-
circuit with voltages 0.85 V to 1.02 V, corresponding to illumination intensities from 10-1000
W m? equivalent illumination. Here, the sole source of recombination is at the ETL/perovskite
interface (R;). The impedance spectra display two positive semicircular features at all illumi-
nations, with diameters that decrease significantly with increasing illumination. The resistances
and capacitances are extracted from the numerical spectra by fitting to an RC-RC' equivalent
circuit. The impedance parameters from the analytic model are calculated using equations (6.1))-

and (5.96)-(5.97). Figure [6.3] demonstrates that the analytic model successfully captures
the dependence of the HF and LF features on illumination (or equivalently open-circuit voltage).

A considerable advantage of using the (approximate) analytic model, as opposed to the drift-
diffusion model, to interpret impedance spectra is that ‘trends’ (such as the dependence of the

spectra on illumination, open-circuit voltage and steady-state voltage) observed in real spectra
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FIGURE 6.1: Simulated impedance spectra for a PSC with recombination at the ETL/per-

ovskite interface (R;) under 0.1-Sun equivalent illumination with a perturbation amplitude of

10 mV. Spectra for three DC voltages are shown, including at open-circuit where Vpc = Vi

= 0.93V. The cell parameters used in the numerical and analytic model are listed in Table {.1]

The recombination parameters for the approximate rates (as used for the analytic solution) and
full rates (as used for the numerical solution) are listed in Table @
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FIGURE 6.2: Real (top) and imaginary (bottom) components of impedance versus frequency
for the spectra presented in Figure[6.1]

can be much more easily understood. Furthermore, the key physical parameters of the device
may be obtained much more easily from impedance data by comparing to the explicit formulae
for Rgp, Crr, Rpr and Cpp, generated by the analytic model, than by repeatedly solving the

drift-diffusion model until a parameter set is found that matches the data.

Approximations such as a high anion vacancy density in comparison to the carrier densities and
narrow Debye layers with respect to cell width, were made in order to arrive at the analytic
model. To demonstrate that the accuracy of the analytic model is not solely attributable to the
relatively high anion vacancy density chosen in the parameter set given in Table[d. T} we calculate
equivalent impedance spectra with identical parameters except for an anion vacancy density of
No = 1.6 x 10?3 m3. Specifically, Figure shows impedance spectra equivalent to Figure
but calculated for a simulated PSC with an anion vacancy density that is two orders of magnitude
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FIGURE 6.3: High and low frequency resistances, capacitances and time constants, calculated
at different open-circuit voltages from impedance spectra obtained analytically and numeri-
cally. Parameters calculated from numerical spectra are indicated by blue (solid or dotted)
lines with circle markers and parameters calculated numerically are indicated by black (solid
or dotted) lines with crosses. Parameters used to calculate the numerical and analytic spectra
are those from Table [£.1] for a cell with hole-limited interfacial recombination (R;). The time
constants are related to the angular frequency via, 7y = 1/wy. The ectypal factor determined
from the gradient of the HF resistance versus Vo (see Section[6.3.2]eq.(6.14)) is approximately
1.4.

lower than the value used throughout the rest of this thesis. The close agreement between the
analytic and numerical solutions confirms that the analytic model is capable of describing cells

with lower anion vacancy densities, as for example used by some other groups [183 237]].

Ny =1.6x10%® m3

& 250 L R ~—~— Numerical |

l .
g Voo = 0.85V —— Analytic
&
S _2 o 4
bl ° < Vpc = 0.88V

0.91V

0 . .
0 50 100 150

R (© cm?)

FIGURE 6.4: Nyquist plot showing analytic and numerical impedance spectra, under equivalent

simulation conditions to Figurebut with an anion vacancy density of 1.6 x 1023 m.
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Finally, Figure [6.5]is equivalent to Figure but for lower DC voltages. Specifically, Figure
[6.5] shows two Nyquist plots of simulated spectra under 0.1-Sun equivalent illumination with
recombination at the ETL/perovskite interface ([7;). These plots show that the agreement is
good at 0.82 V (the maximum power point for 0.1-Sun illumination); however, below this, the
analytic solution poorly approximates the numerical solution. This is because approximating
the carrier densities as Boltzmann distributed is not accurate at lower voltages. This is shown in
Figure [5.5] which plots the carrier densities for these cell and recombination parameters at 0.82
V and 0.7 V. See Figure[6.11]for additional evidence showing the accuracy of the analytic model
at different DC voltages.

Vpe =082V Vpo =070 V
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s — Analytic
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0 100 200 300 400 0 5000 10000
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FIGURE 6.5: Nyquist plots showing analytic and numerical impedance spectra, at the maxi-
mum power point (left) and at 0.7 V (right) under 0.1-Sun equivalent illumination with recom-
bination at the ETL/perovskite interface (;). Cell and recombination parameters are listed in

Tables[4.T|and [5.1|respectively.

6.1.2 Recombination mechanisms

Thus far in this chapter, the impedance spectra have only been presented for a PSC with re-
combination on the ETL/perovskite interface. Here, we consider the impact that the type of
recombination has on the shape of the impedance spectra but again using the parameter set
given in Table Figure [6.6] shows four Nyquist plots, each for a simulated PSC with differ-
ent recombination mechanisms under 0.1-Sun illumination at open-circuit. Electron-limited and
hole-limited SRH are shown, in addition to bimolecular recombination and interfacial recom-
bination on the perovskite/HTL interface. The recombination types and equations are listed in
Table [5.1] Here, we reiterate that the approximate rates are used for the analytic model, while
the numerical model uses the full rates. This figure shows that the position and appearance of
the LF feature are dependent on the type of recombination. With the device parameters specified
in Table [4.1] electron-limited SRH recombination in the bulk results in a positive (or ‘capaci-
tive’ LF feature), while hole-limited SRH recombination results in a negative (or ‘inductive’) LF
feature. Additionally, Figure [6.6c) shows that a cell with only bimolecular recombination does
not display a low frequency feature. This is discussed in Section[6.2.2]

Figure [6.7] shows the corresponding frequency plots for the spectra presented in Figure [6.6] In

this representation, the similarities and differences between the spectra are apparent. The HF
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peaks for the SRH recombination types R,, and I, overlap very closely. Similarly, the bimolec-
ular Ry and perovskite/HTL interfacial R, recombination types overlap at HF. Conversely, the
LF feature is different for all the recombination types. The rich behaviour of the LF feature is

examined more closely in Section[6.2.2]
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FIGURE 6.6: Simulated impedance spectra at open-circuit with different recombination mecha-
nisms at 0.1-Sun illumination. R,,: electron-limited bulk SRH (V,,c = 0.94 V), R,,: hole-limited
bulk SRH (Vo = 0.92 V), Ry: bimolecular bulk recombination (Vo = 0.95 V) and R,.: per-
ovskite/HTL interfacial (V. = 0.95 V). Cell and recombination parameters are listed in Tables

F.T|and[5.T]respectively.
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FIGURE 6.7: Real (top) and imaginary (bottom) components of impedance versus frequency
for the spectra presented in Figure[6.6]

Figures [6.8] and [6.9] are equivalent to Figures [6.6] and [6.7] above but under 1-Sun equivalent il-
lumination. Good agreement is observed between the numerical and analytic spectra; however,
numerical solutions for electron-limited and hole-limited SRH recombination in the bulk show

intermediate frequency (IF) features that are not reproduced by the analytic model. These IF
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features appear as a small bulge between the HF feature and the LF feature in Figure[6.8] While
not observed here, the IF feature can also emerge as a loop between the high and low frequency
semicircles on the Nyquist plane. The analytic model does not reproduce the wide range of
IF features observed in experiment. However, although interesting, these features are not uni-
versally observed in experimental measurements and do not seem to be an intrinsic part of the
impedance response of PSCs [96, (134147, 238]].
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FIGURE 6.8: Simulated impedance spectra at open-circuit with different recombination mech-
anisms at 1-Sun illumination. R,,: electron-limited bulk SRH (V¢ = 1.08 V), I,,: hole-limited
bulk SRH (Vo = 1.02 V), Ry: bimolecular bulk recombination (Vo = 1.01 V) and R,.: per-
ovskite/HTL interfacial (V. = 1.04 V). Cell and recombination parameters are listed in Tables

A-T|and[5. ] respectively.
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FIGURE 6.9: Frequency plot of the spectra presented in Figure

As shown by Figures[6.8]and [6.9] at 1-Sun the agreement of the analytic model with numerical
solutions varies from excellent to relatively poor, depending on the type of recombination and,

in general, the device parameters. For this reason, the application of the analytic model should
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be more carefully considered, particularly at illuminations above 1-Sun or higher DC voltages.
Nonetheless, the analytic model still provides accurate qualitative understanding for impedance
spectra that display two features. Additionally, the ideality factors extracted from impedance
spectra at 1-Sun are likely to be accurate enough to identify the sources of efficiency losses
(for example, see Figure [6.16] at 1.02 V). Finally, Figure [6.10] presents impedance spectra at

maximum power point under 0.1-Sun equivalent illumination.
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FIGURE 6.10: Simulated impedance spectra at maximum power point at 0.1-Sun illumination

with different recombination mechanisms. I2,,: electron-limited bulk SRH (Vpc =0.78 V), R),:

hole-limited bulk SRH (Vpc = 0.79 V), Rp: bimolecular bulk recombination (Vpc = 0.86 V)

and R,: perovskite/HTL interfacial (Vpc = 0.81 V). Cell and recombination parameters are

listed in Tables[4.T]and [5.T]respectively. This figure is equivalent to Figure[6.6|but at maximum
power point rather than at V..

In this section, we have demonstrated the capability of the analytic model to reproduce solu-
tions to the full drift-diffusion model. Excellent agreement is observed at 0.1-Sun (and below)
at open-circuit for all recombination types. At 1-Sun, the agreement is still very good, though
noticeably worse than at 0.1-Sun, particularly where an intermediate frequency feature is ob-
served. Similarly, at maximum power point, the agreement is good. However, much below the
maximum power point, as shown in Figure [6.5] the analytic solutions poorly approximate the
full model.

6.1.3 Analytic model accuracy

Figure [6.11] shows the approximate error of the analytic model with respect to numerical solu-
tions at different DC voltages at 0.1-Sun equivalent illumination and in the dark. The relative
error in the magnitude of the impedance |Z| between the numerical solution and the approxi-

mate analytic solution is determined at each frequency. The mean relative error in |Z] is then
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calculated for a complete impedance spectrum, in this case 128 frequencies, for a given illumi-
nation and DC voltage. Calculating the error at different steady-state conditions demonstrates

when the approximate analytic model can be deemed accurate.
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FIGURE 6.11: Mean relative error between the approximate analytic model solutions and the

numerical solutions to the full drift-diffusion model at different DC voltages. Impedance cal-

culated both under simulated illumination at 0.1-Sun and in the dark. Recombination is chosen

to be at the ETL/perovskite interface (R;) with device parameters from Table .1l The mean

relative error is shown at the built-in voltage of the cell (0.85 V) and at open-circuit for 0.1-Sun
equivalent illumination (0.93 V).

It is clear that the analytic model provides a good approximation when the applied voltage
is close to the built-in voltage of the cell (V4; = 0.85 V for the parameters from Table .
This is true both in the dark, and under light (provided illumination is at most around 1-Sun).
Significantly above the open-circuit voltage (0.93 V at 0.1-Sun), or below the maximum power
point (0.82 V at 0.1-Sun) the analytic model poorly approximates the full model. The accuracy
of the analytic model is limited by the Boltzmann approximation for the charge carriers (5.34)

which, as shown in Figure[5.8] is only accurate in the vicinity of the built-in voltage of the cell.

6.2 Qualitative behaviour of the IS response

A key benefit of the analytic model over purely numerical solutions, is the ability to analyse the
relations to determine a deeper understanding of the impedance response. In this section, the
analytic relations given by (6.1)) and (6.2) are examined to provide physical descriptions for the

low and high frequency features.
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6.2.1 High frequency feature

The analytic and numerical results show a high frequency feature in the form of a semicircle
above the axis on a Nyquist plot. This is consistent across all recombination types (light inten-
sities and DC voltages) and matches that reported in experiment [96] 134 [147, [238]]. A series
resistance associated with the metal contacts and measurement apparatus is not observed [[151]].
The analytic model identifies the high frequency resistance (6.1 as inversely proportional to
the recombination current. This is in line with the interpretation of a recombination resistance

(131} 1239].
Vel _&p

" Jree(Vc) Cr = b’
In addition, it identifies the high frequency capacitance (6.1)) as a purely geometric capacitance
[[157,1166], which is consistent with other reports found in the literature [96, 125,131,147, 152,
166, 239, 240]]. The HF, or geometric, capacitance is the result of the contribution to the total

(6.1] reprinted)

Rur

current at high frequencies from the out-of-phase displacement current, given by eq.(#.38)). The
displacement current arises from the polarisation of the perovskite layer, in which the conductive
transport layers act as the capacitor plates and the perovskite as the dielectric insulator (assuming
sufficiently doped transport layers). The displacement current is proportional to the rate of
change of the electric field. Hence, it has a phase relative to the voltage (and by definition E) of
90°. Its magnitude only becomes non-negligible when the voltage across the device is modulated
extremely quickly (i.e. at HF). The displacement current is purely capacitive and consequently
introduces a phase to the total current (5.25)). This causes the total current to lead the voltage at

high frequency.

Figure[6.12]shows the evolution of the potential across a PSC over a period for perturbations with
frequencies greater than around 100 Hz. This corresponds to the intermediate frequency regime
and above (IF+), as described in Section4.4.2] The applied potential induces a uniform electric
field across the perovskite layer (which cannot be screened by the motion of ions into and out of
the Debye layers). This electric field is in phase with the applied voltage and modulates the cur-
rent extracted from the device. At these high frequencies, the ion vacancy distribution remains
fixed at its steady-state Vpc configuration [3]]. Unlike many other measurement techniques, high
frequency impedance removes the transient effects of ion motion and leads to a response that is

determined by the electronic properties of the PSC.

We note that calculating the geometric capacitance from the perovskite permittivity and per-
ovskite width returns capacitances up to 10-100 times less than those extracted experimentally.
This is a commonly observed feature of such experiments and may be explained by the rough-
ness of the interfaces. With this in mind, a roughness factor has been proposed to reconcile the
values of C'gr measured experimentally with those predicted from theory [3} [131]. The low
values of the HF capacitance from our simulations (in both numerical and analytic impedance
spectra) are reflected in the frequency plots, which show that the HF peak is shifted to slightly
higher frequencies than is measured in experiment [96, [147]]. Given the amount of evidence

supporting the interpretation of this capacitance as a geometric capacitance, and that our models
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FIGURE 6.12: Schematic of the electric potential across a PSC during impedance measure-
ments at intermediate frequencies and above (2 100 Hz). The ion distribution is unable to ad-
just significantly over the short timescale of an impedance oscillation and so the potential drops
V14, across the Debye layers, remain in their steady-state configuration. The time-dependent
changes in applied potential thus lead to corresponding changes in electric field E(t) within
the perovskite layer.
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assume completely planar interfaces, we expect that roughness of the interfaces could explain

this discrepancy between the theoretical and measured HF capacitance.

Jacobs et al. report that a two-dimensional model simulating a mesoporous interface does not
result in a higher geometric capacitance (i.e. no roughness factor due to the non-planar inter-
face) [125]. However, the exact model details were not specified. Interestingly, experimental
measurements have found that even polished surfaces can have roughness factors of around 4
[241]]. Clearly, the discrepancy between the capacitances predicted and those measured exper-
imentally indicates that further investigation is needed using models that suitably account for

two- or three-dimensional geometries.

In summary, the potential across the cell during impedance measurements at frequencies above
around 100 Hz is well described by Figure [6.12] The resistance associated to the HF feature
is the so-called recombination resistance and the capacitance is the geometric capacitance of
the cell. Notably, the HF feature encapsulates information on the type of recombination losses
occurring within the cell, through its dependence on the value of the electronic ideality factor
ne. Section [6.3.1] describes the electronic ideality factor and details a recipe to determine it

experimentally from the HF resistance.

6.2.2 Low frequency feature

In the ultra-low frequency limit (below ~ 1072 Hz), the modulation of the applied potential is so
slow that the ionic distribution remains in approximate quasi-equilibrium throughout the pertur-
bation and, as a result, the electric field within the perovskite layer is almost entirely screened
(i.e. E(t) =~ 0), as illustrated in Figure During an ultra-low frequency measurement the

evolving potential drops across the Debye layers V;_4(¢) modulate the recombination current
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and thus lead to an impedance response that is dependent on the properties of the ion
motion. More generally, over the frequencies that the LF feature is observed, the bulk electric
field is only partially screened from the flow of charge into and out of the Debye layers. The re-
sulting cell potential is best described by a state between that of the ultra-low frequency regime
(Figure [6.13)) and the intermediate and UHF regime illustrated in Figure[6.12] As such, the cur-
rent output of the cell is modulated by both the potentials V;_4 and the bulk electric field, which
have a phase relative to the oscillating applied potential. This interpretation is in line with the
discussions of IS of PSCs found in 96} [125] [158]]. Further description of the LF feature is given
in Section4.4.4

ETL Perovskite HTL ULF
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;S Q V2 = VorV(t)
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o RCIAVe | /\
\__ |

Distance across cell

FIGURE 6.13: Illustration of the effect of an oscillating potential difference on the distribution

of the electric potential across a PSC during impedance measurements at ultra-low frequencies

(below ~ 10 mHz). The slow modulation of applied voltage allows ionic charge to fill and

deplete the perovskite Debye layers in-phase with the applied potential. The charging and
discharging of Debye layers effectively screens the bulk electric field.

VT _ Tec (VDC)jrec (VDC) < dQDC >
Rip = ———— (Nec(VDc) — Nel) CrLr = — — .
LE Jrec (VDC) ( ec( DC) el) LE G+ Vrne (nec (VDC) - nel) dVDC
(6.2 reprinted)

At low frequency, the possible impedance response of a PSC can be more varied. The analytic
model shows that, depending upon the cell parameters, three different LF responses may be
observed in the Nyquist plane. Either: (i) a ‘capacitive’ semicircle above the axis; or (ii) an
‘inductive’ semicircle below the axis; or (iii) no visible LF feature. See Figures [6.6] and [6.8]
for examples of impedance spectra with these three LF features. The forms of the relations for
Rpr and Cpp, given in eq.(6.2)), provide insight into why certain features are observed in the IS
response of a PSC. This enables the three different LF responses to be characterised, depending

on the values of the ectypal and the electronic ideality factors, as illustrated in Figure[6.14]

For example, when the recombination in a cell is dominated by bimolecular recombination, the
low frequency resistance shrinks to zero. This is because, from Table[5.2)and eq.(3.5), ficc = Nl
= 1. As a result, only a high frequency semicircle is observed in the Nyquist plot. This is

shown Figures [6.6k) and [6.8c). While it is not realistic to entirely eliminate all other sources of
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FIGURE 6.14: Illustration of how the shape of an impedance spectrum (near V) of a PSC is
related to the electronic ideality factor ne and the measured ectypal factor 7.

recombination, this result is nevertheless interesting, since it demonstrates that the absence of a
LF feature does not necessarily signify the absence of ion motion. Indeed, the LF feature may
also disappear where other types of recombination are present, provided niec &~ ne|, see Table
for further details.

The low frequency feature appears ‘inductive’ (i.e. lies below the axis on a Nyquist plot) when
both both Ry r < 0 and Cr < 0. This can be seen from eq.(6.2) when

Te] > Mec- (6.3)

A notable result is that a negative LF feature never occurs where the recombination occurs
predominantly on one of the interfaces with the transport layers. Reframing this point, if a
negative low frequency feature is observed on a Nyquist plot, we can infer from the model that
the dominant efficiency loss is due to bulk SRH within the perovskite layer. More details about
when negative LF features can be expected to appear, for the particular types of recombination

considered here, are provided in Table [6.1]

Recombination | Conditions for no LF feature | Can Ry r & Cr be negative?
Ry: Rpux = Bnp always (since 7iec = 7]) No (Rrrp =0,Crp = 00)
Ryt Rpuik = p/Tp fVi+W=V+V, Yesif Vi + Vo < V34V
RnZRbulk:n/Tn fVi4+Vo=V3+V, Yesif V3 + Vi< Vi 4+ Vo
Ry = vy,,p¥) ifVy << Vo +Vz+Vy No (Rrr > 0,Crr > 0)
R, = v, n") ifVy << Vi+Va+ V3 No (Rrr > 0,Crr > 0)

TABLE 6.1: Table showing the relationship between the recombination mechanism and the

observed low frequency feature. These conditions are derived assuming Vpc is sufficiently

close to Vi, such that fiec & nec, in addition to the inequality given by (6.3) and the def-

inition of ne. (3.3). At steady-states further from V4;, the conditions remain the same ex-

cept the potentials V;_4 are replaced with their derivatives with respect to Debye layer charge
Vi_y =dVi_4/dQpc.

We remark that the conventional interpretation of the low frequency feature in terms of a resis-
tance and a capacitance does not have a direct physical interpretation and should be viewed only
as a tool for extracting information from the spectra. In particular, equivalent circuit compo-
nents with negative values are unphysical. An inductive element can be employed in an effort to

describe the negative LF feature. However, this does not particularly help with interpretation, as



6.3. Ideality factors 121

a negative (positive) LF response is not related to storage of energy in magnetic (electric) fields.
Therefore, for simplicity, we use the RC-RC' equivalent circuit model presented in Figure [3.6]
and emphasise that equations and (6.2)) should be used to interpret the IS response.

From the analytic model the characteristic low and high frequencies, wy r and wgr, which give
the locations of the maxima in X (w) (e.g. see Figure , are given by

w -G Nel . dQDC -1 w _ bjrec(VDC)
LE T fee(Vbe) dVpc MR epVrnel

, and reprinted)

where it should be noted that dQpc/dVpc is negative for all Vpc, as shown in Figure The
characteristic frequency of the LF feature wy  is proportional to G. This parameter is defined
in and quantifies the ionic conductance, which explains why wrr increases with higher
anion vacancy densities or mobilities, as shown in ref. [3]. Additionally, as fiecdQpc/dVbc is
not strongly temperature dependent, the activation energy extracted from the LF time constant
is the result of the temperature dependence of G (T") [96] (147, [185], 242].

6.3 Ideality factors

The analytic relations (6.1)-(6.2) show that the impedance response of a PSC is closely related
to the values of the ectypal and the electronic ideality factors. In this section, we evaluate
how these factors are related and how they can be determined experimentally from impedance

spectroscopy measurements.

6.3.1 Electronic ideality factor

For the recombination mechanisms studied in this work (see Table [5.1) the electronic ideality
factor ne takes a value of either 1 or 2, depending on the dominant recombination mechanism.
The relationship between the recombination type and the value of the electronic ideality factor is
stated in Table @ Specifically, n. takes a value of 2 if the dominant source of recombination
occurs via an electron- or hole-limited SRH mechanism within the perovskite absorber layer
bulk. Otherwise, ne| takes a value of 1 which corresponds to either bimolecular recombination

in the perovskite bulk, or recombination at a perovskite/TL interface.

From an experimental perspective the electronic ideality factor can be determined from the high

frequency resistance (6.1)) and the recombination current via the formula

Rur(Vbe) jrec(Vbe)
Vr ’

(6.4)

Nel =
where the recombination current j. may be estimated from

Jrec(Vbe) = Jgen — J(Vbe)- (6.5)
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Here, jgen is the photo-generated current (jgen ~ J(V = 0)) and J(Vpc) is the steady-state
current output of the cell at Vpc. This result is key to analysing the behaviour of real cells from
experimental data as it is straightforward to obtain n.; given that both Ryp(Vpc) and jrec(Vbe)
are readily measured. This is the method used later in Section [6.3.3] to determine 7 from

impedance spectra calculated via numerical solution to the drift-diffusion model.

In order to demonstrate how the analytic model and the electronic ideality factor are related to
conventional solar cell theory, we consider a three-layer cell in which there are no mobile ions
present in the perovskite capable of forming interfacial Debye layers and screening the field
from the absorber. In this scenario the interfacial potential drops are all zero, thatis V1 = Vo =
V3 = V4 = 0. The potential profile no longer has the form depicted in Figure[S.1]but is instead
similar to that typically portrayed for an ideal ‘p-i-n’ junction, where the built-in voltage and
applied potential is dropped uniformly across the central intrinsic (i.e. perovskite) layer. Hence,

the uniform electric field in the perovskite (see equations (5.2) and (5.3)) is given by

1

B(t) = ;

(Voi — V(1)) - (6.6)

Using the relation above, Vi_4 = 0 and F;(V1_4) = 0, equation (5.35) for the recombination

current simplifies to

Vit
jrec(t) = ]El exp < ( ) ) , (6.7)

netVr

where we define jj; = jgr, exp(—Vhi/(neaVr)). Ignoring the contribution from the displace-

ment current, the total current is given by

. . V(t
J(t) = jgen — Jp, €XP (n 1(V)T> : (6.8)

This can be compared to the classical non-ideal diode equation [14]

J(t) = Jgen — Jo [GXP ( Vi) ) - 1] ; (32 reprinted)

where jg is the dark saturation current density and njq is the diode ideality factor. At voltages
above around 0.1 V the exponential term dominates and the -1 in the brackets can be neglected.
It is clear from this comparison that, in the absence of ions in the perovskite layer, the electronic
ideality factor is analogous to the ideality factor that appears in standard semiconductor diode
theory. Finally, by removing the ions in this way it is evident, from equation (6.2), that the LF

impedance response disappears, leaving only the HF semicircle described by equation (6.1)).

To summarise, the derivation of the analytic model for impedance spectroscopy simulation has
led to the identification of a dimensionless constant, which we term the electronic ideality factor
ne. This factor plays an analogous role in PSCs to that played by the traditional ideality factor in
conventional photovoltaics. Therefore, ne can be used as a tool to deduce the dominant form of

recombination losses that take place in a PSC cell. In contrast to the ectypal factor 7., which is
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commonly used to analyse PSC behaviour in the literature [135], the electronic ideality factor is
not inherently voltage dependent or influenced by the distribution of potential drops V;_4 across
the cell. More specifically, it is a purely electronic parameter, which is not directly influenced
by the behaviour of the ions in the perovskite material. In order to justify this assertion, we note
that n is obtained using only the high frequency impedance measurements via equation (6.4)).
At high frequencies, the cell is perturbed about its steady-state ionic configuration and the ions
are effectively immobile, because they move too slowly to respond to the voltage oscillations.
As aresult, the oscillating applied potential is dropped fully across the interior of the perovskite,
producing an oscillating internal electric field which only modulates the electron and hole den-
sities (this is illustrated in Figure [6.12)). Even at these high frequencies, the electron and hole
concentrations remain in quasi-equilibrium. As such, only HF impedance is capable of probing
the electronic properties of a PSC about a particular steady-state. Although the drift-diffusion
model of a PSC leads us to conclude, at least where there is only a single source of recom-
bination, that n.| is independent of applied voltage, from a practical perspective it is probably
best practice to determine ne| from experiments conducted at the maximum power point. This

provides the best picture of the cell working under typical operating conditions.

6.3.2 The ectypal factor

On referring to (6.1)-(6.2) it is clear that the measured ectypal factor can be determined from
the low and high frequency resistances extracted from the impedance spectra via

_ Jree(VDC

Nec(Vbe) = rec‘(/TD) <RHF(VDC) + RLF(VDC)>' (6.9)
This method enables the ectypal factor to be calculated from impedance spectra (at a single DC
voltage) without having to determine the gradient of a linear fitted function, as is required by
the Suns-V,, dark-JV (and Rgpr — Vi, see below) techniques. Notably, once ne. has been
determined, it can be used to estimate the potential barrier for recombination F; at steady state
by inverting the formula (3.5)) to obtain

Voi — Vbc

' 6.10
ﬁec(VDC) ( )

F, i|VDC ~
See ref. [[135] for further details. In practice, we note that using equation (6.9) as a method of
obtaining the ectypal factor from impedance measurements may be challenging. It relies on the
PSC remaining stable over the long periods required to accurately determine Ry r. Additionally,
spectra can exhibit more than two features or show non-ideal behaviour, suggesting that the

validity of this method is uncertain.

The ectypal factor from the HF resistance versus open-circuit voltage. It is common in
the literature to extract an ‘ideality factor’ for PSCs from the dependence of the high frequency

resistance Ry r on open-circuit voltage (as illumination intensity is adjusted). Specifically,
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plotting In(R g ) versus Vo (as shown in Figures and typically produces a straight line
with a gradient that can be related to an ‘ideality factor’ 3196, (134]. The analytic model enables
us to derive what the gradient of In(R ) versus V. actually determines. Taking the log of the
high frequency resistance at V. one obtains

ln(RHF(‘/OC)) = 1Il(‘/Tnel) - ln(jrec(v;c))- (611)

Using the definition of the ectypal factor (3.5, the recombination current (5.35) at open-circuit

can be written in the form

. ‘ Voe — Vhi

]rec(‘/oc) = JR; €Xp < = 1 > s (612)
Therefore, on substituting above into (6.11]) one obtains

V:)c - Vi .
o —In(jg,), (6.13)

In(Rrr(Voe)) = In(Vpne ) — m

which can be rewritten

1

In(Rrr(Voe)) = _m

. (6.14)

Voe +C, where C =1In (VTnel) + Voi

j R; Vrnee (%c)

This shows that by plotting the logarithm of the high frequency resistance versus open-circuit
voltage (In(Rpr) versus V), one obtains the ectypal factor from the gradient. This result is
concordant with the findings of Pockett ez al., where it is found that the gradients of the Suns-V/,
and the In(Rpr) — Vi plots are approximately equivalent. A similar argument can be made
from the fact that Ry is proportional to the derivative of the recombination current with respect
to voltage. Note that in general the ectypal factor is dependent on voltage and hence its value
is expected to vary over the voltage range that fitting takes place. Unlike other measurement
techniques, such as Suns-V, and dark-JV methods, this In(Ryr) versus Vo method returns
the value of the true ectypal factor, and not the measured ectypal factor. See ref. [135] for an

explanation of this distinction.

Very similarly to the derivation above, we note that that the ectypal factor can also be determined

from In(Ryp + Rpr) versus Vo.. Specifically,

1
In(Ruar (Vo) + Ror(Voe)) = —mvoc + D,
_ (6.15)
where, D = In <VTneC(V°°)> + Vo
' jRi VTnec(%c) ’

To summarise, we demonstrate that the ectypal factor can be determined using experimental
IS measurements at a given DC voltage using equation (6.9). Furthermore, the ideality factor
determined from the gradient of In(R ) versus Vo returns the true ectypal factor.
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6.3.3 Comparison between the ectypal and the electronic ideality factors

Figure [6.15] illustrates how the ectypal factor and the electronic ideality factor, are related to
J-V measurements. This helps to associate the somewhat abstract representation of impedance

to the more straightforward measurements of current versus voltage.

S (V) = Jgen - rec(V)

c JS /J Jgen Jrec ) b) a)
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FIGURE 6.15: Left: steady-state JV curve with a Lissajous plot (J(t) versus V(t)) inset show-
ing the gradient, as measured by impedance spectroscopy. Right: Lissajous plots illustrating
the current response at points a), b) and c) indicated on the Nyquist plot. The gradients shown
in a) and b) are proportional to the measured ectypal factor and the electronic ideality factor
respectively. For simplicity, a series resistance has not been included.

Plots of the electronic ideality factor ne; and the ectypal factor n.. against open-circuit volt-
ages Vo (corresponding to different illumination intensities) are shown in Figure [6.16] These
are both computed from equations (6.4) and (6.9). The analytic calculations use the relations
given by (6.1)-(6.2) while the low and high frequency resistances are obtained from numerical
impedance spectra via fitting to extract the diameters of the semicircular features. Additionally,
the recombination current for the numerical calculations is estimated using eq.(6.5]). The results
show the voltage independence of n.| for a single dominant source of recombination and ad-
ditionally demonstrates that a non-integer value of n.. is obtained, even in cells with a single
recombination mechanism. Caprioglio et al. corroborate these results with their simulations,
determining non-integer values for a single recombination process. [132]]. This supports the in-
terpretation of 7. as an ectypal factor rather than a true ideality factor. The impedance spectra
from which these factors are obtained are the same as those used for Figure[6.3] The gradient of
In(Rp ) versus V. returns an estimate for the ectypal factor of 1.4. This value is in line with

the values of the measured ectypal factor given in Figure[6.16]
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FIGURE 6.16: Electronic ideality factor, ne, and ectypal factor, 7., calculated at different
open-circuit voltages from impedance spectra obtained analytically and numerically. Calcu-
lated from the same spectra as used for Figure[6.3] Parameters used to calculate the numerical
and analytic spectra are those from Table 1 for a cell with hole-limited interfacial recombination

(RD).

To further demonstrate the differences between the ectypal and electronic ideality factors, we
compute these quantities for the five different forms of recombination detailed in Table [5.1]
Additionally, ne; and nec are calculated for a cell with multiple recombination mechanisms, as
described in the following section. These results are displayed in Figure Here, the numer-
ical and analytic spectra from which the ectypal and electronic ideality factors are computed are
simulated at 0.1-Sun illumination and at V. with device parameters from Table We remark
that while 7. for this cell lies within the range that typically would be expected for an ideality
factor (i.e. mainly between 1 and 2), it is highly sensitive to device parameters (such as ion den-
sity or transport layer doping). This is demonstrated in Figure [6.18] which shows an equivalent
figure but with modified parameters to describe a cell with less optimal ETL properties. With
these modified ETL parameters, the relative sizes of the potentials V] _4 are significantly differ-
ent, resulting in different values of the ectypal factor for each recombination type (except for

bimolecular recombination).

From Figures [6.17]and [6.18§] it is clear that the factors calculated from the drift-diffusion model
closely match those predicted by the analytic model (at V). Even when only a single source
of recombination is present, the ectypal factor 7. is non-integer (except for purely bimolecular
recombination). This highlights the challenge of attributing a particular form of recombination
to a value of ne.. However, in contrast, when a single recombination mechanism dominates,
the electronic ideality factor n is an integer and its value can be used to distinguish between
between bulk SRH recombination n,; = 2 and interfacial recombination n; = 1. For multiple
recombination mechanisms, the electronic ideality factor quantifies the proportion of bulk SRH
to interfacial (and bimolecular) recombination via equation (A.15) and lies between 1 and 2.
This is discussed further in the following section. If the size/proportion of some of the potentials

V1—4 are known it is then theoretically possible, by pairing this information about n¢ and 7iec
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FIGURE 6.17: Electronic ideality factor and the ectypal factor calculated from impedance spec-
tra at open-circuit for the five recombination types considered in this work and cell parameters
from Table @1} The rightmost entry is for multiple recombination mechanisms, as displayed
in Figure [6.19] We note that the values of the ectypal factor determined from the gradient
of In(Ry ) versus Vo in Figures 4.8/ and [6.3| for R, and R, are approximately 1.7 and 1.4
respectively. These values are consistent with the values calculated here using eq.(6.9).

(using equation (3.3)), to diagnose the exact form and location of the recombination which is

limiting cell performance.
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FIGURE 6.18: Electronic ideality factor and the ectypal factor calculated from impedance spec-

tra at open-circuit for the five recombination types considered in this work. This is equivalent

to Figure [6.17] but calculated from simulated impedance spectra with modified ETL parame-

ters; namely, the width bx = 30 nm, the effective doping density dg = 5 x 10?2 m™ and the

effective density of states g.g = 1024 m™. All other cell and recombination parameters are the
same and listed in Tables [d.T|and [5.T| respectively.

6.4 General recombination mechanisms

Until now we have only considered scenarios where there is a single recombination mechanism.
Whilst in general this is unrealistic, there is usually a dominant form of recombination for any

particular applied voltage Vpc, and therefore for any given impedance measurement. The results
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from one of these simple cases, with a single recombination mechanism, is therefore likely to
give a good qualitative understanding of any particular impedance measurement conducted on a
PSC. Nevertheless, it is possible to generalise our analytic model to describe cells with any com-
bination of recombination mechanisms. Furthermore, the analytic model is compatible with full
recombination rates and is not restricted to the approximate forms listed in Table[5.1] However,
we note that more general sets of recombination mechanisms lead to unwieldy equations for the
HF and LF resistances and capacitances that are difficult to interpret. In order to illustrate the
sort of behaviour that might be expected in a real cell, whilst retaining some ease of interpre-
tation, we provide a representative example of a PSC with a combination of the recombination

pathways given in Table[5.1] These more general expressions are given in Appendix [Al

As an example, we consider the additive combination of bimolecular and hole-limited recombi-
nation in the perovskite (R, +RR)), as given in Table and the surface recombination pathways
R; (on the ETL/perovskite interface) and R, (on the perovskite/HTL interface), again as given
in Table [5.I] The analytic results for this cell (as computed from equations (A.6)-(A.7)) are
compared to the numerical solutions of the drift-diffusion model, in which the full recombina-
tion rates are used. Figure [6.19]shows a comparison between the two approaches for this cell
(i.e. the analytic model versus drift-diffusion model) and demonstrates good agreement between
the two across the full frequency range. The corresponding frequency plots are presented in
Figure [6.20] As expected, the combination of these four different recombination mechanisms
leads to a decrease in open-circuit voltage (Voo = 0.88 V for R, + R; + R, + R} as compared
to Voo = 0.93 V with just R;).

R,+R;+R,+Ry

— -50F ‘ ——Numerical |
g Voo = 0.80V — Analytic

(]

S 257 < Vpe = 0.84V ]
> 0.88V

0 ‘ ‘
0 50 100 150

R (2 cm?)

FIGURE 6.19: Simulated impedance spectra for a PSC with four types of recombination under

0.1-Sun equivalent illumination. Spectra at three DC voltages are shown, including Vo, =

0.88 V. Specifically, the recombination taking place is bimolecular () and hole-limited SRH

(Rp) in the bulk and at both the ETL/perovskite (R;) and perovskite/HTL (R,) interfaces.

Recombination parameters for each type are specified in Table[5.T|and the additional parameters

are given in Table 4.1} Figure [6.20] presents the corresponding frequency plot for this Nyquist
diagram.

For a cell with multiple recombination pathways the interpretation of the high and low frequency
features remains the same. Interpretation of the ectypal factor, is more complex and left as an

opportunity for future research. In Appendix [A] it is shown that the electronic ideality factor,
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FIGURE 6.20: Corresponding frequency plot for the Nyquist diagram presented in Figure

calculated from an impedance spectrum using (6.4), is given by

2

Nel = ————
2 — TsrH

(A.T3reprinted)
where rsry is the ratio of the bulk SRH recombination current to the total recombination current.
Therefore, the electronic ideality factor lies close to 1 when SRH recombination is negligible
relative to interfacial (or bimolecular) recombination. Correspondingly, a value for the electronic
ideality factor that is close to 2 indicates that the dominant form of recombination is SRH in the

perovskite bulk.

Figure shows the ectypal and the electronic ideality factor calculated for the analytic and
numerical impedance spectra in Figure [6.19] at open-circuit. Once again good agreement is
observed between the analytic and the full drift-diffusion model. This shows that a non-integer
electronic ideality factor is expected if multiple recombination mechanisms are present, and its

value can be interpreted using equation

6.5 Conclusion

We have shown excellent agreement between the solutions of the analytic model and the drift-
diffusion model for impedance simulations conducted on a physically realistic set of parameters
at V5. and very good agreement at the maximum power point. Notably, no fitting is required in
order to obtain this agreement between the analytic model and the drift-diffusion model; they

only require that the same set of physical parameters are used in both.
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It is important to note that there are some limitations to the analytic model that we have de-
rived. The chief amongst these is that it is reliant on the charge carriers being close to quasi-
equilibrium, so that in this particular instance they are close to being Boltzmann distributed.
This is a reasonable assumption for cells with long carrier diffusion lengths operating fairly
close to V¢, where many more carriers are present in the perovskite, but breaks down as the
device is brought towards short-circuit. Approximated recombination rates as opposed to the
full SRH recombination equations are used in the analytic model. Additionally, the surface
polarisation model assumes that the ionic vacancy density is greater than the charge carrier den-
sities and therefore the electric potential is controlled almost solely by the ionic distribution. As
demonstrated by comparison of the analytic model solutions to the numerical solutions, these

approximations are accurate for realistic PSC parameters and recombination lifetimes.

The approximations to the underlying drift-diffusion model of a PSC have enabled the deriva-
tion of analytic formulae for Ry r, Crr, Ryr, Cir that account for the ionic characteristics
within the perovskite layer. This enables physical meaning to be assigned to these commonly
measured quantities and for experimental IS measurements to be used to infer PSC properties.
Interestingly, it is found that the shape of an impedance spectrum is related to the dominant form
of recombination. For example, if a negative LF feature is observed then the dominant form of
recombination is SRH in the bulk of the perovskite. In general, the relationship between the
type of recombination and the shape of the spectra is expressed through the specific values of

Nel and Mec.

From a practical perspective, a key result of this work is the identification of an ideality factor
that is appropriate for analysing the behaviour of PSCs. This can be determined from the high

frequency resistance and the recombination current via the relation

Rur(Vbe) Jrec (Vo)
\%s ’

Nel = reprinted)
which has the property that it is independent of Vpc provided the dominant source of recombi-
nation does not change as the steady-state applied voltage Vpc is varied. This is a consequence
of it depending purely on electronic (as opposed to ionic) parameters. Crucially, when there is
a single dominant source of recombination loss within the cell, n¢ takes an integer value. In
particular, if this dominant loss mechanism occurs via SRH recombination within the perovskite
layer, then ne; = 2. Whereas, if the dominant loss mechanism is bimolecular, or occurs at one of
the perovskite/TL interfaces, then n; = 1. As a result, we have identified a straightforward ex-
perimental method to determine a true ideality factor for PSCs through measurement of the high
frequency resistance. This is valuable as this enables the key efficiency losses to be determined

using a quick and inexpensive method that can be employed both in the lab and in operation.

During development in the lab, if the recombination type is known, this can inform future device
development to help minimise losses. For example, if SRH recombination in the bulk limits
the performance, then efforts could be targeted towards improving the perovskite crystallinity.

On the other hand, a particular interface may be identified (using both n.; and nec). In this
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case, efficiency losses could be mitigated by passivating the interface or even by modifying
the doping level of the transport layers to change the potential distribution V;_4. The non-
destructive nature of IS means that it can be used to monitor device stability over time. When
paired with the accurate interpretation provided by the analytic model, this opens up the prospect

of an inexpensive tool to help understand the causes of degradation.

It has been reported that even cells produced using identical methods can display very different
properties [131]]. Measuring the impedance spectra of the cells and fitting to an RC-RC circuit
can be used to characterise and compare cells from the same batch. Differences between the
resistances and capacitances can highlight defective, or suboptimal cells. For example, differ-
ences in the high frequency capacitance C'yr could indicate that the perovskite width b is not

consistent between different cells.

While mobile ions greatly impact the operation of PSCs, it is challenging to study their ionic
properties. The analytic model shows that the characteristic frequency of the LF feature wr r,
given by eq.(5.97), is directly proportional to the ionic conductivity of the perovskite. From this
expression, it is evident that the activation energy of the ionic vacancies can be extracted through
the dependence of wyr on temperature. Furthermore, using innovative experiment design, it
may be possible to obtain an accurate estimate for the ionic conductivity to better understand

the density and mobility of the ionic vacancies present in PSCs.

Finally, numerically solving the drift-diffusion model and fitting the device parameters to re-
produce experimental data is extremely challenging. The analytic model provides a much more
accessible means to fit device parameters, either manually or via automated parameter tuning.
This opens up the possibility of determining realistic estimates for device properties, such as

recombination lifetimes and diffusion coefficients.
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Chapter 7

Summary and Conclusions

The purpose of this thesis has been to develop models to simulate the impedance response of
perovskite solar cells. This is with the aim of better understanding the features observed in their
impedance spectra and to enable physical properties to be inferred from these measurements. A
coupled ionic-electronic drift-diffusion model was used to model the operation of PSCs. This
suitably accounts for the properties of the three core layers of a PSC, including the high density
of mobile anion vacancies in the perovskite layer. Two approaches were taken; the first was to
solve the drift-diffusion equations numerically by adding the capability to simulate IS measure-
ments to the open-source PSC simulation tool TonMonger [[106, 206]. The second approach,
involved determining analytic solutions to describe the impedance response of PSCs through the
application of a number of approximations to the coupled ionic-electronic drift-diffusion model.
At applied voltages close to open-circuit, this analytic model demonstrates excellent agreement
with the more complex drift-diffusion model from which it is derived. Both of these models
provide new insights into the fundamental impedance response of PSCs, helping researchers to

more effectively employ IS to understand and improve the efficiency of PSCs.

This thesis begins by presenting an introduction to the field of perovskite solar cells. The signif-
icant interest in recent years in PSCs is largely due to their excellent optoelectronic properties,
high efficiencies and potential for low-cost, high-volume production. However, interpretation
of standard characterisation techniques for PSCs can be challenging. This is due to the pres-
ence of a high density of mobile ionic vacancies, which gives rise to fundamental differences in
behaviour between PSCs and other photovoltaic devices. One such characterisation technique,
impedance spectroscopy, relies on accurate device models in order to analyse and extract useful
information from its results. In Chapter [3| the present understanding for the commonly ob-
served features in the impedance spectra are detailed, the models used to interpret the spectra
are reviewed and an opportunity for the application of drift-diffusion models in the analysis of
impedance data from PSCs is identified. These drift-diffusion models can significantly enhance
our understanding of the physical processes that give rise to the unusual features observed in the

impedance spectra of PSCs.
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In Chapter[d] a drift-diffusion model that includes mobile anion vacancies within the perovskite
layer is set out. The particular formulation is the same as that used by Richardson et al. [6] and
Courtier ef al. [4,1210] and is in line with the drift-diffusion models used by other groups [[118|
183} [192]]. Impedance spectroscopy measurements were simulated using a bespoke module,
developed in this thesis and associated works [2} 3], for the open-source software TonMonger
[L0O6, 206]. This enables impedance spectra to be simulated relatively quickly under realistic

parameter and measurement regimes.

The simulated impedance spectra display features that are consistent with experimental mea-
surements. For example, the HF feature has a characteristic frequency of around 10 - 100 kHz
and is visible as a semicircle above the axis on a Nyquist plot. At different voltages, its diam-
eter varies in size proportionally to a recombination resistance and the associated capacitance
is equal to the geometric capacitance of the cell, calculated from eq.(3.20). The low frequency
feature is semicircular and can lie above or below the axis on a Nyquist plot. The numerical
model demonstrates how ionic redistribution can impact the charge injection, extraction and re-
combination of electrons and holes at low frequencies. This interpretation for the LF feature as
an ionic modulation of current is in line with reports from the literature [96, [125] [158] [183]]. In
addition to the low and high frequency features, the numerical model reproduces the unusual
intermediate frequency features, that are sometimes observed in PSC impedance spectra. These
features include a loop between the LF and HF features and additional arcs. Figure .10 shows

examples of these exotic features, which qualitatively match the experimental spectra presented
in Figure[3.11]

Section .3 demonstrates that the low and high frequency features display the same dependen-
cies on illumination as observed in experimental spectra. Additionally, the simulation results
by Riquelme et al. using the TonMonger IS module reproduce these trends for cell parame-
ters that describe mesoporous and inverted cells [3]]. Furthermore, Riquelme ef al. show a direct
comparison of simulated spectra, obtained using the numerical model, to experimental measure-
ments [3]. A semi-quantitative fit to both impedance spectra and J-V" measurements is obtained

through fitting device parameters and the inclusion of interfacial recombination.

A framework to understand the impedance response of PSCs depending on the frequency of
perturbation is established through the classification of three frequency regimes. Over each fre-
quency regime, the impedance response is approximately constant and is the result of particular
physical processes. Examining the potential profile and spatial distribution of charge over each
of these frequency regimes helps to relate the temporal response to the frequency response.
With this framework, the physical processes responsible for the high and low frequency fea-
tures, which are observed as the cell transitions between two frequency regimes, can be better

understood.

The impedance module will be released as part of TonMonger version 2.0 [release paper
in preparation by W. Clarke, L.J Bennett, Y. Grudeva, J.M Foster, G. Richardson, and N. E.

Courtier). This update provides an accessible tool for PSC impedance spectroscopy simulation,
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helping researchers to study the impact of specific device parameters and recombination mech-
anisms on the impedance response of PSCs. Overall, the simulated impedance spectra obtained
via numerical solution to the drift-diffusion model show very good agreement with experiment,

and capture all of the qualitative features of the IS response of PSCs observed in practice.

In Chapter[3] a systematic asymptotic analysis of the drift-diffusion model (presented in Chapter
M) was used to obtain an approximate analytic model of the impedance response of a PSC. The
resulting simplified analytic model retains all the physical parameters used in the drift-diffusion
model and thus greatly simplifies the procedure of deducing device parameters from IS data. In
order to arrive at a simplified model for the impedance response, we were required to make a
number of physically reasonable assumptions, the most important of which are that: (i) the ion
vacancies occur at much higher densities than the charge carriers, (ii) the ion vacancy density is
sufficiently high to lead to narrow space charge layers at the interfaces with the transport lay-
ers, (iii) the transport layers are doped, and (iv) the electrons and holes in the perovskite are
Boltzmann distributed at the voltage at which the impedance measurement is made. To fur-
ther reduce the complexity of the recombination current equation, approximate recombination
rates for each of the five mechanisms were used, as listed in Table [5.1] The approximations
summarised above enabled a general, yet simple, relation for the total current to be derived. Fi-
nally, the model equations could be linearised to derive analytic expressions for the impedance
response of PSCs. Notably, the analytic model predicts a response that can be related to an RC-
RC equivalent circuit (approximately but accurately for realistic PSC parameters). As such, this
model defines the commonly measured low and high frequency resistances and capacitances in

terms of device properties and measurement conditions.

In Chapter [6] the analytic model solutions are compared to the full drift-diffusion model from
which it is derived. Excellent agreement is demonstrated between the two models, in a regime
where the applied voltage is close to the open-circuit voltage. In particular, the effect of the type
of recombination on the impedance spectra at open-circuit is examined. Through plotting the
spectra and examining the analytic model, it is found that the appearance of the LF feature is
dependent on the type of recombination. Specifically, for a cell with only bimolecular radiative
recombination, a LF feature is not visible. For recombination at either the ETL/perovskite or
perovskite/HTL interfaces, the LF feature always lies above the axis on a Nyquist plot. When
recombination is bulk SRH, the relative size of the interfacial potentials on the ETL/perovskite
interface (V; 4+ V2) versus those on the perovskite/HTL interface (V3 + V;) determine whether
or not the LF feature lies above or below the axis. The general relationship between the type
of recombination and the shape of the spectra is expressed through the specific values of the
electronic ideality factor ne and the measured ectypal factor .. (Where ne is what is actually
determined for PSCs when using the Suns-V,. and dark-J-V methods).

Through the derivation of the analytic model, a factor which we term, the electronic ideality
factor ngy, is identified for PSCs. In contrast to the ectypal factor (commonly mistaken for an
‘ideality factor’), the electronic ideality factor is not directly dependent on the ionic properties

of the cell, and its value is directly related to the type of recombination losses occurring within
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the cell. This dimensionless factor can be determined from the high frequency resistance and

the recombination current via the relation

- RHF(VD(;/);rec (VDC) ‘ @ reprinted)

When there is single source of recombination n. takes an integer value. Specifically, if recom-
bination is SRH in the bulk of the perovskite, then n.; = 2, whereas, if the loss mechanism
is radiative recombination in the bulk, or occurs at one of the perovskite/transport layer inter-
faces, then ne; = 1. As a result, we have identified an experimental method to determine a true
ideality factor for PSCs through measurement of the high frequency resistance. As derived in
Appendix [A] and demonstrated in Section [6.4] the analytic model is compatible with multiple
recombination mechanisms. Non-integer values of the electronic ideality factor are expected
when multiple recombination mechanisms limit the performance, with the closeness to 1 or 2

indicating the relative amount of each type of recombination.

The analytic model describes the fundamental impedance response of PSCs, in terms of device
properties and measurement conditions. The identification of the electronic ideality factor ne;
and a recipe to determine it from impedance measurements, is an important discovery that has
the potential to transform how efficiency losses are identified in PSCs. In summary, the numer-
ical and analytic models formed in this work provide much needed insight into the impedance
response of PSCs. This will help researchers to use impedance spectroscopy more effectively
to study and monitor the properties of PSCs and other related devices with substantial ionic

motion.

7.1 Further research

While the models formed in this work are able to accurately reproduce the common features
and experimental trends of IS measurements of PSCs, further quantitative comparison to exper-
imental spectra should be attempted. This task is now more easily achievable as the analytic
relations show the approximate dependence of the low and high frequency features on device
and measurement parameters. Additional validation of the analytic model and theory presented
in Chapter [5] could be obtained via measurement of the electronic ideality factor. For example,
the electronic ideality factor could be calculated at different temperatures and illuminations (as
long as the dominant recombination mechanism is not expected to vary). In theory, the electronic
ideality factor should remain approximately constant, whereas the ectypal factor (the ‘ideality

factor’) determined from Suns-V, or dark-J-V methods) is expected to vary.

There is scope to further investigate the physical origin of the intermediate frequency features
using the IS module. In this work, these features have been linked to an accumulation of elec-
tronic charge within the perovskite, i.e. they are visible for DC voltages at or above V. at 1-Sun.
However, additional investigation is required to discern why the intermediate frequency features

can appear below the axis, as a bulge or as a loop between the LF and HF features. While this
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work has demonstrated that additional processes or mechanisms are not required to explain the
IF features, it is not yet clear the effect that these may have on the impedance spectra. For exam-
ple, the drift-diffusion model and TonMonger can be extended to describe PSCs with multiple
species of mobile anion vacancies, or mobile cation vacancies. The resulting impedance re-

sponse would be interesting to investigate.

The analytic model is compatible with other non-linear capacitance relations. These can be
derived from other versions of the drift-diffusion model, which describe a modified physical
picture of a PSC (for example, one in which there are multiple mobile ionic species or one
in which the charge carriers in the transport layers obey degenerate statistics). Extension of
the analytic model to describe these scenarios would provide much more insight into the cell

response than a numerical model could provide.

It is possible to derive an analytic model from the surface polarisation model (equations [5.1}
without the assumption of the carrier densities being Boltzmann distributed. In order to
decouple the PDEs for the charge carriers, the recombination in the bulk must be either electron-
or hole-limited SRH (i.e. dependent on only one carrier type). Additionally, interface recom-
bination relies on a Boltzmann distribution at the interface. This alternative model would be
accurate under approximately the same conditions as the surface polarisation model, i.e. for DC
voltages between around 0 — 1.1 V and up to around 1-Sun illumination. Therefore, in compar-
ison to the analytic model developed in this work, it would be applicable for a wider range of
voltages and device parameters; however, it would be more limited in the types of recombina-
tion that it could model. If developed, this would be a useful intermediate tool between the full
numerical model and the simpler analytic model. From a preliminary investigation, it was found
that the alternative analytic model results in relatively unwieldy expressions for the impedance
response that are challenging to interpret. However, these could be related to the analytic model

presented here in order to gain a better physical understanding.

Intensity modulated photocurrent spectroscopy (IMPS) and intensity modulated photovoltage
spectroscopy (IMVS) are similar techniques to impedance spectroscopy that probe the frequency
response of a solar cell. In contrast to impedance spectroscopy, it is the incident illumination
that is perturbed about a steady-state rather than the voltage. Specifically, for IMPS the cell is
held at short-circuit and the photocurrent is measured. For IMVS, the cell is held at open-circuit
and the (photo)voltage is measured. Similarly to IS, the results from these techniques are not as
well understood for PSCs as they are for dye-sensitised solar cells and other more established

technologies.

Analytic models that describe the IMPS and IMVS response of PSCs could be derived using
the same mathematical methods as employed in this thesis. IMVS is carried out at open-circuit
and therefore the Boltzmann approximation for the carrier densities (as described in Section
[5.2) can be employed. This would result in relatively simple analytic relations for the high and
low frequency features. As IMPS is performed at short-circuit, the Boltzmann approximation

is not suitable. However, analytic solutions could still be obtained directly from linearisation
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of the surface polarisation model. Furthermore, extension of the IS module for TonMonger
to simulate IMVS and IMPS would be relatively straightforward. Models for IMPS and IMVS
would further improve our understanding of the operation of PSCs and would be a valuable

contribution to the field.
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Appendix A

Multiple concurrent recombination

mechanisms

In this appendix, the analytic model presented in Chapter [5] is extended to describe multiple
(concurrent) recombination mechanisms that take the approximate forms listed in Table
In Section [A.T] notation is defined and the resistances and capacitances given in the main text
eq.(6.1) and (6.2)) are extended to describe the impedance of a PSC with multiple recombination
mechanisms. Following this, Section [A.2] considers the value that would be determined for the

electronic ideality factor for a cell with more than one dominant recombination mechanism.

A.1 The low and high frequency resistances and capacitances

Chapter [5] considers cells that have a single form of recombination that dominates over the
others. Here, we consider the more general case in which cell losses occur via multiple recom-
bination pathways. In line with the main text, it is assumed that the recombination rates listed in
Table [5.1] are good approximations to the full recombination rates. As such, the recombination

current (5.24) can be composed as follows

jrec = jrecb + jrecSRH + jrecl + jrecm (Al)

where each component is the recombination current resulting from the specific form of recom-
bination. SRH recombination is either electron-limited (R,,) or hole-limited ([2,). To reduce the

length of the formula, we define the following

jrec = Z jreci . (A2)

i=b,p,n,l,r

The abbreviations used for the different types of recombination pathways are given in Table[5.1]

Additionally, we use n|, and Tie; to distinguish the different values of the electronic ideality
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factor and the measured ectypal factor respectively for the corresponding recombination type.
For example, for bimolecular recombination (R;) and electron-limited bulk SRH recombination

(R,,), the total recombination current is

jrec = jrecb + jrecn = Z jrecia (A-3)
i=b,n
with
nelb = 17 neln = 27 (A4)

Fr(Qoe)  VI+Vi+Vi+V]
F}(Qpc) Vi+V,

ﬁecb(VDC) = 17 ﬁecn (VDC) = (AS)

With this notation, the general form for the resistances and capacitances associated with the high

and low frequency features can be written as

-1
v -
Rup = Vi (Z jn(lDC)> Crr =5 "o
3 €l;

(Zz Jrec; (VDC)/neli)2 CclliQ/];cC
G+VT Zz jreci (VDC) (l/ﬁeci - l/neli) ’
(A7)

-1
.reci %
Rrrp ="Vr (Z ]ﬁ(DC)> —Rpr Crr=

where the sum over ¢ is the sum over recombination pathways, ¢ = b,p,n,l,r as defined in

Table 511

A.2 The electronic ideality factor

Here, we consider what value is obtained for the electronic ideality factor when there is more
than one source of recombination. We start by writing (A.I)) in the form

jrec = jreCSRH + jrecnon_SRHa (A-8)

where
jrecSRH = jrecn or jrecpa (A9)
jrecnon-SRH = Z’iZb,l,T jreci ) (A 10)

we see that the HF resistance, as defined in (A.6), can be written in the form

jI'eCSR].] (VDC)

—1
2 + jrecnon—SRH (VDC)) ) (Al 1)

Ryrp="Vr (
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where appropriate values of the electronic ideality factor n;,, from Table are used for each
recombination type. On defining rsry as the ratio of the SRH recombination current to the total

recombination current, as follows

o jrecSRH (VDC)

T = — ) (A.12)
SKi Jrec (VDC)
we can express the HF resistance as
. T -1
Rur(Vbc) = Vr (Jrec(VDC) (% +1- V"SRH)> : (A.13)
This simplifies to
Vr
Rur(Vbe) = - — . (A.14)
]rec(VDC) (21"%)
On comparison of the above with (5.94), or by substituting it into the following
Rur(Vbe) jree (V1
Nel = HE( DC‘}] ree(Vic) , (6.4 reprinted)
T

we see that the electronic ideality factor determined for a cell with multiple recombination path-

ways is given by

2

_° (A.15)
2 — TsrH

Nel =

where rsry is the ratio of the SRH recombination current to the total recombination current.
Therefore, the electronic ideality factor takes a value between 1 and 2, depending on the relative

proportion of recombination current to SRH or non-SRH losses.
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