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Abstract

This thesis focuses on using various optical spectroscopic methodologies to study the impact
of different materials and device processing on charge carrier dynamics that correlate to device
performance in perovskite solar cells (PSCs). The underlying dynamics, including recombina-
tion, transport and transfer, are mainly investigated by voltage-dependent photoluminescence
(PL), electroluminescence (EL), time-resolved photoluminescence (TRPL) and transient ab-
sorption (TA) spectroscopy. Different-processed perovskite layers with controlled morphology
and defect densities, and their contacted charge transport layers (CTLs) with varied energetics

and mobilities are studied.

At open circuit (OC), for high-quality perovskites with lower defect densities, as fewer charges
recombined non-radiatively, the PSC is expected to show larger PL emission. Likewise, per-
ovskite films with interlayers or their complete cells with suppressed surface/interface recom-
bination are also supposed to show high PL at OC. When a PSC is switched to short circuit
(SC), most of the charges should be extracted to the external circuit, such that the device PL
is expected to be significantly reduced. Thus, this thesis introduces a figure of merit, named
device OC to SC PL quenching efficiency (PLQoc-_sc), for estimating the charge extraction
efficiency in different-processed PSCs. The results show that efficient PSCs have high values
of (PLQoc-sc), while low values are observed in the cells with either severe non-radiative

recombination or impeded charge extraction.

In addition to the device OC to SC PL measurement, a more quantitative analysis based
on operando PL measurements, which converts the absolute PL emission into quasi-fermi-
level-splitting (QFLS), is implemented on PSCs with varied energetic alignment at the per-
ovskite/electron transport layer (ETL) interface. This measurement system allows a real-time
PL spectrum acquisition while doing a J-V scan. The results show that a mismatch of the
interface energetic alignment will reduce device performance either by accumulating charges in
bulk or by introducing surface recombination. More importantly, high QF' LS values indicative
of substantial charge accumulation are observed in all devices, even at SC. This phenomenon
can be attributed to the screening of the internal electric field by ion migration, which is evi-

denced by drift-diffusion-based simulation results.
In the final chapter, a simple TRPL method is demonstrated to characterise the kinetics of
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charge transport across the bulk perovskite and charge transfer from the perovskite layer to
the CTLs. This work elucidates the dependence of these dynamics on film thickness, grain
boundaries (GBs), and CTLs. Using asymmetric laser excitation, charge transport and trans-
fer can be selectively probed by generating charges close to and far from the heterojunction
interface. These results are further correlated with device performance. The finding suggests
that both film thickness and GBs affect the asymmetry between electron and hole charge trans-
port across the bulk perovskite and charge transfer from the bulk perovskite to the respective

CTLs.
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Chapter 1

Introduction

1.1 Motivation

Demand for clean and renewable energy is growing exponentially. Renewable energy made up
3 % and 8 % in 2020 and 2021 respectively,[1]; constituting more than half of the increase in
global electricity supply in 2021 (see Figure 1.1). It can therefore be expected that renewable
energy will soon dominate the energy market. The dramatic rise in demand for renewable
energy can be traced back to two main factors: global growth and development as well as

efforts to address climate change.

Access to energy in the form of electricity is a key marker of development and material pros-
perity. Electricity is needed for communication, supports trading, and stimulates enterprise.
Energy access can also benefit health by purifying and pumping water, providing heat for
cooking, and keeping vaccines and medicines in fridges.[2] Education is improved by access to
electricity as it allows for study in the evenings. Unfortunately, such benefits are still inacces-
sible for many rural families in the developing world, as 11 % of people in the world lack access
to electricity [3] and 8.4 % lack access to low-cost energy,[4] such that traps the world’s poorest
in a cycle of poverty. Further, the development of new sectors of growth in the global econ-
omy requires increasing energy consumption. Renewable energy also increases financial security

on a national scale. Traditional fossil fuels, such as oil, are not distributed equally between
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Figure 1.1: Global changes in electricity generation, 2010-2022. Copyright permission from Electricity Market
Report 2021.

countries.[5] As such, prices can be easily influenced by policies and natural disasters leading to
price fluctuations which drive economic crises.[6] Renewable energy, however, is more equitably

distributed and therefore provides a long-term solution for achieving energy independence.[7]

An additional crucial factor driving renewable energy demand is climate change. Accelerating
global average temperatures are caused by vast emissions of greenhouse gas, i.e., carbon dioxide,
into the atmosphere.[8] These emissions arise from fossil fuels burned to produce low-cost energy.
Using fossil fuels has caused a sharp and growing disjuncture between the transforming climate
and everyday priorities, especially concerning energy. Bridging this conflict is the foremost
priority in the upcoming decades. This task will require a complete transformation in the
energy infrastructure, replacing traditional energy sources with clean, green, and sustainable

energy.[9]

While the advantages and necessity of renewable energy are apparent, renewable energy sources
are still not the predominant energy resource in the energy sector.[1, 10] This can be attributed
to many limitations in using renewable energy compared with traditional fossil energy resources,
including a lack of capacity to produce electricity, low energy efficiency, high cost of electricity

production, etc.[10] Developing new technologies to low costs and improve energy conversion
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efficiency is an urgent technological requirement.

Sunlight is the most abundant and accessible sustainable resource and, consequently, the re-
source most suited to driving equitable global development and combating climate change. One
of the most efficient ways to harvest sunlight is to convert it directly into electricity. Edmund
Becquerel was the first to convert sunlight into electricity in 1839. However, it was not until
100 years later that photovoltaic (PV), or solar cells, were developed in Bell labs using crys-
talline silicon. These devices achieved a power conversion efficiency (PCE) of 4.5%.[11] Over
the past few decades, the silicon solar cell has been further developed extensively, with their
PCFE's reaching 26.1% for single crystal, 23.3% for multi-crystalline Si, and 26.7% for silicon
heterostructures, as shown in Figure 1.2. Moreover, the substantial reduction in manufacturing
costs have made these cells supply some of the cheapest electricity in history, with 0.06-0.08
USD/kWh in recent years.[12, 13] This leads to the current PV market being dominated by
silicon solar cells.[14] As in the field of microelectronics, silicon has a combination of strengths
that has made it difficult to displace as the favoured PV material. However, opportunities
still exist for technologies that promise either significantly higher PC'E's or significantly lower

processing costs. Tandem solar cells, which are designed to have much higher efficiency, could



be a promising way to be alternative to single-junction silicon solar cells.[15, 16] In addition,
the silicon solar cell modules are rather heavy and rigid,[17] limiting their applications in many
special fields, such as PV-powered electric vehicles,[18] wearable and portable electronics,[19]
and space applications.[20] Therefore, new technologies for producing lightweight solar cells are

also desired.[17]

1.2 Working principle of a solar cell

1.2.1 Solar irradiance

The sun emits light with a range of wavelengths from ultraviolet to the infrared region of the
electromagnetic spectrum. It gives out a power density of 0.62 MW cm~?2 at its surface.[21]
Due to the distance when the sunlight reaches just outside the earth’s atmosphere, the power
density is reduced to 135 mW cm~2.[21] This spectrum outside the atmosphere, referred to
as Air Mass 0 (AM 0), meaning zero atmospheres are present (see the black curve in Figure
1.3). Solar cells used for space power applications, like communications satellites, are generally

characterised by using AM 0.

The sunlight is further absorbed and scattered by the atmosphere before reaching the earth’s
surface so that the spectrum is both attenuated and changed in shape. Although the sunlight
varies in distribution and intensity depending on the altitude, location and time on the earth,
for convenience, the solar industry uses a standard terrestrial solar spectrum defined as Air
Mass 1.5 (AM 1.5), also shown in Figure 1.3, with integrated irradiance of 100 mW cm™2
for all standardized testing or rating terrestrial solar cells.[21] Here, the AM 1.5 corresponds
to the sun being at an angle of 41.8° in elevation to represent the overall yearly average for

mid-latitudes.[22]
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Figure 1.3: Extra-terrestrial solar spectrum of Air Mass 0 compared with terrestrial solar spectrum Air Mass
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1.2.2 Theory and design of a solar cell

A solar cell is a device that converts light into electricity. The operation of a solar cell requires
three basic attributes: the absorption of light-generating electron-hole pairs; the separation of
charge carriers of opposite types; the extraction of those charge carriers to an external circuit.
More specifically, these processes can be described as: after the light is absorbed by its active
layer (light absorbing layer) in a solar cell, electrons are excited to higher energy states forming
excitons (bound electron-hole pairs) or free charge carriers (unbound electron-hole pairs), which
are finally pulled out to an external circuit by some built-in asymmetry, usually different types
of junctions.[21] The extra energy of the excited electrons generates a potential difference or
electromotive force at two terminals of a cell. This force drives electrons to flow in the external
circuit. These behaviours are then named the PV effect, whereby solar cell has another name

for PV. Detailed illustrations of a few of these fundamentals are expanded further below.



Quasi Fermi-level

For a semiconductor in thermal equilibrium, the distribution of the electrons is described by a

Fermi-Dirac distribution function:

1
f(EvEF7T) — TE-Ep (1-1)
e *BT 41

where f(E, Ep,T) gives the average probability that an electron state at energy E will be

occupied at temperature T'. The Fermi-level (Er) is defined as the energy level E when f=0.5.

A quasi Fermi-level is a term used for the Fermi-level when a semiconductor is under external
disturbance. It describes the population of electrons separately in the conduction band (CB)
and valence band (VB) of a semiconductor, when their populations are displaced from thermal
equilibrium. This displacement could be caused by applying the semiconductor to a bias or
exposure to light. The difference between the two separated quasi Fermi-levels is then named

the quasi Fermi-level splitting (QFLS).

Photogeneration

After a photon is absorbed by a semiconductor, its energy is given to an electron in the crystal
lattice by exciting the electron from the VB into the CB, leaving a hole behind. Thus, it
can be said that photons absorbed in the semiconductor create electron-hole pairs, namely,
photogeneration of charge carriers. However, not all photons from sunlight can be absorbed,
but only those with energy greater than the band gap (E,) of the semiconductor. Fortunately,
the majority of the solar radiation, as shown in Figure 1.3, is composed of photons with energies

greater than the band gap of commonly used solar cell absorbers, such as silicon (1.1 eV).

p-n junction

The most commonly known silicon solar cell is configured as a p-n junction. For simplification,

this p-n junction can be imagined as attaching a layer of n-type silicon (which contains an
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Figure 1.4: Semiconductor junctions of (a) p-n junction, (b) p-i-n junction and (c¢) heterojunction.

excess of electrons and is achieved by boron doping) to a layer of p-type silicon (which contains
an excess of holes and is achieved by phosphorus doping). Since the work function (minimum
energy required for removing an electron from a solid to the vacuum; the energy difference
between Fermi energy and vacuum level) of the p-type silicon is larger than the n-type, the
electrostatic potential on the n layer must be smaller than the p layer. Such that once the two
layers are contacted, an electric field is established at the junction (interface) (see Figure 1.4a),
and this potential difference is called built-in potential V;;. The junction region is depleted of
both electrons and holes, namely the depletion region, and is also known as the space charge

region.

In the depletion region, the current is generated by separating the photogenerated electron-hole
pairs due to the strong electric field. The electron is pushed by this field toward the n side, and
the hole drifts toward the p side. In the space out of the depletion region, where the electric
field is smaller, diffusion dominates the moving of the charge carrier, but the junction still plays
a role by sweeping any electrons that reach it from the p side to the n side and by sweeping
any holes that reach it from the n side to the p side, thereby creating a concentration gradient

outside the depletion region.

This design thus allows electrical current to pass through the junction only in one direction

and also drives photogenerated electrons and holes towards the n and p layers, respectively.
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p-i-n junction

A p-i-n junction can be seen as a variation of a p-n junction. It is structured by a wide, undoped
intrinsic semiconductor region in between a p-type semiconductor and an n-type semiconductor
region. The same built-in potential Vy; is achieved as with the p-n junction with the same Fermi-
levels of the doped regions. As there are no charges in the i-layer, the electric field extends over
a wider region, and the potential variation is just linear, as shown in Figure 1.4b. In a solar cell
using p-i-n junction, the wide depletion layer in the active layer results in the drift (motion of
carriers driven by the electric field) of the photogenerated charge carriers rather than diffusion
(motion of carriers from higher carrier concentration zones to lower carrier concentration zones)
towards the contact layers, as illustrated in detail below. These charge carriers in the i-layer
survive for a longer distance than in a doped layer. This design is preferred in PV materials
where the diffusion lengths of their charge carriers are short, or photogenerated charge carriers

in p or n layers are unlikely to contribute to the current.[21]

Typically, amorphous silicon thin-film cells use the p-i-n structure,[23] and CdTe cells use an
n-i-p structure, which is an inversion of the p-i-n configuration as the sunlight is incident on

the n-doped layer.[24]

Heterojunction

A heterojunction is an interface (junction) formed by attaching two different semiconductors of
different band gaps, as opposed to a homojunction. This junction is designed for improving car-
rier collection or necessity because of the difficulty in achieving doping of available materials.[21]
A discontinuity at the edges of the CB and VB is commonly formed at the junction due to the

change of the band gap, see Figure 1.4c.

In the family of silicon solar cells, the heterojunction structure is also adopted to develop the
Heterojunction with Intrinsic Thin-Layer (HIT) solar cell structure. The HIT solar cell is
achieved by composing an intrinsic crystalline silicon wafer between two ultra-thin amorphous

silicon layers.[25] HIT solar cells now hold the record for the most efficient single-junction silicon
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solar cell, with a conversion efficiency of 26.7%.[26] The heterojunctions are also widely used
in other solar cells, such as organic PVs (OPVs) and the new emerging perovskite solar cells

(PSCs).

1.2.3 Efficiency determination

To evaluate how well a solar cell performs, a current-voltage (J-V) scan is generally carried out
under AM 1.5 illumination. Figure 1.5 shows an example of the J-V characteristics of a solar
cell within its operation regime: 0 to Vpe (open circuit voltage). Here the Voo corresponds to
the operating voltage where the output current of the cell is zero. A short circuit current density
(Jsc) can also be acquired from the J-V curve when the applied voltage equals zero. From the
J-V data, the power density P can also be calculated by P = J x V', which is demonstrated
in red in Figure 1.5. When P reaches a maximum, the operating point is named of maximum
power point (MPP) with a corresponding voltage of V,, and current density of .J,,. The fill

factor (F'F') thus can be calculated by

I Vi
FF = 1.2
JscVoc (1-2)
and the PC'E can be calculated by
PCE:J50XVO0XFF (13)

These four parameters: Voo, Jso, F'F and PCFE are the key performance characteristics of a

solar cell.
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Figure 1.5: The J-V characteristics of a solar cell.

1.3 Perovskite solar cells

1.3.1 The development of perovskite solar cells

The term perovskite in this thesis specifically refers to a type of material that fits the chem-
ical formula of ABXj3, where A is usually Cs or an organic cation, e.g., methylamonium
(MA), formamidinium (FA), B is Pb or Sn, X is a halide anion, e.g., Cl, Br and I, as il-
lustrated in the following section for further details. Recently, organic-inorganic metal hybrid
halide PSCs have become one of the most attractive candidates for harnessing solar energy.
This can be mainly attributed to their simple, low-cost fabrication processes coupled with
high efficiency.[27, 28] A wide range of both wet-chemistry and vapour-based simple, low-
cost techniques have been demonstrated to process PSCs. These techniques include inject
printing,[29, 30] doctor-blade coating,[31, 32| slot die coating,[33] vacuum evaporation [34], and
chemical vapour deposition,[35] etc., which have the potential to allow fast and easily scaled-up
manufacture of solar cell panels. Additionally, since the first application of perovskite in PV
in 2009, the performance of PSCs has developed enormously, with the highest PCEs reaching

over 25% now, enabling the PSCs to challenge silicon PVs in terms of efficiency, see Figure
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1.2.[36, 37]

Despite significant developments in the PCE of PSCs, scaling from laboratory techniques to high
throughput industrial scale processes is crucial for commercialisation. Key challenges remain in
producing large-area PSCs cells with high performance due to difficulties in forming large-area
and high-quality perovskite films which are uniform, homogeneous and smooth.[38, 39] Over
the past few years, many efforts have been paid to the development of perovskite solar modules.
In addition to the development of a range of scaled-up perovskite deposition methodologies,
many other strategies for improving perovskite compositions, interface contacts and module-
fabrication processes have also been investigated.[28, 40] Among those reports, sheet-to-sheet
blade-coating has demonstrated PCEs of 19-20% PCEs on cell level and 15.3% and 14.6% for
modules with aperture areas of 33.0 and 57.2 cm?, respectively;[41, 42] large-area PV modules
of 144 cm? has also been demonstrated to have a PCE of 14.5%.[43] To date, however, break-
through efficiencies (>20%) have only been reported in PSCs with active areas less than 1 cm?.
On an intermediate scale, Microquanta has demonstrated the highest certified minimodule PCE
of 21.4% on an area of 19.3 cm?.[44] Another important concern for PSC commercialization
is their operating lifespans. At the earlier stage of the development of PSCs, their extremely
short lifetime compared with silicon solar cells was the primary issue preventing them from
commercialization.[45] Generally, stability issues occur in the perovskite material itself, with
a number of factors that could deteriorate the perovskite layer, including light, moisture, and
heat.[46, 47, 48, 49] This issue has been successfully mitigated using a number of strategies,
such as insertion of contact layers, perovskite modification, and device encapsulation,[48, 40]
to produce efficient cells with long working lifetimes of thousands of hours or even over one
year.[50, 51, 52] Another significant concern is lead toxicity. The potential for lead leakage
could be perceived as an environmental and public health risk when using perovskite solar cells
in building-integrated PVs, as lead from the majority of halide perovskite can easily dissolve
in water. Current regulations would suggest that the lead content in perovskite solar cells is
low enough to be safe.[53, 54] However, studies have shown that perovskite leaking can result
in lead entering into the food cycle, which is associated with far higher risks than other com-

mon contaminants.[53, 55] Therefore, developing lead-free perovskites or highly reliable new
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technologies to prevent lead leaking may be necessary. So far, lead-free, such as Sn-based,
perovskites show relatively limited device performance(<15%) and stability.[56, 57] Thus, lead-
based PSCs are still the dominant interest for commercialization. To lower the risk of lead
leaking, some researchers have suggested approaches to develop lead-absorbing encapsulation
technologies,[58, 59] while others have proposed an effective strategy could be to recycle the
perovskites at the end of their lifetime.[60] Despite these concerns, the PSC has become one of

the most promising PV candidates for the efficient generation low-cost green energy.

1.3.2 Chemical and crystal structures of perovskites

Perovskite materials adopt the crystal structure and composition of calcium titanium oxide
(CaTiO3), named after Russian mineralogist Count Lev Alekseevich Perovski,[61] and are de-
scribed by the formula ABXj3. Figure 1.6a shows a typical cubic unit cell of a perovskite, where
cation A is in the middle of the box with twelve nearest neighbors anions X, and cation B
neighbors six X. The formability of perovskite is estimated based on the Goldsmidt tolerance
factor ¢ (a geometric parameter calculated by t = (R4 + Rx)/[v2(Rp + Rx)], where R4, Rp
and Ry are the radii of the corresponding ions).[62] Generally, the ¢ has a value between 0.81
and 1.11 for the most-studied alkali metal halide perovskite,[63] where cation A is usually MA
or FA, B is Pb or Sn; X is one of the halides (I, Br, Cl). For these perovskites, an ideal cubic
perovskite is expected when t = 1, while symmetry decreases for t < 1, and is likely to give

tetragonal or orthorhombic structures as shown in Figure 1.6b.[64]

Recently, the family of perovskite materials used for solar cells have been expanded extensively.
Multi-compositional engineering has been demonstrated by mixing these A cations and/or other
larger cations like guanidinium and ethylammonium to stabilize the perovskite structure and
improve optoelectronic characteristics compared with the mono-cation perovskite materials.[65,
66] Meanwhile, X-site anion is also not limited to just halides. Pseudo-halides (univalent anions
or functional groups which form hydracids with hydrogen), such as formate, azide, cyanate, or
a mixture of these anions with the halides have also been applied to tune the optoelectronic

properties of metal halide perovskites, such as the bandgap and defect density.[67, 68]
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Figure 1.6: The crystal structure of a typical perovskite. (a) The ABX3 crystal structure of a unit cell. (b) The
crystal structure of the tetragonal phase (left) and orthorhombic phase (right) of MAPbI3 with A=MA, B=Pb,
X=I.

Despite the t value, the temperature also strongly impacts the crystal structure of perovskite, as
phase transitions may occur across different temperature windows. For the typical perovskite
MAPDI; as an example, at room temperature, it is stabilized in a tetragonal (/3) phase; a re-
versible transition to the cubic («) phase may occur at about 50 degrees, and a transition to
orthorhombic () phase can be detected at a much lower temperature of about 160K.[69, 70]
The atomic structures for these three phases are shown in Figure 1.6b.[71] The temperature
for the phase transition to occur may also vary significantly between perovskites with differ-
ent compositions; for instance, MAPbBr3 and CsPbl; demonstrate different phase transition

temperatures compared with MAPbDI3.[72, 73, 74, 75]

1.3.3 History of perovskite solar cells

The first PV application of perovskite was presented by Kojima et al. in 2009 when perovskite
was used as a liquid sensitizer in dye-sensitized solar cell (DSSC) configuration. PCEs of 3.81%
and 3.2% were achieved using MAPbI; and MAPDbBr3, respectively.[45] However, the devices
were extremely unstable, persisting only for a few seconds in the presence of liquid electrolytes.
A potentially viable device was not achieved until 2012 when all-solid-state perovskite-based
DSSC was developed. Kim et al. developed perovskite devices with PCEs of 9.7% and life-

times of over 500 h without encapsulation.[76] At the same time, Lee et al. also fabricated

13



similar devices PSC with a higher PCE of 10.9% and demonstrated that perovskite is acted
as both an absorber and hole conducting layer.[77] These results stimulated further research
and rapid development of more efficient devices. The remarkable progress made can be mainly
attributed to the development of new perovskite deposition methods and novel device struc-
tures. A 2-step sequential deposition technique was implemented on planar-architectured PSCs
by Burschka et al. in 2013, of which PCE reached 15%.[78] A similar method has also been
applied by Im et al., to attain a higher performance of 17% the next year.[79] While most previ-
ous work used MAPbDI;3, a breakthrough in PCE for over 20% was achieved by using FA-based
perovskite in 2015.[80, 81] In 2021, a remarkable PCE over 25% was been reported using a

passivation/interlayer modification strategy[37, 67] (see Figure 1.2 for comparison of effciency).

1.3.4 Progress in device architecture

The initial success of PSCs is built on the development of solid-state DSSCs. A big step was
made by replacing liquid electrolytes with a solid hole transport layer (Spiro-OMeTAD).[76]
This facilitates enhanced PSCs and st abilities of over 10% and 500 h respectively. This device
structure has since been used to support efficiencies of over 25%. This structure (Figure 1.7a) is
referred to as an n-i-p device and consists of five key components: (i) A transparent conductive
oxide (TCO) bottom contact, such as indium tin oxide (ITO) and fluorine-doped tin oxide
(FTO), (ii) an electron transport layer (ETL). This usually consists of metal oxides such as
TiOg, ZnO and SnOy, (iii) a hole transport layer (HTL) such as Spiro-OMeTAD and Poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), (iv) the perovskite absorber layer and (v) top
metal electrode such as Au. For an HTL, its highest occupied molecular orbital (HOMO) or VB
is generally higher or equal to the VB of the perovskite layer. Similarly, for an ETL, its lowest
unoccupied molecular orbital (LUMO) or CB is normally lower than the CB of the perovskite
layer, such that charges can be selectively collected through the charge transport layer (CTL)
and finally to the electrodes. Specifically, the n-i-p structure requires all the ETLs to be highly
transparent in the ultraviolet-visible (UV-Vis) wavelength range such that all photons can pass

through it and be absorbed by the perovskite layer. Depending on the ETL, this n-i-p structure,
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Figure 1.7: Typical device structures of PSCs. (a) n-i-p (conventional) structure and (b) p-i-n (inverted)
structure.

also known as the conventional structure, is usually divided into two types: mesoscopic and
planar, with the former using a mesoporous TiOs or Al,O3 as structure scaffold, and the later
involving thin TiOy and SnO, as the transparent ETL. So far, devices using either of the two

structures have successfully shown a recorded efficiency of over 25%.[37, 67|

Another widely used structure is the p-i-n structure commonly used in OPVs (also known as an
inverted structure). This structure uses a TCO as the anode, a transparent HTL, a perovskite
absorber layer, an ETL, and/or an ultra-thin buffer layer such as bathocuproine (BCP), and
finally, a metal cathode such as Cu, Ag, and Au. In 2013, Jeng et al. demonstrated the
first planar p-i-n PSC by sandwiching MAPbI; in between Poly (3,4-ethylenedioxythiophene):
poly(styrene sulfonate) (PEDOT:PSS) as HTL and C60/BCP as ETL with a PCE of 1.6%,
which was further improved to 3.9% by replacing C60 with phenyl-C61-butyric acid.[82] This
result was improved to 9.8% by using PCg BM as the ETL in the same year.[83] The device
structure is shown in Figure 1.7b. In 2014, PEDOT:PSS was replaced by other new HTLs such
as NiO, nanocrystals[84] and poly[N,N’-bis(4-butylphenyl)-N ,N’-bis(phenyl)benzidine| (PTPD)
[85] in this inverted structure with an efficiency of 7.8% and 15.3%, respectively. In addition,
PTAA[86], CuSCN[87], Cul[88] were also introduced as a replacement for PEDOT:PSS in the
inverted PSCs, which have been demonstrated as good HTLs. Whilst many other fullerenes
and non-fullerenes have also been tried as the ETL,[89, 90|, the state-of-art inverted PSCs is
based on phenyl-C61-butyric acid methyl ester (PCBM) and C60.[91, 92| Recently, the p-i-n
PSCs have received increasing attention due to their high reproducibility, low hysteresis, and

suitability in tandem PV applications. They are also the primary focus of this thesis.
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Figure 1.8: Electronic structure and the corresponding absorption spectrum of the typical perovskite MAPbI3.
(a) Electronic band structure of MAPbI3. (b) Absorption spectrum of MAPbI3. Copy right permission from
reference [98].

1.4 Charge carrier dynamics in perovskite solar cells

1.4.1 Optoelectronic properties of perovskite

The electronic structures of different types of organic-inorganic hybrid lead halide perovskites
have been widely studied by theoretical calculations.[93, 94, 95, 96, 97]. Figure 1.8a shows a
example of calculated band structure of a typical perovskite: MAPbI3. The minimum of the
CB at the symmetry point R was formed by empty atomic 6p orbitals of lead, whereas the
maximum of the VB is formed by the antibonding states of the hybridization of lead 6s orbitals
and iodine 5p orbitals.[93, 95, 98, 99] A direct band gap with E, = ~1.6 eV was calculated
by estimating the difference between CB1 bottom and VBI1 peak. As shown in Figure 1.8a
(colourful arrows), in the reciprocal space, a clear and continuous connection of VB1 and CB1
between the M and R points allows photogeneration of electrons and holes across a wide range
of wavelengths, leading to continuous absorption of photons with energy above E; (see Figure
1.8b).[95, 98] Besides, it has been suggested that higher-energy absorption can also happen
from transitions in between the higher or lower states in the R point, such as transitions from

VB2 to CB1 or VBI1 to CB2, shown as the blue dotted arrows in Figure 1.8a.[95, 98, 100]

The changes in band structure resulting from the compositional modification have also been

examined by first-principles calculation and many other practical measurements.[101, 102, 103,
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104] In the lead halide systems APbXs, substitution of halide X along with Cl— Br — I by
increasing the atomic size leads to a decrease in Egy, likewise substitution of A cation along the
line of increasing atomic size (Cs — MA — FA) decreases E,, with gaps of 1.7, 1.6 and 1.5 eV
across this series. Much lower E, can be achieved by replacing Pb with Sn, with a shift of ~1.6
eV to ~1.2 eV from MAPDI3 to MASnI3.[105, 106] A comparison of such trends suggests many
other factors, including structural distortion and spin-orbit coupling, affect E, rather than just

changes in ionic size.[101, 107]

1.4.2 Charge carrier recombination

In a PSC, absorption of photons with energy greater than E, in the bulk perovskite produces
bounded electron-hole pairs, known as excitons, or free electrons and holes in the range of
femtoseconds to picoseconds.[108, 109, 110] Some carriers can be excited to energy positions
higher than the minimum of CB and the maximum of VB or to high-energy sub-bands, forming
hot carriers.[111, 112] These hot carriers will then relax through different processes towards
the band edge on the sub-picosecond timescale.[98, 111, 112] After the early-stage relaxation
processes, free charges are usually formed at the band edge in most typical organic-inorganic
hybrid perovskites such as MAPbI3 due to their relatively low exciton binding energy.[61, 98,
113, 114, 115] These charge carriers usually live much longer than the hot carriers and are the
main contributors to photovoltage or photocurrent in solar cells. The lifetime of these carriers
is widely discussed in PVs as it is one of the critical parameters that determine the time charges
needed to be extracted to the contacts before recombination occurs. For recombination in a
typical semiconductor, three processes have often been highlighted as determining the total
recombination flux:

d
I ot an? 4 kg (14)

where n is average free charge carrier density, assuming balanced electrons and holes; k; is
a first-order rate constant, often physically interpreted as non-radiative charge-trapping and
recombination process;[116, 117]| ky is a second-order rate constant, typically describing the

band-to-band radiative recombination process, though a few other reports have suggested the
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presence of second-order non-radiative processes;[117, 118, 119, 120] k3 is the third-order Auger
recombination (non-radiative process where the excess energy from the electron-hole recombi-
nation is transferred to electrons or holes that are subsequently excited to higher energy states
within the same band instead of giving off photons) rate constant. In semiconductors, carrier
lifetime (7) is defined as the average time it takes for a minority carrier to recombine. Com-
monly, in a semiconductor with high trap densities or high doping levels, the lifetime usually
refers to a time constant in an exponential decay defined under a first-order decay process with a
lifetime equal to 1/k;. It is worth noting that where the density of photogenerated states is less
than the background carrier density or when a minority population is present in the perovskite
layer, this second term behaves in an exponential manner, as band-to-band recombination can
be approximated to be pseudo-first-order, like in doped semiconductors.[116, 121, 122] In this
case, a first-order minority carrier lifetime is used to describe the dominant recombination
pathway. In the case of high excitation conditions, when the photoexcited carrier density is
higher than the majority carrier concentration (especially common for high-quality, intrinsic
semiconductors under solar or concentrated solar irradiation), the measured decay kinetics do

not follow the exponential model but has to be described by the full rate equation shown above.

In typical metal halide perovskites, such as MAPbI;, recombination has been reported to be
dominated by Auger recombination with a rate of ks when the charge carrier density is over
10'" em™3, whereas k; and k, dominate the charge concentration of <10 c¢cm™3 and 10'°
em ™3 to 107 em™3, respectively.[116, 123, 124, 125] In the condition of PV operating under
AM1.5 illumination, typical charge-carrier concentrations are relatively low (10 cm™3 to 1016
cm™3).[116, 125, 126] Therefore, considering these conditions, the Auger recombination can be
ignored, leading to mixed mono- and bi-molecular recombination. Solution-processed perovskite
films have been reported to exhibit high trap densities ranging from 10 ¢cm™=3 to 10'7 ecm=3.[124,
127, 128] As such, strong competition between k; and ks is thought to occur under operation.
This leads to current 3D perovskites usually reported to have low PL quantum yield (PLQY), a
term that evaluates the radiative recombination efficiency, with values of less than 1% without
passivation,[129, 130, 131] suggesting future work is still required to address these issues. It

should be noted that for PV applications, a dominance of band-to-band radiative recombination
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is desired, while any other recombination pathways should be minimized. Considering this, k;
should be as small as possible to favour the radiative recombination components in the rate
equation. Strikingly, having such large trap densities, the lifetimes of carriers in the perovskite
films have been shown to be over 100 ns - indicating significant tolerance to defects.[124, 132,
133] This unique character has been demonstrated both theoretically and experimentally and
found in many of the organic-inorganic lead halide perovskites, where most of the intrinsic
defects induced electronic states to reside either outside the bandgap or close to the edge of
conduction or valence band.[132, 134] These states close to the band edges, namely so-called
shallow traps, are less detrimental to device performance as these traps are suggested to be filled
at solar fluences due to a kinetic competition between fast trapping and slow trap-mediated
recombination.[135] Indeed, the lifetime can be improved to as long as over a few of us by
effective passivation,[121, 136] such slow decay kinetics are not expected compared to typical

direct gap semiconductors.[137]

Understanding the origin of the detrimental non-radiative recombination is crucial to developing
PSCs further and reaching their efficiency limits, though it is still a debated topic. Historically,
the main focus was reducing trap-assisted recombination at defects in the perovskite bulk or
at grain boundaries.[65, 138, 139] Remarkable improvements were achieved by putting much
effort into advanced perovskite fabrication methodologies to enhance the crystallinity, increase
the grain size, passivate the vacancies and grain boundaries, and form mulitcation and/or mul-
tihalide alloys.[67, 136, 140, 141, 142, 143] More recently, growing attention has been paid to
recombination losses at the perovskite surface.[98, 135, 144, 145] These investigations showed
that surface recombination is more important than recombination within the crystalline grains
and at internal grain boundaries. For example, it has been demonstrated that longer lifetimes
are observed in an unintentionally passivated polycrystalline perovskite film than in correspond-
ing single-crystal samples.[146, 147] Another report showed that large PLQY of around 20%
and enhanced V¢ of 1.28 V was achieved by employing tri-n-octylphosphine oxide to passivate
the top surface of MAPbI3 with bandgap of 1.6 eV.[147] Moreover, high PLQY s have also
been obtained in other perovskites such as KI passivated CsgosFAg79MAg15Pb(I10.85Bro.15)0.3
with recorded PLQY of 66%,[148] However, among the most efficient PSCs, Voo barely ex-
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ceeds 1.2 V.[37, 67, 91] To understand this, an increasing number of studies have focused
on understanding the recombination mechanisms behind this phenomena using absolute PL
measurements.[130, 147, 149, 150, 151] This measurement allows one to measure the PLQY
and thus calculate the corresponding Q) F'LS under a steady-state condition close to the actual
operating conditions, in contrast to the often employed transient measurements, such as tran-
sient absorption (TA) spectroscopy and time-resolved PL (TRPL). This measurement can also
be applied to various structures, ranging from films to complete devices, which enable one to
disentangle different recombination pathways. Taken together, these results strongly suggest
that the recombination losses of highly efficient PSCs have their primary origin at the interfaces

between the perovskite layer and its contacts.[130, 147, 152]

1.4.3 Charge carrier transport in perovskite

In addition to long charge carrier lifetimes, excellent charge transport is essential for achieving
high-performance PVs. This is because photogenerated charges need to drift (move of these
charges in response to an applied electric field) or diffuse (move of these charges from higher con-
centration to lower concentration) to the contact layers, depending on the operating conditions
of a device, before they are finally collected by the electrodes. Consequently, charge transport in
perovskites has been the subject of intensive study. Two key measures of charge transport in a
semiconductor are the mobility (1) and diffusion coefficient (D), which are ideally independent
of charge carrier density (i.e. neglecting carrier—carrier scattering), have also been measured and
discussed extensively. Current methodologies based on thin-film transistors, time of flight, and
space-charge-limited current techniques have shown that perovskite single crystals exhibit sim-
ilar electron and hole mobilities.[153, 154] First-principle calculations have suggested that this
similarity could be attributed to an almost equally effective mass for electrons and holes.[155]
Balanced transport behaviour can enhance charge collection as carriers can move away from
one another and contribute to spatial separation of charge. This suppresses recombination and
boosts performance. High mobility values of ~ 100 ecm?(V*s)~™! and diffusion coefficients of

over 30 cm?s™! have been reported in perovskite single crystals,[156, 157, 158] indicating that
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transport properties in perovskites are potentially comparable to highly crystalline inorganic
semiconductors with benchmark transport properties such as Si and GaAs,[159, 160]. Never-
theless, these values in solution-processed perovskite films for device fabrications are usually

one or two orders of magnitudes lower.[108, 157, 161, 162, 163, 164]

Another important parameter, carrier diffusion length (Lp), is also used to describe the charge
transport capability of the active layer in a practical solar cell, particularly when the internal
electric field is weak, such as at OC. This is because Lp considers the effects from both carrier

distribution and the recombination loss during the transport process, which is determined by

. ukBT
Lp = \ 7(n)e (15)

where 1 is the mobility, r(n) is the total recombination rate, kg, T, and e are the Boltzmann

the following equation:

constant, absolute temperature, and elementary charge, respectively. According to equation
1.4, the total recombination rate is expressed as r(n) = ki + kon + ksn?. Therefore, in a doped
semiconductor or a semiconductor where first-order recombination dominates, r(n) equals ky,
i.e. 1/7, where 7 is the first-order charge-carrier lifetime, as described in Section 1.4.2. In the
case of an intrinsic semiconductor or a situation when the second-order recombination process
is not negligible, such as a semiconductor with high charge carrier densities, the diffusion length
is primarily impacted by the actual r(n) value, which is often charge density dependent. There-
fore, due to relatively long lifetimes and low recombination rates, perovskites were reported to
have long diffusion lengths: over 175 um in MAPDI; single crystals and 5.4 pum in solution-
processed MAPDI3 films under solar illumination densities, which are much longer than the
thickness of the absorption layer in a typical PSC.[154, 165]. Diffusion lengths greater than
the film thickness allow the majority of photogenerated charge carriers within the perovskite
layer to be transported and collected by the contact layers. Nevertheless, in practice, the dy-
namic competition between charge transport to the interfaces to get collected versus charge

recombination within the bulk as a loss limits the performance of most PSCs.
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1.4.4 Charge carrier transfer from perovskite to its contacts

Rapid, irreversible charge transfer from the perovskite layer to its contact layer is critical to
overall charge extraction efficiency. However, less attention has been paid to this process in
comparison to recombination and charge transport behaviours within the perovskite layer. PL
quenching, a method comparing the PL of a perovskite layer with/without CTL/quencher, is
commonly used to measure charge transfer dynamics owing to its fast and straightforward op-
erational advantage. This is because one can assume the quenching of PL is an assay of charge
transfer, as PL is indicative of bulk charge carrier concentration. Whilst the steady-state PL
can estimate the amount and percentage of transferred charges, TRPL can, in addition, probe
the transfer kinetics, where fast charge transfer within ~ns has been observed.[122, 166] Other
measurements of transfer kinetics are also possible, such as the quenching of microwave photo-
conductivity (MWC) and absorption features from the absorption layer,[167, 168, 169] as well
as the transient absorption (TA) arising from charge injection into the CTLs, a method which
can exclude any surface recombination (non-radiative recombination at the perovskite/CTL

interface) effect.[167, 170]

Attempts have been made during the past decade to probe the charge transfer kinetics across
the perovskite/CTL interface. Varying charge transfer time constants have been reported, de-
pending on the perovskite, CTL and measurement technique used. Marchioro et al. suggested
that transfer for photogenerated charges from the perovskite to a mesoporous inorganic ETL
(TiOq) and HTL (2,2°,7,7’-Tetrakis[N,N-di(4-ethoxyphenyl)aminol-9,9’-spirobifluorene (spiro-
OMeTAD)) happens within tens to hundreds of picoseconds by using TA and MWC spectro-
scopy.[167] Later, Wang and his colleagues observed similar charge transfer time constants
between 2 to 150 ps for both mesoporous/compact TiOy and compact TiOz-only structured
perovskite films by using the same technique of femtosecond TA spectroscopy.[168] However,
much larger time scales of 0.7 ns for electron transfer from CH3NH3PbCl,I3_, to TiO, and 1.8
ns to Y203 were also reported by Hayase and his colleagues.[171] Carlito et al. also studied the
charge transfer dynamics at MAPbl;/PCBM and MAPDI;/spiro-OMeTAD interfaces, demon-

strating lifetimes of injection with hundreds of picoseconds to several nanoseconds for PCBM,
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and subpicosecond for spiro-OMeTAD.[108] Apart from those most widely used CTLs above,
the charge transfer kinetics from perovskite to many other materials has also been studied, such
as a few nanoseconds for poly(3-hexylthiophene-2 5-diyl) (P3HT), a few hundreds of picosec-
onds for CuSCN, NiO, and PTAA, and a few nanoseconds for C60 and indene-C60 bisadduct
(ICBA).[84, 169, 172, 173, 174] These disagreements may be due to the variation of trap den-
sities or charge transport abilities in the perovskite layer that may limit the measured kinetics,

depending on the fabrication process, passivation effectiveness, or the quality of contacts.

1.5 The physics of ion migration

1.5.1 The origin of ion migration

Ions in metal halide perovskites can easily migrate in the lattice due to their low migration
activation energy (FE4) (i.e., the energy required for the ion to hop from one equilibrium site
to a neighbouring one). The activation energy for ion migration can be derived from both
temperature-dependent electrical measurements and first-principle calculations.[175, 176, 177]

Experimentally, the value of F4 can be extracted from the Arrhenius equation:[177]

[' = ype kT (1.6)

where kg is the Boltzmann constant, T is the temperature, I' is the individual jump rate of ions,
and I'g is a constant. Usually, A cation and X anion and their vacancies are more mobile than B
cation because of their lower E4. For a typical MAPbI3 as an example, the E4 of I7, MA™, and
Pb?* migration has been calculated with values of 0.1, 0.5, and 0.8 eV, respectively, although
other values have also been reported due to different migration paths assumed.[175, 178, 179]

Nevertheless, these calculations indicate that I~ is the most mobile ion.

Ton migration typically occurs via point defects in the perovskite layer,[176, 180, 181, 182, 183]
though there are other possibilities for ion migration such as lattice distortion and strain-related

effects.[184, 185] Point defects are easily formed in solution-processed perovskite crystals. These
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(b)

Figure 1.9: Main ion migration channels.(a) Schottky defects, (b) Frenkel defects, (¢) grain boundaries. Copy-
right permission from reference [176].

include vacancies (e.g. V4=, Vp*~, Vx™T), interstitials (e.g. A;T, B;?*, X;7) and defect pairs
(e.g. Schottky defect, Frenkel defect).[180, 181, 182] These defects can act as a medium for
ion migration in the perovskite crystal lattice, among which two major point defect pairs,
the Schottky defect, and the Frenkel defect, are considered the primary migration channels, as
shown in Figure 1.9a and b.[176, 186] The Schottky defect that comprises two vacancy sites with
opposite charges (e.g., Vysa~ + V;T) involves the movement of an ion from one lattice site to
another through the nearest vacancy, whereas the Frenkel defect that comprises a vacancy and
its corresponding interstitial (e.g., I;” + V; T, MA;T + Vj;47) requires the diffusion of an ion
through the interstitial space.[176] In both ion migration mechanisms, vacancies and interstitials
with low formation energies can serve as ion migration channels.[181, 186] In solution-processed
polycrystalline perovskite films, grain boundaries (GBs) and grain surfaces are also likely to be
the primary channels for ion migration as they naturally have more defects and uncoordinated

atoms, see Figure 1.9¢.[187, 188]

1.5.2 The consequences of ion migration

Significant ion migration can accelerate the degradation of perovskite materials by causing un-
balanced local stoichiometric variations.[186] These variations can change the defect chemistry
and promote detrimental defects such as antisites (atoms of different type exchange positions)

and metal interstitials (atoms that occupy a site in the crystal structure at which there is
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Figure 1.10: Schematics of ionic and electronic carrier distributions (left) and corresponding band diagrams
(right) for three situations of interest: (a) the dark equilibrium, (b) immediately after the light turns on, and
(c) after prolonged illumination. Copyright permission from reference [196].

usually not an atom) and eventually reduced the device performance.[189] For example, it has
been demonstrated that metallic lead (PbY) is likely to form when Pb?*" ions lose their or-
ganic and halide ligands in the presence of light and heat, which will increase device shunt
(leaking) current and non-radiative recombination.[189, 190, 191] Further, mobile I~ ions are
susceptible oxidation into iodine (I?). This triggers a chain of chemical reactions which drive
degradation.[192] Moreover, ions from the perovskite layer may also migrate to the CTLs and

cause unnecessary doping, leading to additional electronic losses.[193, 194, 195]

Another detrimental effect of ion migration on perovskite is light-induced dealloying.[197, 198]
Particularly common in wide bandgap mixed halide perovskites (often used as the top absorber
of tandem solar cells), halide segregation can occur when the mixed halogens form Br-rich and
I-rich regions.[199, 200, 201] The origin of this phenomenon has been studied intensively and can
be ascribed to the interaction between photoexcited charges and the soft and ionic perovskite
lattice, including lattice strain induced by polaron formation, the existence of a miscibility gap

between two perovskites under illumination, defect-induced halide mobility, and illumination-
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induced positive free energies of mixing.[202, 203, 204, 205] Upon illumination, charge carriers
can be funnelled towards the lower bandgap I-rich phase leading to charge accumulation that
would enhance localized recombination losses. Besides halides, cations can also segregate in
mixed-cation perovskites,[206] such as the formation of Cs-rich clusters found in the aged FA-

Cs-mixed-cation perovskite films, which can block the flow of current.[207]

Moreover, ion migration can also influence the electric field distribution within the PSCs, which
leads to significant changes in charge carrier dynamics.[196, 208, 209, 210] As discussed in the
last section, the transport and transfer of electrons and holes in a typical PSCs is usually on
the time scale of <100 microseconds, which is fast compared to the timescale of ion migration
(ms-s).[175, 211, 212] However, slow (10 ms to 100 s) electronic and optoelectronic dynamics are
often observed in PSCs, such as J-V hysteresis, switchable PV behaviour, slow photocurrent
transients, and massive apparent capacitances.[213, 214] The cause of these phenomena can
be attributed to ion migration.[179, 215, 216, 217, 218] The effect of ion migration on device
physics has been suggested by Barnes et al., with others drawing the similar conclusion.[218,
219] In the case of no external bias and light, i.e. dark equilibrium, ions can accumulate at
interfaces to screen the built-in potential due to the difference in work functions of the contact
materials (illustrated in Figure 1.10a). Therefore, assuming sufficiently mobile ions, only very
narrow (compared to the thickness of the active layer of 300-500 nm) space-charge at the
perovskite/CTL interface experience a significant electric field. In contrast, the bulk perovskite
remains almost field-free. Upon illumination or under an applied bias, the electrical potential
across the device is changed in relative to the dark equilibrium. Here an instantaneous electric
field within the perovskite bulk is generated (see Figure 1.10b), which is subsequently screened
over time with a time constant corresponding to the time-scale for ionic charge redistribution
(see Figure 1.10¢).[218, 220] These behaviours significantly influence device performance under
equilibrium conditions by influencing both the recombination and extraction dynamics in cells.
The field-free region that covers the majority of the perovskite layer leads to electrons and
holes having to diffuse rather than drift to the contact layers, which could potentially result in
charge accumulation in the bulk perovskite at low bias conditions or the introduction additional

surface (interface) recombination due to the transferred charges in the contacts being able to
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approach one another.[221, 222, 223]

1.6 In this thesis

This thesis focuses on understanding the photogenerated charge carrier dynamics in differently
processed PSCs. This includes charge recombination and charge transport within the perovskite
layer, as well as charge recombination and charge transfer at the perovskite/CTL interface,
and the effects of these on the overall charge extraction efficiency. To probe these physical
processes, contactless optical spectroscopy is used, such as PL (photoluminescence), TRPL
(time-resolved photoluminescence), TA (transient absorption), EL (electroluminescence) and
UV-Vis (ultraviolet—visible) spectroscopies. A wide range of device structures was studied,
with samples ranging from neat films to complete cells. A range of processing techniques and
fabrication methodologies are also considered. By understanding the photophysical properties
of these samples, commonly used device fabrication methodologies are linked to charge carrier
dynamics in order to explain the measured solar cell performance. Strategies for improving

PSC performance are also discussed.

Although a coherent picture of the underlying device physics in terms of charge carrier dy-
namics in PSCs is emerging, independent methods to interrogate physical processes within
individual PSCs are needed to produce reliable qualitative estimates of key physical parame-
ters. In particular, probes of the total charge extraction efficiency and the underlying charge
recombination, transport, and transfer kinetics will help elucidate the loss mechanism and iden-
tify the limitation behind current state-of-the-art fabrication techniques. Previous literature
on the parameters for evaluating these physical processes, especially on charge transport and
transfer lifetimes, has been reported in a wide range of values, as discussed in Section 1.4. These
variations may reflect the difference in the way of how samples are prepared and how they are
measured. Thus, this thesis will explore the correlation between charge carrier dynamics and
device performance by considering the factors of fabrication methodologies, sample structures,

and measurement conditions, such as light intensity, external bias, etc.

27



Reducing non-radiative recombination losses either in the perovskite layer or at its interfaces
is the key to exploring the total capacity of the PSCs. To address these issues, optimizing the
perovskite layer quality through precursor engineering, annealing and defect passivation, and
improving the contacting properties by developing new CTLs and surface modification, are the
most effective and widely used methods.[149, 224, 225 226] Whist enormous work has been
dedicated to developing new materials and their deposition methodologies, discussions on the
origin of their improvement or limitation are insufficient. This thesis focuses on revealing loss
mechanisms by probing charge carrier dynamics and provides new insight into these passivation

strategies.

Chapter 2 gives an outline of the methods by which the goals of this thesis are achieved.
Chapter 3 discusses the charge carrier dynamics in three types of PSCs probed using a custom-
built steady-state PL spectroscopy system. By comparing emissions at different light intensities
(< 1 sun, 1-sun and > 1 sun), this optical measurement method provides insight into the
dominant recombination mechanism close to the actual PV operation conditions. PL is a result
of radiative recombination in the perovskite layer, reflecting the charge carrier concentration
within this layer. Therefore, by measuring the PL of a device at its open circuit (OC) and short
circuit (SC), the charges remained in the bulk and charges extracted to the external circuit can
be compared. This measurement provides a probe of both recombination dynamics at OC in
correlation to Voo as well as the overall effective charge extraction efficiency of the PSCs in
relation to Jso and F'F. It is then applied to study PSCs processed by three independent
fabrication methods, including the control of perovskite layer thickness, defect passivation by
precursor engineering and CTL modification by introducing nanomaterials. A particular focus

lies on the material processing on total charge extraction.

In Chapter 4, the impacts of energetic alignment between the perovskite layer and its ETL on
surface recombination and charge extraction are investigated. An operando PL system, which is
based on but more advanced than the method used in Chapter 3, is developed. This system can
measure real-time absolute PL spectra during a J-V scan under 1-sun equivalent illumination,
allowing direct comparison between the internal performance (from recombination currents and

QFLS) and the external performance (from J-V) of a PSC in operation. Four PSCs which have

28



ETLs with differing LUMOs are particularly studied. Additionally, this Chapter also discusses
the impact of ion migration on both the optical and electrical characteristics, the analysis of

which was based on an established Drift-diffusion simulation methodology: Driftfusion.

Whilst superior charge transport properties have been demonstrated in perovskite single crys-
tals, [153, 227] Chapter 5 discussed the effect of spatial inhomogeneity, such as GBs and impu-
rity, that influence the charge transport in solution-processed polycrystalline perovskite films.
Meanwhile, comparisons between the ETL and HTL in terms of charge transfer kinetics are
also compared. In this study, spatially localized TRPL was mainly used to monitor carrier pop-
ulations generated adjacent to or on the opposite of perovskite/CTL interfaces. In this way,
different processes determining extraction efficiency, namely charge carrier transport through
the active layer, charge transfer from the active layer to a contact layer, and their competition
with charge carrier trapping/recombination processes in the perovskite bulk and at the surface
can be probed independently. In particular, the effect of different perovskite layer thicknesses
and the presence of GBs on charge extraction and, thereby on device performance were dis-
cussed. Finally, a novel and universal post-deposition treatment were employed to eliminate
those lateral GBs to improve the charge transport within the perovskite and to further enhance

the overall device performance.
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Chapter 2

Methods

This chapter introduces the experimental procedures, techniques and related characterisation
methods used in this thesis, including materials preparation, device fabrication, and their cor-
responding characterisations. The set-up, operation method and data analysis of some main
electrical and optical measurements used in the following chapters are also described. Further

details specific to each research chapter can be found in the results section of these chapters.

2.1 Materials and device fabrication

Some samples and devices studied in this thesis were fabricated by myself, and some were by
collaborators. More details are illustrated in each results chapter except for this subsection
(Section 2.1), which demonstrates the sample and device preparation methods shared within

the Durrant group used by Dr Tian Du and me.
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2.1.1 Solution preparation

Perovskite precursor solutions

The standard MAPbI;3 precursor solution with a certain concentration (e.g. 1.5 M) was prepared
by dissolving Pbly (TCI, 99.99 %) and CH3NH3I (MAI, Dyesol, 99.99 %) at a molar ratio of
1:1 in anhydrous N,N-dimethylformamide (DMF, Sigma)/dimethyl sulfoxide (DMSO, Sigma)

(9 : 1.1 volume ratio).

The double cation perovskite precursor solution FAg g5Csg.05Pbls 7Brgs of 1.35 M was prepared
by dissolving formamidinium iodide (FAI, 99.99 % purity, Great Cell), cesium iodide (Csl, 99.9%
purity, AlfaAesar), Pbl, (99.99 % purity, TCI) and lead bromide (PbBry, 99.99 % purity, TCI)
at a molar ratio of 0.95 : 0.05: 0.9 : 0.1 in anhydrous DMF (Sigma)/DMSO (Sigma) (9 : 1.1

volume ratio).

Solution for the contact layers

The hole transport materials employed in this thesis include PEDOT:PSS (Ossila), PTPD (Os-
sila) and PTAA (Ossila). PEDOT:PSS is solution based and can be used instantly. PTAA and
PTPD solutions were prepared by dissolving 2.5 mg powder in chlorobenzene (chlorobenzene).
Due to the low wettability for perovskite precursor on PTAA and PTPD, in p-i-n structure
Poly [(9,9-bis(3’-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)] (PFN

-Br, 1-Material) were introduced and prepared by dissolving 1 mg powder in 20 mL methanol.

The electron transport materials employed in this thesis are organic fullerene derivatives, in-
cluding ICBA, indene-C60-propionic acid hexyl ester (IPH), PCBM and KLOC-6. Solution
of fullerene derivatives was prepared by dissolving 15 mg ICBA (Solenne, 99 %), 23 mg IPH
(Solenne, 99 % purity), 23 mg PCBM (Solenne, 99.5 % purity) and 15 mg KLOC-6 (Solenne, 99
% purity) in 1 mL chlorobenzene, respectively. An additional thin BCP layer is also necessary
for p-i-n PSC in between the CTL and cathode, acting as a blocking layer. The BCP solution

was prepared by dissolving 5 mg BCP (Lumtec, 99.5 % purity) powder in 10 mL methanol.
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2.1.2 Perovskite solar cell fabrication

Device fabrication

The p-i-n PSC studied in this thesis has the same structure as ITO/PTAA or PTPD/perovskite/
CTL/BCP /metal electrode. The ITO substrate was sequentially cleaned in an ultrasonic bath
in acetone, detergent solution (Decon 90), deionised water, acetone, and isopropanol for 5 min
in each solvent. The ITO was then dried with a nitrogen blow and treated by oxygen plasma
for 8 min. PTAA/PTPD solution was then spin-coated on the ITO at 5000 rpm with an
acceleration of 5000 rpm for 20 s. To improve the wetting property, PFN-Br was subsequently
spin-coated on top of the PTAA at 5000 rpm with an acceleration of 5000 rpm for 20 s. The
substrate was transferred into an N, filled glove box afterwards. Perovskite precursor was
spin-coated on the as-prepared substrates at 4000 rpm with an acceleration of 4000 rpm for
20 s, 0.4 mL of diethyl ether was rapidly dropped onto the substrate at 7 s for MAPbI3 and
10 s for FA(.95Csg.05Pbls 7Brg 3, respectively. The substrate was then immediately annealed at
65 °C for 2 min before further annealing at 100 °C, 1 h for MAPI3, and 150 °C, 15 min for
FAg.95Csg.05Pbls 7Brg 3, respectively. After the substrates were cooled to room temperature, the
fullerene derivative-based CTL solution was spin-coated on top of the as-prepared perovskite
substrate at 2000 rpm with an acceleration of 4000 rpm for 20 s. BCP was immediately spin-
coated on top of the PCBM layer at 5000 rpm with an acceleration of 5000 rpm for 20 s
before the substrate was transferred into a thermal evaporator. Finally, 100 nm of Ag/Cu was
thermally evaporated through a shadow mask onto the substrate as a top electrode of the device

under a vacuum pressure of 5x10% mbar.

Aerosol-assisted solvent vapour annealing

This experiment is contributed by Dr Tian Du.

Aerosol-assisted solvent vapour annealing (AAS) treatments on perovskite films were carried
out in an aerosol-assisted solvent vapour deposition system, with the schematic diagram shown

in Figure 2.1. MAPDI; films of 750 nm were prepared with the same method as above in an Nj-
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Figure 2.1: Schematic diagram of aerosol-assisted solvent vapour annealing treatment. This experiment is
conducted by Dr Tian Du.

filled glove box and were annealed at 100 °C for 2 min to allow the films to turn black. The films
were then transferred into the reactor chamber and placed on a graphite block heated at 100
°C. The aerosol of DMF was generated by ultrasonicating a bubbler containing DMF solvent
with a piezoelectric generator and was carried by Ny flow into the reactor with a flow rate of 0.5
dm?® min~! for 5 min. After switching off aerosol generation, Ny flow was continuously carried
out for another 5 min to remove the remaining DMF in the reactor chamber. At the same time,
the heating was switched off, and the reactor chamber was cooled down to room temperature.
Samples were then transferred back into an Ns-filled glove box for additional thermal annealing

at 100 °C for 20 min.

2.2 Materials characterisation

2.2.1 Scanning electron microscopy

This measurement is conducted by Dr Tian Du.

SEM films were prepared using the same method as device fabrication with an ITO/HTL/
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perovskite structure. All films are then coated with a thin chromium layer before measurement.
The images were obtained using an LEO Gemini 1525 field emission gun scanning electron

microscope. The acceleration voltage was set at 3-5 kV.

2.2.2 X-ray diffraction

The XRD samples were prepared by directly depositing perovskite on top of ITO substrates.
XRD patterns were obtained using a Bruker D2 PHASER diffractometer Cu Ka (I = 1.5406

A°) source, samples were spun during measurement.

2.3 Electronic characterisation

The space charge-limited current (SCLC) measurement and analysis are conducted by Francesco
Furlan; the thin film transistor (TFT) measurement and analysis are completed by Dr Julianna

Panidi.

2.3.1 Space charge-limited current measurement

Electron-only devices were fabricated onto patterned ITO-coated glass, previously cleaned in
detergent and water, and then ultrasonicated in acetone and isopropyl alcohol for 15 min
cach. The device structure employed is ITO/ZnO/PEIE/ETL/Ca/Al, where different ETLs
are introduced with ICBA, IPH, PCBM and KLOC-6, respectively. Zinc oxide (ZnO) precursor
solution was prepared from zinc acetate dihydrate (219.5 mg), ethanolamine (60 pL), and 2-
methoxyethanol (2 mL). This ZnO precursor solution was filtered through a 0.45 pm Acrodisc
filter, spin-coated onto the plasma-treated substrates at 4000 rpm for 40 s, and annealed at
180 °C for 15 min. This process is followed by a rinsing step with PEIE (polyethylenimine
ethoxylated) (0.5% wt in 2-methoxyethanol) and further anneal at 100 °C for 10 min to dry.

All active layer thin films are then deposited in inert conditions in chlorobenzene at a spin
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speed of 1000 rpm. Calcium (Ca 20 nm) and Aluminum (Al 100 nm) were then deposited by

evaporation through a shadow mask with pixel areas of 0.045 cm?.

To fit the J-V curves, a method following Blackesley et al. is used.[228] For JocV*, when the
value of X is close to 2, the Mott-Gurney equation is employed:
9 V2

J = SE0Ert (2.1)

Here €, is the relative dielectric constant of the material (3 was assumed), €y is the vacuum
permittivity, 1 is the mobility, d is the film thickness, 7 is the field activation factor of mobility,

and V is the applied voltage.

In case the value of A is higher than 3, the Mott—Gurney equation is modified to account for

field-dependent mobility as follows:

9 V = Vii)? 0897/ Y= 1e
J = 860@/10([/3[7)6 VT (2.2)

where 1 is the zero-field mobility, V;; is the built-in potential resulting from the work function
difference of the electrodes, L is the film thickness, and V' is the applied voltage corrected for
the voltage drop across the series resistance due to contacts. When extracting the values of pg
and v from the experimental data, the value of p at any field E can be obtained by using the
Poole-Frenkel expression:

= poe™V? (2.3)

Figure 4.2 in Chapter 4 shows the J-V plots of the electron-only devices. Thicknesses of
ETLs are measured with a dektak profilometer with 35 nm, 35 nm, 75 nm and 35 nm for
ICBA, IPH, PCBM and KLOC-6, respectively. The mobilities extracted from these plots are
3x107°ecm?V—1s7! 5x10 %cm?V~1s71, 5x107%cm?V~1s7!, and 1x10 %cm?V~1s~! for ICBA,

IPH, PCBM and KLOC-6, respectively.
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2.3.2 Thin film transistor measurement

Bottom contact, top gate thin film transistors were fabricated in a nitrogen-filled glove box
in order to evaluate the electron charge carrier mobility. Glass substrates were cleaned by
sonication in a detergent solution (Decon 90), followed by sonication in acetone and isopropanol
for 5 min respectively. Gold source and drain electrodes of 40 nm were deposited via thermal
evaporation through shadow masks (device channel length 30 nm and width 1000 nm) in a
high vacuum (5x107% mbar). The CTLs were spin-coated from a 20 mg ml~' solution in
chlorobenzene at 1500 rpm for 30 s, followed by 10 min of thermal annealing at 100 °C As
the dielectric layer, 900 nm of CYTOP were used, and 40 nm of aluminium were thermally
evaporated as the gate electrodes. An electrical characterisation by applying different source,

drain and gate voltages as well as recording the corresponding current was conducted using a

Keithley 4200 SCS.

Figure 4.3 in Chapter 4 shows the representative transfer (a-c) and output (d-f) characteristics
of bottom contact, top gate (a,d) ICBA, (b,e) PCBM and (c,f) KLOC-6 TFTs. The electron
charge carrier mobility in the linear regime was found 0.04 cm?V~!s~! for ICBA, 0.08 cm?V~!s~!
for PCBM and 0.003 cm?V~!s7! for KLOC-6, and in the saturation regime 0.05 cm?V~1s™!
for ICBA, 0.38 cm?V~!s™! for PCBM and 0.005 cm?V~!s~! for KLOC-6. IPH TFTs were also

fabricated, but field effect was not observed.

The linear mobility was calculated by the following equation:

L0l
Hiin = yrev, Vv,

(2.4)

where L and W are the channel length and width of the devices (30 and 1000 pm), C; is the
dielectric capacitance, Ip; is the drain current in the linear regime, Vp is the drain voltage,
and Vg is the gate voltage. The saturation mobility was calculated by using equation:

L @mw
Hsat = yrav, oV

) (2.5)
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where the second derivative of the Ip ¢ (drain current in the saturation regime) versus Vg was

extracted from the slope of the Ip ¢'/2 versus V.

2.4 Optical spectroscopy characterisation

For all the optical measurements in this study, samples and devices are encapsulated in an Ny

filled glove box prior to conducting the measurements to avoid any contact with the air.

2.4.1 Steady-state absorption spectroscopy

The ultraviolet-visible absorbance and reflectance spectra were acquired from a Shimadzu UV-
1601 spectrophotometer. The reflectance was obtained by measuring the absolute reflected
light from the sample through an integrating sphere compared to a reference light measured

from a barium sulphate plate.

2.4.2 Time-resolved photoluminescence spectroscopy

TRPL experiments were carried out on a Delta Flex system (detector: PPD-900, Horiba sci-
entific). Laser diodes with < 200 ps pulse duration (NanoLED, Horiba scientific) of 405 nm or
635 nm in wavelength were used for excitation with a repetition rate of 1 MHz and fluence of

0.4 nj/cm? and 0.1 nj/cm? per pulse were used respectively.

Specifically, for Chapter 4 another system of FLS1000 PL spectrometer from Edinburgh In-
struments was used. Pulsed laser diodes with wavelengths of 637 nm and 405 nm were used
as the excitation light source. The fluences are measured using an LED power meter with 5.3
mW /cm? ( 2.65 nJ/cm?) for 637 nm and 6 mW /cm? (3 nJ/cm?) for 405 nm at a frequency of

2 MHz. PL was recorded through a 700 nm long pass filter at a 778 nm peak wavelength.
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2.4.3 Ultrafast transient absorption spectroscopy

Ultrafast TA spectroscopy measurement was carried out by using an amplified Ti:sapphire
laser (Solstice, Spectra Physics), with a 800 nm laser pulse (< 200 fs, 1 kHz repetition rate).
The laser pulse is divided into the pump and the probe by using a beam splitter. The pump
laser at the excitation wavelength used is generated through an optical parametric amplifier
(TOPAS Prime, Light Conversion) and a frequency mixer (NirUVis, Light Conversion). The
probe pulse at specific time delays is generated through a mechanical delay stage, which delays
it by an adjustable period (maximum of 6 ns) relative to the pump pulse. The continuous white
light probe in the 450-800 nm region is generated by focusing the probe pulse into a sapphire
crystal. Then, the probe pulse is divided before the sample into two pulses, one is directed
to the sample, and the other is used as the reference. Both pulses are directed to a separate
multichannel spectrometer. The continuum probe pulse on the samples is spatially overlapped
with the pump pulse. The pump pulse is chopped by a synchronized chopper with a frequency
of 500 Hz. Pulse energies were measured using an energy meter (OPHIR Photonics, VEGA
P/N 77Z01560) with a 500 pum diameter aperture.

2.4.4 Steady-state photoluminescence spectroscopy

The PL spectra used in Chapter 3 and Chapter 5 were collected by a Horiba Jobin—Yvon
Fluorolog-3 spectrofluorometer. A continuous wavelength (CW) 635 nm laser module purchased
from THORLABS with a power of 5 mW was used for excitation. After the sample, a long
pass filter after 665 nm was used before the detectors to avoid scattered laser light going into
the detector and causing high background. The set-up details are shown in Figure 2.2. For a
device PL measurement, the device was held at either SC or OC conditions by connecting or
disconnecting the top and bottom electrodes. A mask smaller than its pixel size was used to
avoid the non-active area contributing to the PL. The laser beam is able to cover the whole
mask area. The excitation intensity was adjusted to 1-sun equivalent by matching the Jgo of
a device under both laser and solar simulator. The light-intensity-dependent PL. measurement

was achieved by passing the laser through variable neutral density filters and a lens to reduce
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Figure 2.2: Set-up for the light intensity-dependent PL measurement. A 635 nm CW laser was employed for
excitation.

or enhance the light intensity.

The film PL and light-intensity-dependent device PL spectra discussed in Chapter 4 were
measured under a system with the same setting-up as the operando PL measurement, as dis-
cussed further below. Different excitation fluxes were achieved by passing a 532 nm laser
through variable neutral density filters. The light intensity was measured via a digital power
meter (THORLABS, PM100D) through a photodiode sensor (THORLABS, S120VC). In this
measurement, no pre-illumination/ light soaking procedure was conducted before taking each
spectrum, and the laser was immediately blocked right after each spectrum was taken with an
exposure time of less than 2 s, where the device was kept in the dark for at least 30 s before
taking the next spectrum. During the measurement under SC, photocurrents at each light

intensity were recorded.

2.5 Optoelectric characterisation

Some of these measurements were conducted by myself, and others by collaborators. Further

details are specified in each chapter.
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2.5.1 Device performance characterisation

The performance of a solar cell was determined by recording its J-V scans by a Keithley 2400

source meter under one sun (AM 1.5) illumination from a calibrated solar simulator.

2.5.2 External quantum efficiency spectroscopy

The external quantum efficiency of a PSC EQFEpy measurements were conducted under a
halogen lamp chopped to a frequency of 188 Hz through a Newport monochromator with a four-
point probe in connection with a lock-in amplifier for data collection. A silicon photodiode was
used for the reference calibration, and the data were analysed with Tracer 3.2 software (LOT)

to produce the EQ FEpy spectra.

2.5.3 Operando photoluminescence spectroscopy

System set-up and measurement procedures

Figure 2.3 shows the schematic drawing of operando PL setting up, where a home-built system
by coupling an integrating sphere (AvaSphere-50-REFL, AVANTES), a spectrograph (Kymera
193i, Andor) and a CCD camera (DU420A-BEX2-DD, Andor) for the PL spectrum collection,
a potentiostat (Ivium Vertex.100mA.EIS) for the voltage apply and current recording, a 532
nm laser diode module (THORLABS, CPS532b) for photoexcitation. A Labview code was
specially developed for system control and data collection. A mercury light calibration source
(AvaLight-CAL-MINI, AVANTES) was used for wavelength correction, while a halogen light
source (AvaLight-HALCAL-ISP50-MINI, AVANTES) was used for the absolute photon flux
calibration. The excitation intensity was adjusted to 1-sun equivalent by matching the Jg¢o
of a PCBM device under both laser and solar simulator. A mask smaller than the pixel area
was used during the measurement in order to make sure all exposure areas were covered with
electrodes. All devices are encapsulated in the nitrogen-filled glove box prior to undertaking

any measurements to avoid air exposure. All operando PL measurements were undertaken at
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Figure 2.3: Schematic drawing of operando PL set-up. A CW laser diode with 532 nm is employed for excitation.

An integrating sphere is used for collecting the total emission, which is delivered to a spectrograph and a CCD
camera through a liquid light guide.

a scan rate of 7 mV/s, and all PSCs were soaked under the laser light for 5 min while being

held at a bias voltage of 0.2 V before scanning.

Photoluminescence, electroluminescence quantum yield and quasi-Fermi-level-splitting

determination

The system was calibrated by shining a halogen lamp of known spectrum and irradiance into
the integrating sphere. A spectral correction factor was determined to ensure the detected

spectrum of the lamp matched its known spectral irradiance. The spectral photon density

of the corrected spectrum was then divided by the photon energy, followed by a numerical
integration to obtain the absolute photon count for the excitation, PL, and EL. The PLQY
was determined by dividing the PL photon numbers by the excitation photon numbers, while

the EQFg;, was determined by dividing the EL photon numbers by the injected electron-hole

41



pairs calculated from the dark current. The calculation of QF LS follows this equation

Irad ) = kBTln(PLQY@) (2.6)

0,rad 0,rad

QFLS = kT In(

where the radiative current (J,4q) and the generation current (J,.,) were calculated by con-
verting the absolute emitted photon numbers and excitation photon numbers into the currents
(photons per second multiplied by elementary charge), respectively. The dark radiative current
(Jo.raa) Was calculated by using a method the same as the previous reports.[150, 229] In brief,
it was calculated by multiplying the black body radiation emission by the external quantum

efficiency of the PCBM device,

Torar = | ANEQEpy (N5 (2.7)

with a value of 2.3 x 1072* A c¢m~2 used in this work.

2.6 Numerical simulation

This section below here is in support of the simulation discussion in Chapter 4. Lucy Hart

conducted this simulation.

The simulations were performed using Driftfusion simulation, an open-source code for simu-
lating ordered semiconductor devices with mixed ionic-electronic conducting materials in one
dimension.[230] The simulation parameters used for the CTL, HTL and perovskite layers are
provided below and were chosen to represent the PSCs used in the experimental measurements.
However, this thesis does not assume the simulation results are not a fully accurate represen-
tation of the conditions within the PSC. Instead, it focuses its discussion on the trends found

to be the most robust across a wide range of input parameters.
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Table 2.1: Summary of the simulation parameters for the perovskite layer. This table is contributed
by Lucy Hart.

Parameter Value Reference
Perovskite Bandgap 1.60 eV [231]
Perovskite Valance Band Energy -5.50 eV [231]
Perovskite Fermi Level -4.70 eV Intrinsic
Perovskite Thickness 400 nm Measured by Dektak
Perovskite Carrier Mobility 2.0 cm?V~1s! [232]
Perovskite Ton Mobility 1072 ecm?V—ls™! [233]
Electron SRH Lifetime 300 ns [234]
Hole SRH Lifetime 3 ns [234]
SRH Trap State Energy Level -4.7 eV [234]
Radiative Recombination Rate 107 ¢m™3 [116]
Perovskite Relative Permittivity 25 [235]
Perovskite Effective Density of States 10" em ™3 [135]
Cation Density 2x10'7 cm ™3 [233, 235
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Table 2.2: Summary of the simulation parameters for the HTL. This table is contributed by Lucy Hart.

Parameter Value Reference
HTL Bandgap 3.00 eV
HTL HOMO Energy -5.20 eV [236]
HTL Fermi Level -4.70 eV Intrinsic
Anode Work Function Thickness -5.10 eV
HTL Thickness 10 nm [237]
HTL Mobility 5x107% cm?V~1s7! [236]
HTL Relative Permittivity 3.0 [238]
Electron Surface Recombination Velocity 25 cms !
HTL Effective Density of States 10* ¢cm~3

Table 2.3: Summary of the simulation parameters for the different CTLs. This table is contributed by
Lucy Hart.

Parameter KLOC-6 PCBM ICBA Reference
CTL Bandgap 2eV 2eV 2eV [239]
CTL LUMO Energy -4.25 eV -3.95 eV -3.75 eV
CTL Fermi Level -5.25 eV -4.95 eV -4.75 eV
Cathode Work Function -4.00 eV -4.00 eV -4.00 eV
CTL Thickness 20 nm 30 nm 15 nm
CTL Mobility 8x1077 em?V~ls™t 5x107* em?V~is™! 1x107° cm?VlsT!
CTL Relative Permittivity 4.5 4.5 4.5 [240]
Hole Surface Recombination Velocity 500 cms ™! 250 cms~! 250 cms ™!
CTL Effective Density of States 1020 ¢cm ™3 10%° cm ™3 1020 cm ™3 [241]
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Chapter 3

Probing the Charge Recombination
and Extraction in p-i-n Perovskite
Solar Cells by Using Device Open
Circuit to Short Circuit
Photoluminescence (Quenching

Measurement

3.1 Declaration of contributions

The results presented in Section 3.4 contribute to the publication of the paper: Light-intensity
and thickness dependent efficiency of planar perovskite solar cells: charge recombination versus

extraction.[222]

The results presented in Section 3.5 contribute to the publication of the paper: Correlating

active layer structure and composition with device performance and lifetime in amino acid-
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modified perovskite solar cells.[141]

The results presented in Section 3.6 contribute to the publication of the paper: Phosphorene

nanoribbon-augmented optoelectronics for enhanced hole extraction.[242]

Dr Tian Du, Dr Chieh-Ting Lin, and Dr Thomas Macdonald carried out the thickness-dependent,
amino-acid-additive-based and phosphorene nanoribbon-based device fabrication and their cor-
responding J-V characterisation for each section below, respectively. Apart from these, the

optical transfer matrix analysis in Section 3.4 was conducted by Dr Shengda Xu.

3.2 Abstract

Developing high-quality perovskite layers and their ideal contacts is the key to achieving efficient
PSCs. Whilst tremendous efforts have been devoted to reducing the defect density to improve
Voc, fewer studies looked into the impact of new emerging methods on charge extraction. The
charge extraction process, including its underlying charge recombination, transport and trans-
fer processes, is directly correlated to Jso and FF and thus to the overall PCE. Therefore,
understanding these processes is crucial to enhance the performance of current state-of-the-art
PSCs further. In this chapter, several different material and device engineering methodologies
for improving the PCE of p-i-n PSCs are introduced. These methodologies include controlling
the perovskite layer thickness, defect passivation by additive engineering, and modification of
hole transport contacts. Subsequently, the charge carrier dynamics of the devices fabricated by
these new methodologies are discussed. PL is a consequence of radiative recombination, repre-
senting charge carrier concentration in the active layer of a PSC. Based on these fundamentals,
one can estimate the charge extraction efficiency of these cells by comparing the PL of a device
between its OC and SC, where PL is quenched when the device is switched from OC to SC. The
quenching of the PL at SC relative to OC can be seen as a measure of the extraction efficiency
at SC. The charge extraction processes are elucidated by combining this method with a variety
of other optical spectroscopy techniques, and the losses and gains of these device processing

methodologies are also discussed, which provides new guidance for designing and processing

46



future p-i-n PSCs.

3.3 Introduction

Recently, PSCs have been developed extensively, as discussed in Chapter 1, Section 1.3.[36,
243| However, the PCEs of present PSCs are still behind the radiative limit defined by the
Shockley—Queisser (SQ) theory, which assumes that all recombination in a solar cell should be
radiative.[244, 245] Therefore, minimizing all the other non-radiative losses is key to further

improving the performances of current state-of-the-art PSCs towards the radiative limit.

On the one hand, tremendous strategies for suppressing non-radiative losses have been de-
veloped, as also discussed in Chapter 1, Section 1.3. These strategies include the control of
perovskite crystallization, defect passivation and interface engineering, the formation of graded
junctions, etc. Whilst most of them focused on reducing the defect densities of the perovskite
layer, which has a significant effect on Vo enhancement, fewer approaches were reported for

improving the total charge extraction efficiency, which is more correlated with the Jg¢o and FF.

On the other hand, understanding the origin of non-radiative losses and their impact on PV
performance is vital, whereby new strategies can be more effective in targeting specific issues.
As discussed in Chapter 1, the major losses are thought to happen in the perovskite bulk
and/or at the perovskite/CTL interfaces, i.e., trap-assisted bulk recombination and surface
recombination. Various techniques have been employed to investigate these recombination
dynamics, among which transient PL and pump-probe spectroscopy are widely used.[226, 246]
The advantage of these transient techniques is that recombination rate constants, together
with other physical properties such as mobility and diffusion length, can be extracted from
their decay kinetics. However, parameters, like charge carrier lifetimes, determined from these
measurements vary widely in the literature, which might be due to the different measurement
conditions (e.g. excitation intensity).[98, 125] Besides, these techniques are limited to measuring
film-structured samples (OC only), whereas a solar cell operates under lower biases. These

uncertainties lead to many of the explanations in the literature being ambiguous and under
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debate. Key considerations of recombination versus extraction of photogenerated free carriers
under operating conditions and how these dynamics correlate to device performance have rarely

been addressed.

A particular PL system was designed by considering the effects of light intensity and bias to
overcome the challenges in determining the charge extraction efficiency. Excitation with varying
intensities can be achieved by using a tunable light source. For example, 1-sun equivalent
illumination is performed to correlate the measured PL spectra to the PSC J-V parameters
measured under AM 1.5. The detailed set-up is demonstrated in Figure 2.2 in Chapter 2, Section
2.4. Moreover, the PL spectra from a complete PSC can be measured while the device can be
switched from OC to SC during the measurement. As PL is indicative of the charge carrier
concentration in the active layer of a PSC, the charge extraction efficiency of these cells can be
estimated by comparing the PL between OC and SC. This methodology was first demonstrated
in a previous work of ours by studying a few p-i-n PSCs with varied HTMs,[221] where it
allows one to investigate how photogenerated charge carriers recombine and are extracted in
these cells. The results suggested that high open-circuit PL (PLo¢) indicative of minor non-
radiative recombination and large QF LS, and low short-circuit PL (PLgc) implying fewer
charges accumulated in the bulk perovskite, are desired for an efficient cell. To evaluate the
effective charge extraction efficiency, a figure of merit, device OC-to-SC PL quenching efficiency
(PLQoc-sc), calculated by (PLoc — PLsc)/PLoc, was put forward. The related operation

method and set-up are illustrated in Chapter 2, Section 2.4.

In this Chapter, three different fabrication approaches for improving device PCE are introduced,
and the particularly designed device PL spectroscopy is applied to study their impacts on
charge recombination and extraction dynamics. Thickness and light intensity variations are
first considered to reveal the fundamental device physics behind the p-i-n PSCs, as discussed
in Section 3.4. Charge distribution and charge extraction dynamics on changing the dominant
recombination pathways (e.g. bulk and interface), and their effects on J-V parameters under
different operating conditions were investigated. Section 3.5 demonstrates a new passivation
method using amino acid-based additives with various carbon chain lengths and compares their

impacts on device performance as well as charge extraction efficiency. Finally, In Section 3.6,
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devices with a phosphorene nanoribbon (PNR) modified HTL are studied. The influence of the

PNR interlayer on improving Js¢ and FF is revealed.

3.4 The impact of perovskite thickness and light inten-

sity on charge recombination and extraction

3.4.1 Introduction

Optimising the photoactive layer thickness is usually the first step in maximising the perfor-
mance of a solar cell. Due to the excellent absorption property of the perovskite material
in a planar PSC, a photoactive layer thickness of over 200 nm is usually enough to absorb
most of the light.[244, 247] Practically, the thickness of perovskite can be easily tuned over
a broad range of between a few hundred nanometers to 1 micrometre, while their impact on
device performance under 1-sun illumination is relatively small. In this thickness range, the
main concern is the film morphology formed during deposition.[248, 249] Yet whether there
are different optimum photoactive layer thicknesses for various applications. Also, the origin
of this thickness insensitivity under 1-sun irradiation, remains largely unexplained. One of the
key concerns in organic solar cells in terms of the active layer thickness is the competition
between charge transport to the contacts versus bimolecular charge recombination in the bulk
layer,[250, 251] an issue which has not been paid much attention to so far in PSCs. It is known
that bulk recombination is one of the dominant recombination pathways in PSCs, which can
limit charge extraction, therefore, the overall PCE.[116, 174] As trap filling and band-to-band
recombination are both found in the perovskite and may strongly influence the recombination
order, this suggests bulk recombination could also be light intensity-dependent.[117, 120, 125]
This implies that the thickness-sensitivity of the PCE is likely to be light-intensity dependent,

which will be the main focus of this section.

To standardize the device performance determination and allow a valid comparison, solar cells

are routinely tested under AM 1.5 illumination with an intensity of 1 sun (100 mW /cm?).
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However, in actual applications, the solar cells will operate at intensities below 1 sun, such
as at dawn and dusk, under cloudy weather, in high latitude regions, or in-door. On the
contrary, devices for solar concentrators or space applications will operate under much higher
irradiance. The PCE of a solar cell usually varies with light intensity; for example, silicon
solar cells commonly exhibit reduced PCEs when light intensity is decreased.[252] Therefore,
a systematic investigation of performance at varying intensities has practical significance in

optimising the efficiency of PSCs for real-world operations.

To investigate the thickness dependence of device PCE and its variation with light intensity,
p-i-n planar PSCs with optimised device structure were used, owing to their advantages of
low J-V hysteresis and high reproducibility. This section explores the impact of perovskite
thickness in p-i-n PSCs on charge extraction versus charge recombination and their correlation

to the light-intensity dependent PCE.

3.4.2 Results and discussion

Thickness-dependent device performance

In this study, an optimised device architecture of glass/ITO/PTPD/MAPbI;/PCBM/BCP/Ag
was used, as shown in Figure 3.1a. The device fabrication method is the same as the general
processes discussed in Chapter 2, except for the preparation of the perovskite precursors. Dif-
ferent concentrations over the range of 0.8-2 mol dm—2 were used to achieve 150 to 850 nm
photoactive layers. Figure 3.1b shows the PCEs of these devices under 1-sun illumination.
First, a sharp increase in PCE from 15.5% to 18.3% is observed as thickness increases from
150 to 250 nm. Analysis of the measured photovoltaic parameters reveals that this PCE in-
crease is driven by improvements in Jso, see Figure 3.1d, likely as a result of increased light
absorption.[247, 253, 254] Beyond 250 nm, a steady increase in PCE is observed until the film
thickness reaches 750 nm, and a sharp decrease is seen beyond 750 nm. This drop-off is mainly
due to a dramatic reduction in FF, as shown in Figure 3.1f due to coarsened film surface.[255]

Strikingly, for the PSCs with the perovskite thickness increasing from 250 to 750 nm (three-
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Figure 3.1: Thickness and light-intensity dependent performance of p—i-—n PSCs. (a) Schematic drawing of a
flat-band energy diagram of the planar PSC; (b) PCE, (d) Jsc, (e¢) Voc, and (f) FF versus perovskite layer
thickness (AM 1.5, 1 sun intensity). Dependence of (c) PCE, (g) Jsc, (h) Vo, and (i) FF on light intensities
of representative PSCs with 250, 500 and 750 nm MAPDI;3 active layer thicknesses. The data for (b-i) are
contributed by Dr Tian Du.

fold, highlighted in grey), the PCE rises rather modestly from 18.3% to 19.2%. This highlights
that PSCs are very tolerant to changes in the active layer thickness, which strongly contrasts

with the trend in OPVs.[256] This is encouraging, considering the large-scale device fabrication

process, where local variations of film thickness usually occur.[257]

Impact of thickness on device performance

To further investigate whether such thickness insensitivity is universal, devices with an active
layer thickness of 250, 500 and 750 nm were studied. The performance of these devices measured

under varying light intensities between 0.1-5 suns are shown in Figure 3.1c. The behaviour of
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these devices varies significantly: at 750 nm, PCE increases monotonically as light intensity is
reduced, increasing from 15.7% at 5 suns to 22.1% at 0.1 suns. Over the same light intensity
range, the 500 nm device exhibits a moderate increase in PCE with decreasing light intensity
from 15.7% at 5 suns to 19.2% at 0.1 suns, whilst the PCE of the 250 nm device increases from
16.0% at 5 suns to 18.1% at 1 sun but then drops to 16.7% at 0.1 suns. These results suggest that
the thickness dependence of PCE is strongly dependent upon light intensity: the thicker device
performs better under low light intensities but poorer under high light intensities. Interestingly,
the intermediate light intensities at 1-2 suns correspond to a switchover of the different thickness
dependencies observed at 0.1 and 5 suns, resulting in all devices showing comparable PCEs.
This may account for the strong thickness dependencies reported in this study being overlooked
previously, as the perception that PSC performance is relatively insensitive to thickness was

primarily derived from data measured under one sun irradiation.

The photovoltaic parameters plotted in Figure 3.1g show that below one sun, the 750 nm
device exhibits a combination of greater Js¢, Voo and FF than the 250 nm device, resulting in
considerably higher PCE. The difference in Jg¢ and FF between the devices becomes less as light
intensity increases and is almost identical under one sun. Above two suns, the trend is entirely
inverted, such that the 250 nm device has greater Js¢ and FF. Meanwhile, the difference of Voo
becomes smaller as light intensity increases. These results indicate that increasing perovskite
thickness yields larger photocurrent and reduces non-radiative recombination below one sun,
whereas above one sun, the variation of non-radiative recombination is limited, but a thick

perovskite layer strongly reduces the photocurrent of the solar cell.

Impact of thickness on photocurrent generation

The impact of thickness on the photocurrent yield is initially considered. An optical transfer
matrix analysis was used to model the optical field and charge generation rate (see details in
reference [222]). From the analysis, the Jg¢ at different light intensities were predicted with
14% increase of Jsc as the perovskite thickness increases from 250 to 750 nm, regardless of

light intensity. The measured Js¢ is in good agreement with the calculated Jgso at 0.1 suns for

52



QO
(a) ITO ¢ Perovskite PCBM Ag (b) =0 Calculated Jg
A . 250 nm 150 b == Measured Jg

\-‘ ;—ng/‘u'—“n
YaY; o

25F 13un
e -0

20F

15F

4 750 nm T 10}
. —— 500nm
% 600nm
. —— 700nm 3
%y 1 - - - - Generation rate 0.1 Sun - — |
M 2 o

0 200 400 600 800 1000 200 400 600 800
Position in Device (nm) Perovskite Thickness (nm)

Normalised E? or generation rate
e
w
8
3
Jsc (MA/cm?)

e
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the solar cells. (b) The dependence of calculated Js¢ and measured Jgsc on perovskite thickness under four
representative light intensities. These figures are produced by Dr Shengda Xu with copyright permission from
reference [222].

all devices, while the difference becomes larger when light intensity is increased. However, at a
light intensity over 0.1 suns, thicker films show larger current losses as shown in Figure 3.2. In
addition, the light intensity-dependent linearity of Jgo with 3, derived from Jg¢ oc I?, where I
is the light intensity, is analysed. Figure 3.1g shows greater sub-linearity (5 < 1) as thickness is
increased, with 0.98 for 250 nm, 0.95 for 500 nm and 0.91 for 750 nm, respectively. These results
indicate that thick devices suffer from greater recombination losses at high light intensities.
These results also suggest efficient charge extraction under low-light conditions regardless of
the active layer thickness. Therefore, photocurrent enhancement with increasing thickness is
predominantly assigned to enhanced photo absorption. When the light intensity is elevated,

the thicker devices exhibit stronger charge extraction losses than the thinner devices.[258]

Impact of perovskite thickness on charge extraction versus recombination

To further understand the limitation of charge extraction by the increase of active layer thick-
ness, fs-TA spectroscopy was conducted on both neat perovskite and HTL/perovskite/ETL
films probing the decay kinetics of band-edge PB. The HTL used is PTPD, and ETL is PCBM,
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Figure 3.3: Thickness-dependent ultrafast TA kinetics of neat perovskite films and their stacks with structures
of PTPD /perovskite/PCBM. The experiment was conducted under excitation of 635 nm pulsed laser with a
density of 0.76 11j cm™2, all decays were probed at the wavelength of 760 nm.

as shown in Figure 3.3. As the TA signals represent the population of photogenerated charges
resident at the perovskite film band edges, the decay kinetics reflect the bulk charge recombi-
nation process or charge extraction process when measuring a neat perovskite film or a triple-
layered film, respectively. The decays of the neat perovskite films show no significant changes
though slightly slower kinetics are observed in thicker perovskite films, indicating a thicker per-
ovskite film has lower trap densities. However, a much larger difference is observed when HTL
and ETL are added: in the presence of CTLs, the TA decay is significantly accelerated for the
250 nm film, while for the 500 nm film, the change of decay dynamics is relatively smaller, the
effect of which becomes negligible for 750 nm due to the limitation of the measurement time
window. This implies the transport of the photogenerated charges from the bulk perovskite
to the perovskite/CTL interface is slowed down as film thickness increases. Such a slowdown
in charge transport may impede the charge extraction at higher light intensities, as shown in
previous studies,[125] where the increased photo-generation yield and thus faster overall band-
to-band recombination rate result in more severe recombination losses competing with charge

extraction from the device.

Steady-state PL measurements were also performed on the devices at OC and SC to probe the
competition between charge extraction versus bulk recombination.[141, 221, 259] PL from PSCs
originates from the radiative component of bulk band-to-band recombination, with variations in

the intensity of PL primarily resulting from variations in the rates of non-radiative processes,
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Figure 3.4: Steady-state PL spectra of complete perovskite solar cells with varied perovskite thickness, excited
with 635 nm CW laser adjusted to (a-c) 0.2-sun, and (d-e) 6-sun equivalent intensities. Spectra labelled with
red, blue and yellow represent OC, SC and background, respectively.

such as trap-mediated recombination or charge extraction (also see Chapter 1, Section 1.4).
In this case, an efficient PSC should have weak PL emission at SC (PLg¢) due to efficient
charge extraction but maximal PL emission at OC (PLo¢) due to the maximal QFLS resulting
in charge accumulation in the perovskite layer.[221, 260] The PL spectra at OC and SC are
shown in Figure 3.4 with excitation intensity equivalent to 0.2 suns, one sun, and 6 suns,
respectively. The device OC-to-SC quenching efficiency (PLQoc—sc ), describing the magnitude
of the difference in PL emission intensity between OC and SC, is calculated and summarised
in Table 3.1. It is evident that under all light intensities, based on the general photovoltaic
device physics, a higher PLoc_gc is usually correlated with good device performance.[221, 261]
Under 0.2 suns, though enhanced PLgc and PLoc are observed with the increase of film
thickness, the higher PLQoc_sc for the 750 nm device is mainly due to PLoc enhancement,
indicating suppression of non-radiative recombination at OC for these thicker devices, consistent
with their higher Vpe. This is in good agreement with recent reports, where higher Voo
was correlated with higher PL emission or longer PL lifetimes at OC.[149, 262] The trend

is reversed under 6 suns where band-to-band recombination starts to dominate, and the 750

nm device shows a lower PLQoc_sc, resulting from significantly intensified PLgc. This trend
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indicates higher band-to-band recombination losses present in the perovskite layer during charge
extraction, which is correlated with the reduced Jsc and FF for the thick devices under high
light intensities. This is also analogous to the observation that poor PL quenching between
MPP and OC correlates with lower FF, both suggesting PL. quenching is an effective assay of
efficient charge extraction.[260]

Table 3.1: PLQoc_sc of full PSCs with different perovskite film thickness.

PLQoc-sc/%

Perovskite thickness (nm) 0.2 suns 6 suns
250 27 66
500 28 62
750 62 35

Origin of V¢ improvements

Finally, the V¢ increases with perovskite thickness are considered and discussed, in particular,
the impact of perovskite thickness on the charge carrier distribution at OC.[263, 264] Figure
3.1h shows the light intensity dependence of V¢, where the V¢ of the thinner devices exhibits
a steeper voltage increase with increasing light intensity, leading to a larger Voo difference

between the thick and thin devices at lower light intensities, as reported previously.[139]

In order to understand the origin of these V¢ differences, light intensity-dependent PL mea-
surements are employed. 250 nm and 750 nm perovskite-based samples with different structures,
including neat perovskite, HTL /perovskite/ETL, and the complete device, were studied. The

slope of the PL was analysed by using the power-law growth equation: Ip;,= I, ., where Ipy,

exes
is the PL intensity, ... is the excitation density, and « is a widely used parameter to estimate
the recombination order in semiconductors: a equals 1, suggests second-order processes dom-
inate; a equals 2, suggests first-order processes dominate; « is in between 1 and 2, indicates
there is a competition between those two processes.[265, 266] Here, the a values are 1.4 and
1.3 for 250 nm and 750 nm perovskite films, respectively, as shown in Figure 3.5a. These
values suggest suppression of first-order non-radiative recombination (monomolecular process)

in the 750 nm perovskite film, consistent with the PLoc and TA results. In the presence of

CTLs, both 250 nm and 750 nm films show a dramatic reduction in the value of «, see Figure
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3.5b. This reduction indicates that first-order processes become more significant and domi-
nant in HTL /perovskite/ETL samples compared with the neat perovskite films,[265, 267, 268]
attributed to a large amount of the photogenerated charge carriers being transferred into the
contact layers irreversibly, as mentioned in Chapter 1, Section 1.4. Figure 3.5¢ shows that
« decreases evenly towards 2 for the complete devices, further proving that the enhanced
extraction of photogenerated charges to the contacts by the electrode-induced electric field
reduces the band-to-band recombination (second-order process). In contrast to the 250 nm
perovskite samples with high « values of 1.8 and 2.0 for HTL/perovskite/ETL and complete
device structure, respectively, the 750 nm perovskite samples show relatively much lower values
with 1.5 and 1.7 for the triple layer and the whole cell, respectively. This observation indicates
PSCs with 250 nm perovskite have more charges extracted to their CTLs. These extracted
charges are likely accumulated in the CTLs due to limited charge extraction at OC, such that
they are more likely to cause surface recombination with electrons and holes in the perovskite

layer.[130, 151, 226, 269, 270]

The PL quenching (PLQ) from a neat perovskite film to a complete device is also compared
between the PSCs with two different thicknesses, as shown in Figure 3.5d. It is widely accepted
that the PL intensity depends quadratically on charge carrier density in the perovskite layer and
is exponential to the bulk QFLS, as discussed in Chapter 1, Section 1.4.[130, 147, 149, 150, 151]
The PLQ shows a general trend for both devices with reduced values as light intensity increases.
This indicates that as light intensity increases, fewer photogenerated charges are transferred
to the CTLs, leading to more charges remaining in the perovskite layer and reduced surface
recombination.[150, 151, 226, 270] Generally larger PLQ values observed in the 250 nm PSC
compared to the 750 nm cell suggest that in the 250 nm PSCs, more free charges are extracted
out of the perovskite layer, resulting in greater QF LS losses.[130, 147, 149, 150, 151] These
results suggest surface recombination becomes less significant in the PSCs when increasing the
light intensity or perovskite layer thickness, consistent with the PL power-law analysis and TA

data.

In addition, the slope of the device PLoc in Figure 3.5¢ also explains the light intensity-

dependent Vo behaviours. Compared to the thick device, the thin device shows a steeper
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slope in PLo¢, indicating steeper growth of the QF LS in the former, consistent with the Voo
data shown in Figure 3.1h. It is worth noting that compared to a 750 nm PSC, enhanced bulk
and surface recombination can both lead to a lower V¢ in a 250 nm PSC. However, the impact
from the bulk (« values in Figure 3.5a) is less dominant than the interface (« values in Figure
3.5 b and ¢) on the recombination order, as the a value is more sensitive to the thickness in the
complete devices than neat films. This trend in « values suggests that surface recombination
could be the dominant recombination pathway in thin 250 nm PSCs, whilst an increase in
perovskite thickness can effectively reduce this loss, though the performance of thick devices
may also benefit from the reduced defect states in its perovskite layer. This can be attributed
to the thinner perovskite layer having faster and more efficient charge extraction, owing to more

charges likely stored in the CTLs, as mentioned in this subsection before.

The results from the light intensity-dependent PL measurements demonstrate that thicker
perovskite films have less substantial non-radiative recombination and reduced surface recom-
bination weight, leading to larger Voo values for their devices at any given light intensities,
consistent with the TA and PLoc measurement. However, the Voo differences between the
thick and thin PSCs become less significant as light intensity increases due to the reduced

surface recombination at higher light intensities.

3.4.3 Summary

The above results show that the optimum PCE of p-i-n planar PSC varied with the perovskite
thickness between 250-750 nm and depending on the intensity of the incident light. The thicker
perovskite films absorb more light and have less bulk and surface non-radiative recombination at
any given light intensities, leading to much greater Vpc.[125, 244, 253, 271] However, the thicker
films also show more significant charge accumulation and band-to-band recombination losses
at SC. This results in a continuous decrease in FF and PCE with increasing light intensity,
especially at high-light illumination conditions (> 1 sun) when band-to-band recombination
becomes more dominant.[233, 272| Surprisingly, the 750 nm PSCs still maintain comparable

Jso values except for a slight reduction at high light intensities. This may be due to the
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compensation by increased light absorption and reduced non-radiative recombination.[226, 244,
253] In contrast, despite the reduction in PCE above 1 sun, the 250 nm PSCs show better
performance compared to the thicker devices, owing to their better charge extraction efficiency.
Moreover, reducing light intensities below 1 sun actually leads to decreases in the PCE of
thin PSCs, which is opposite to the trend observed in the thick ones. This phenomenon is
attributed to the dominance of the surface recombination nature in the 250 nm PSCs. At
low light intensities, in a PSC, when light intensity decreases, band-to-band recombination
becomes less effective,[124, 125] whereas non-radiative trap-mediated recombination and surface
recombination start to dominate the overall recombination.[125, 152] Therefore, compared to
the 750 nm PSCs, in the 250 nm PSCs, as surface recombination is more pronounced, they have

much lower FFs in the low-intensity range (< 1 sun) due to more considerable non-radiative

losses, leading to poor low-light performance.[125]

The results of this study provide a key guide to the design of PSCs for optimum real-world
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performance. They show that a relatively thick perovskite layer can considerably improve the
average PCE throughout the day under normal operational conditions, particularly in northern
latitudes or shaded sites where light intensities are often less than AM 1.5.[273, 274, 275] Such
thicker devices will also yield high performance for indoor light harvesting applications.[276]
On the contrary, for concentrator PVs where high irradiance is implemented to achieve higher
power outputs per unit area,[258, 277] PSCs with a relatively thin perovskite layer would yield
higher PCEs.

3.5 Understanding the current loss in amino-acid mod-

ified perovskite solar cells

3.5.1 Introduction

In parallel to improving the PCE of PSCs, there has also been a tremendous research focus
directed at addressing stability issues by proposing numerous sophisticated strategies, where
additive engineering is often seen as one of the effective means of improving both stability and
PCE.[278, 279, 280] Introducing bulky cations or amino acid derivatives has been shown to be
promising for stabilizing PSCs. However, this method can also lead to a loss in photocurrent
owing to the extended, saturated carbon chains of such additives.[142] Notably, incorporat-
ing low concentrations of aminovaleric acid (AVA) as a processing additive in screen-printed
MAPDI; has demonstrated to improve the operational stability of the devices,[281, 282] while
a reduced Jgco is usually observed.[51, 282, 283] Similar trend of Js¢ reduction has also been
reported with other bulky cation additives;[284, 285] however, the origin of this phenomenon

is overlooked and remains unexplained.

The large variety of defects formed during the deposition of the perovskite layer can give rise
to electronic trap states with a wide range of energies, where most of these defects are charged,
which means they can be passivated by a variety of ionic bonding and coordinate bonding

strategies.[286] The carboxylic and amine end groups of AVA are considered to be promising
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Figure 3.6: (a) Molecule structure of different amino acids. J-V performance of PSCs with (b) 1, and (c) 2
vol % of AAs added to the active layer during processing. (d) Average Jsc of devices with 1 and 2 vol % of
AA additives. (e) Forward and reverse J-V scans of the champion device. These figures are provided by Dr
Chieh-Ting Lin with copyright permission from published work [141].

for passivating these defects owing to their zwitterionic nature. The positive and negative
terminal groups of the AVA molecule can form bonds and thus passivate surface cationic and
anionic defects. This zwitterionic nature has been reported to contribute to a dual-passivation
effect in perovskite quantum dots.[287] However, the aliphatic chain between the end groups
may act as a barrier to charge extraction since the AVA is preferentially located on the surfaces
and interfaces of perovskite grains, as demonstrated previously.[281] Here, four amino acids
(AAs) with the same end groups but varying carbon chain lengths: AVA (4C), y-aminobutyric
acid (3C), f-alanine (2C), and glycine (1C), were investigated to explore the impact of the
chain length of these molecules on the defect passivation and charge extraction properties as

seen in Figure 3.6a
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3.5.2 Results and discussion

Film deposition and device preparation

A device structure of glass/ITO/PTAA/MAPbDI;/PCBM/BCP/Cu was employed in this study,
and full details are given in Chapter 2. Solutions of the AAs were prepared by dissolving AAs
in deionized water, each to a concentration of 1.5 mol dm~2. The 1.5 M MAPbI; solutions were
prepared by adding 1-2 vol. % of the various amino acids, with the reference solution adding

the same amount of deionized water.

Performance of amino-acid-modified perovskite solar cells

The device performance of PSCs with the amino acid additives added at a concentration of 1
vol. % is considered first, and the corresponding J-V characteristics are shown in Figure 3.6b.
The performance of devices prepared with the addition of glycine (1C) is comparable to, if not
subtly, better than, additive-free (reference) devices. However, the PCE of devices prepared
with the longer carbon chain additives decrease with increased chain length due to significant
reductions in Jgo. When the concentration of the amino acid additives is increased to 2 vol %, as
shown in Figure 3.6¢, unsurprisingly significant Jg¢ losses are observed in devices prepared with
2C-4C chain length amino acids, as shown in Figure 3.6d. Nevertheless, improved performance
is shown in the devices prepared using glycine compared to the reference devices. Noticeably,
the PCE of devices prepared with glycine improved from 18.9 %, to 19.5 % and finally reached
19.8 % in reference, 1 vol.% and 2 vol.% films, respectively. The PCE increase of the 2 vol.%
devices is driven by an increase in Voo from 1.10 V to 1.14 V compared to the reference, while
Jsc is maintained. The champion cell, prepared with 2 vol.% glycine (1C), achieved a PCE of
20.2 % in both forward and reverse scan directions (0.1 V s7') and a stabilized PCE of 20.1
%. (Figure 3.6e). The J-V results suggest that optimisations of the AA concentration and
carbon chain length improve device performance dramatically. This is consistent with many
other reports using similar additives, such as widely used AVAs for enhancing device stability,

indicating the robustness and generality of using this passivation method.[281, 282, 288, 289
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Photoluminescence quenching of perovskite films

To understand the passivation and charge extraction effect by AAs, steady-state PL measure-
ments were first employed to study the perovskite films with and without interlayers. Figure
3.7a shows the PL spectra of neat perovskite films with a significant increase in the intensity
(approx. 6-fold) for all 1 vol.% AA films compared with the AA-free reference films, confirm-
ing that the trap density facilitating non-radiative decay has been reduced in the AA films.
This also explains the general V¢ increase in most of the PSCs prepared with AAs, indicating
the generality of using these AAs for effective passivation, attributed to the effects from the
carboxylic and amine end groups.[287, 290, 291] Figure 3.7b shows the PL spectra of ETL
(PCBM) /perovskite/HTM (PTAA) films. It is well established that, under illumination, a
large proportion of free charges are transferred from the perovskite to the CTLs, leading to
strong PLQ from neat films to perovskite with CTLs,[125, 292, 293, 294] and indeed, significant
quenching is observed in here. This PL quenching caused by the CTL (PLQ i) is then cal-
culated and summarised in Figure 3.7d, where the reference films and films with 1C AA show
comparable values, around 90 %, while films with longer carbon chain length AAs obtain lower
values of 70%. These behaviours indicate that the reference films and those prepared with
1C AA show similar charge transfer efficiencies, whereas the efficiency is significantly impeded
when using longer carbon chain length (2-4C) AAs, resulting in greater radiative band-to-band
recombination in bulk. Such impeded charge transfer phenomenon may be due to the barrier
formed at the perovskite/CTL interfaces,[174, 295, 296, 297] potentially ascribed to the poor

conductivity of these materials,[298] which impairs overall charge extraction and reduces device

Jsc.

Photoluminescence quenching of devices at open circuit and short circuit conditions

Device OC to SC PL quenching measurements were then conducted on these PSCs to assess
the operation charge collection efficiency, which has been demonstrated earlier in this chapter.
Figure 3.8a-e shows the PL spectra of all devices at both OC and SC with intensities normalized

to the peak point of PLp¢, and the corresponding PLQoc_sc values are calculated and plotted
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responding PLQ fiim,. A 635 nm CW laser light with 1-sun equivalent illumination intensity was used for
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in Figure 3.8f. The PLQoc—_sc gradually decreased from 92% to 46 % when the carbon
chain length increased, indicating that the charge extraction to the out circuit becomes less
efficient as the chain length increases. Again, the device incorporating 1C AA as an additive
shows comparable PLQoc_sc behaviour to the reference cell, suggesting equally efficient charge
extraction in the additive-based device. As expected, the trend of PLQoc_sc is inverse to that
of device Jg¢, where current density drops with increasing carbon chain length of the AA. This
observation suggests that the loss of Jg¢ caused by increasing aliphatic chain length of the AAs
results from inefficient charge extraction.[221, 260, 299, 300] This is mainly attributed to the
hindered charge transfer from the perovskite to the interlayers, as discussed in the PLQ fiim,
analysis. However, the device with 1C AA shows comparable PLQoc_sc to the reference cell,
indicating reserved charge extraction efficiency. Such that, comparable Jg¢ is observed in the

1C AA PSC, and its outstanding PCE is attributed to the dramatic enhancement in Vpe.
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3.5.3 Summary

This work has demonstrated that incorporating AA additives into the precursor solution is an
effective way to passivate defect states and reduce non-radiative recombination in the PSCs,
owing to their zwitterionic nature from the carboxylic and amine end groups.[287] Nevertheless,
PSCs employing AAs with various aliphatic chain lengths yield dramatic differences in PCE.
This change in PCE correlates with changes in the AA carbon chain length, where longer chain
length significantly reduces the Jgo and thus the PCE. The device OC to SC PL quenching
measurement results indicate this Jgo loss is due to substantial charge accumulation in the
perovskite layer. Moreover, the PL data based on stand-alone thin films and films interfaced
with CTLs implies that this charge accumulation is attributed to inefficient charge transfer
from perovskite to the CTLs. Such accumulation effect could be attributed to the insulating
effect or energetic barrier at the interface induced by the longer carbon chain-based AAs.[291,
296, 297, 301] Instead, using glycine (1C AA), as an additive leads to an improvement in Voo
from 1.10 V to 1.14 V due to defect passivation and no sacrifice in Jsco due to reserved charge

extraction efficiency. This finally results in the device achieving a champion PCE of 20.2 %.

3.6 Enhanced hole extraction by introducing phospho-

rene nanoribbon in p-i-n perovskite solar cells

3.6.1 Introduction

PNRs are a distinct class of phosphorene materials with unique and exciting properties, includ-
ing a tunable and direct bandgap, high-carrier mobility, and anisotropic characteristics, making
them a promising candidate for a range of applications.[302, 303, 304, 305] The width-induced
confinement nature of the PNRs could enable further tuning of properties and emergent exotic
phenomena compared to the 2D sheet-formed phosphorene counterparts.[306, 307, 308, 309]
Whilst PNRs have been predicted to offer transformative advantages in electronic applications,

they are yet to be incorporated or studied in an optoelectronic device. Specifically, phosphorene-

65



—_
Q
~
—
(=)
~
—
(@)
~

1.0 o Background 1.0 - 1.0 4
0 —0C A 2
o sC g g
2 z 1C z 2c
|7 0 0
C c c
L 054 2 0.5+ 2 0.5+
£ £ =]
£ £ £
S S S
z 4 z
0.0 4 0.0 4 0.0 4
700 750 800 850 700 750 800 850 700 750 800 850
(d) (e) (f)
100
. 1.04 . 1.0+
(2} (2]
g 55 80
2z 3C 2z 4C S
2 2 o 60
L 054 2 054 o
£ £ o
. . g 40
€ £ _|
IS 5 o
= & 20
0.0 4 0.0 4
700 750 800 850 700 750 800 850 0 R __1C_2C 3C 4cC

Figure 3.8: PL spectra of complete devices employing (a) additive-free MAPbI5, and MAPbI3 with 1 vol % (b)
glycine, (c) S-alanine, (d) y-aminobutyric acid, and (e) 5-AVA as an additive at OC and SC. Spectra labelled
with red, blue and yellow represent OC, SC and background, respectively. (f) Calculated PLQoc-sc. A 635
nm CW laser light with 1-sun equivalent illumination intensity was used for excitation.

based materials exhibit holes as their majority carriers,[306] which gives PNRs great potential

as novel HT'Ms in photovoltaic devices.

PSCs have rapidly emerged as one of the most promising candidates for PV due to their out-
standing optoelectronic properties and solution processability (see Chapter 1). The most suc-
cessful HTMs in PSCs are either small organic molecules or semiconducting polymers, and
this has represented one of the major challenges for further enhancements in both device
stability and efficiency.[236] However, these materials are not ideal, especially in the p-i-n
PSCs, either causing non-negligible surface recombination or having a limited charge extrac-
tion efficiency.[122, 130] Owing to the superior electronic properties of phosphorene and its ana-
logues, studies exploiting these materials in PSCs at both HTL /perovskite and ETL/perovskite
interfaces have been demonstrated.[310, 311, 312, 313] Whilst most of the work was focused on
black phosphorus quantum dots, black phosphorene was only reported once before: applying
to n-i-p PSCs.[314] This work also demonstrated that enhanced charge transfer and charge
collection are reached by better energetic alignments, achieved by tuning the thickness of the

black phosphorene, leading to a PCE of 19.8%.[314] Despite this impressive result, no examples
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Figure 3.9: J-V performance of PSCs with and without PNRs. (a) J-V curve of champion PSCs with and
without PNRs. (b) EQE and integrated current density of control and PNR PSCs. (¢) PV parameters as
statistical distribution for 70 PSCs with and without PNRs. These figures are contributed by Dr Thomas
Macdonald.

of layered phosphorene have been studied in p-i-n PSCs.

Here, PNRs were employed as a hole-selective interlayer placed between the PTAA and MAPbDI3
in p-i-n planar PSCs with a device structure of glass/ITO/PTAA/MAPbI;/PCBM/BCP /Cu.
PNRs were optimised for device performance by controlling their layer thickness. Improved
PCEs of over 21% were observed in the optimised PNR PSCs mainly due to the enhancement
in Jg¢. Finally, PL and ultrafast-TAS measurements were carried out to investigate the origin

of these improvements by adding PNRs at the HTL/perovskite interface.

3.6.2 Results and discussion

Performance of the optimised phosphorene nanoribbons perovskite solar cells

The PNRs were produced and dispersed in DMF with a distribution in width of 5-50 nm and in
lengths of 50 nm-10 pm, following the same protocol as reported previously.[309] The thickness

of PNRs was tuned by controlling the number of spin-coated cycles of the PNR solution. More
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experimental details, including device fabrication, are shown in Chapter 2 and the previous
report.[242] Figure 3.9a shows the J-V of champion PSCs with and without PNRs. Whilst the
control devices demonstrate a PCE of 19.60%, Jsc of 22.30 mA cm™2, Vpe of 1.089 V, and
FF of 0.807, the PSCs incorporating the PNRs show improved device performances with PCE
of 21.14%, Jsc of 23.33 mA cm™2, Voo of 1.093 V, and FF of 0.829. The integration of the
EQE spectra shown in Figure 3.9b matches well with the corresponding Jso values, ruling out
any spectral mismatch issues. Figure 3.9¢ shows a statistical distribution of all photovoltaic
parameters for 70 devices. Though all average photovoltaic parameters were improved for PSCs
with PNRs, the most notable improvements were in the Js¢ along with a slight improvement
in Voo and FF. The absorption spectra of ITO/HTL/MAPbDI; films with and without PNRs
are demonstrated in Figure 3.10a, where no differences were observed, excluding the possibility
of Js¢ is due to any optical enhancement effects. This implies that PSCs with PNRs show

improved charge extraction efficiency compared to the control devices.

Evidence for improved charge extraction efficiency in PNR PSCs by optical mea-

surements

Device OC to SC PL quenching measurements were carried out to understand the origin of
the performance improvement in the PNR PSCs. Figure 3.10b shows the device OC to SC PL
peak intensities of PNR and control PSCs under various intensities. Both devices exhibited
similar PLo¢ in terms of the intensity and slopes, indicating the same bulk recombination
mechanisms and comparable QFLS in these cells,[130, 149, 229, 315] as illustrated in the
previous two sections in this chapter. This is in line with the J-V results where these two
devices show similar Vo values. However, compared with the control PSCs, devices with PNR
have much lower values in PLgc regardless of light intensities, indicating reduced band-to-
band recombination and charge accumulation at SC.[272, 299] The PLQoc-sc under 1-sun
equivalent illumination is then calculated and shown in Figure 3.10c, with 0.94 and 0.91 for
the PNR and control PSCs, respectively. These results suggest that the enhancement of Jg¢ is
due to the improved charge extraction efficiency at SC in the PNR-based PSCs.[141, 222] This

improvement in charge extraction may also lead to the increase in the device FF, as indicated
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Figure 3.10: (a) UV-Vis results of films with the structure of ITO/HTL/MAPDbI3 and ITO/HTL/PNR/MAPbDI;.
(b) Intensity-dependent device PL peak intensities of control and PNR PSCs at OC and SC. (c) Spectra of
control and PNR devices at OC and SC under 1-sun equivalent illumination. A 635 nm CW laser was used for
all the PL measurements.

in Chapter 3, Section 3.4.[141, 222, 259

To understand the origin of the improvement in charge extraction efficiency, fs-TA spectroscopy
is employed to study the charge transfer properties at the HTL /perovskite interface. The ex-
perimental details can be found in Chapter 2, Section 2.4. Figure 3.11 a and b represent the
TA spectra, whereas ¢ and d show the decay kinetics of the ITO/PTAA/MAPbDI; (control) and
ITO/PTAA/PNR/MAPDI; (PNR) films. The most prominent feature for both films is the neg-
ative optical density change (AOD) peaked at 758 nm, which is assigned to the photobleaching
at the band edge of MAPDI;.[168, 316] It is also worth noting on an early time scale (< 450
fs), the noticeable kinetic features, a rise of a negative bleaching signal around higher energy
(751 nm) along with a decrease of positive photo-induced absorption signal peaked around 777
nm, are attributed to hot carrier cooling at the band edge of MAPbI;.[316, 317] Figure 3.11
¢ and d show the normalised (to an average between 2-3 ps after hot carrier cooling) decay
kinetics of the band edge photobleaching for both films with two different excitation fluences.
All decay kinetics show the same mono-exponential behaviour ascribed to the hole transfer from
the MAPDI;3 to the HTL. Compared with the control sample, the PNR film shows more rapid
decay kinetics consistently, regardless of the excitation fluence, demonstrating much faster hole
transfer in this film.[167, 171] This indicates that the improved charge extraction efficiency in
the PNR PSCs observed above may be attributed to the enhancement of hole extraction at the

HTL/perovskite interface.
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Figure 3.11: TA characterisation of ITO/PTAA/MAPDI3 and ITO/PTAA/PNR/MAPDI3 samples within 6
ns and measured under a 430 nm laser pump. The spectra evolution is shown in (a) and (b), with excitation
fluence of 4 ;1J /ecm? and 0.8 pJ /em?, respectively. Normalised TA spectra of the band-edge transition in MAPbI3

recorded at the maximum photobleaching signal are shown in (c) and (d) with pump excitation of 4 pJ/cm?
and 0.8 uJ/cm?, respectively.

3.6.3 Summary

In this work, PNRs have been successfully applied to p-i-n PSCs as a mediator layer between
PTAA and the perovskite, leading to PSCs with enhanced PCE above 21%. This efficiency
enhancement is mainly ascribed to a significantly improved Jsc and FF. Whilst the EQE and
UV-Vis results have excluded that these improvements are due to increased light absorption,
the device OC to SC PL quenching results demonstrated that the improved charge extraction
efficiency at SC is the leading cause. This improvement can be mainly attributed to the accel-
erated hole transfer across the HTL /perovskite interface induced by the PNR intermediating,
as indicated by the TA results. Previous reports have shown that the CB and VB of phos-
phorene are tunable by simply changing the layer thickness.[308] Thus, a better and graded
energetic alignment (HOMO/VB) at the HTL/perovskite interface may be formed by intro-
ducing the PNR with optimised thickness to the best PCE. This graded bandgap concept is
usually used as an efficient strategy to improve charge extraction in an optoelectronic device

and has been demonstrated successfully in PSCs.[318, 319, 320] Moreover, the superior charge
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transport properties of the PNR layer could also assist in the charge transport through the

HTL out to the anode by improving the conductivity of the HTL layer.[304]

3.7 Conclusion

To conclude, the unique device OC to SC PL quenching measurement, in combination with
several other optical measurements, such as fs-TA, steady-state and time-resolved film-based PL
spectroscopy, has been used as an effective tool to understand the recombination loss mechanism
in p-i-n PSCs.[221, 259] The charge carrier dynamic processes, including bulk recombination,
surface recombination and interface charge transfer, influenced by various materials and device
processing methods, have been revealed extensively. In particular, three individual studies
based on different solar cell fabrication approaches for optimizing the device PCE are introduced

and discussed.

The results of the first study show that PSCs with thicker perovskite layers performed better
under weak-light conditions due to enhanced absorption and suppressed non-radiative recom-
bination, whereas their performance reduces with the increase of light intensity as there is a
more significant charge extraction loss at SC due to a more substantial bulk band-to-band
recombination. In contrast, the thinner PSCs show lower efficiency in weak light owing to less
absorption and more dominating surface recombination, while their high-light performance is
better due to more efficient charge extraction at SC, as photogenerated charges travel a shorter
distance to be extracted. These results offer a guide for designing PSCs for different real-world

applications when considering the actual solar irradiance.[273, 274]

Furthermore, an effective strategy for reducing defect states in the perovskite layer by incorpo-
rating AA derivatives as additives into the precursor has also been investigated. A champion
PCE of over 20% was achieved by using glycine (1C AA), which is among the highest of PSCs
using a similar method and active layer.[282, 287, 288, 290] This improvement is mainly due
to the dramatic improvement in the Vo of 40 mV. However, using AAs with longer carbon

chain lengths decreases Js¢ and, therefore, the PCE. This is attributed to their incorporation
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at interfaces where they obstruct charge transport and cause inefficient charge extraction from
the perovskite layer to the CTLs. This work explains the limitation of using these AA-based
additives, such as widely used AVA,[281, 282, 288, 289] which provides a physical and synthetic

guide for future material and device engineering.

Finally, an interlayer modification strategy has also been demonstrated by inserting a nanoma-
terial, PNR, in between the PTAA and the perovskite layers. This strategy leads to a further
boost of PCE up to over 21% due to the improved charge extraction efficiency contributing to
improved Jsc and FF of the device. This charge extraction could be due to a gradient band
alignment mediated by PNR that accelerates the charge transfer across the perovskite/HTL
interface.[321, 322, 323] Moreover, this work is also the first demonstration of the PNR mate-
rial in optoelectronic devices, which opens a new window for future application of these layered

materials.[308, 309, 324]

Overall, this chapter demonstrated new strategies for the performance optimization of p-i-
n planar PSCs and examples of using the device OC to SC PL quenching measurement to
understand the charge carrier dynamics and loss mechanisms in these devices, providing new

guides for future efficiency development.
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Chapter 4

Impact of Interface Energetic
Alignment and Mobile ions on Charge
Carrier Accumulation and
Recombination in

Methylammonium-free p-i-n Perovskite

Solar Cells

4.1 Declaration of contributions

Lucy Hart carried out the Driftfusion simulations.

Francesco Furlan and Dr Julianna Panidi conducted the SCLC and TFT measurements, re-

spectively.
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4.2 Abstract

Understanding the non-radiative loss mechanisms in PSCs is key to further improving their
efficiency and moving towards their theoretical limit. Here, an operando PL system is built and
applied to study four PSCs which have ETLs with differing LUMOs. This system can measure
real-time PL spectra during a J-V scan under 1-sun equivalent illumination, which allows
direct comparison between the internal performance (recombination currents and QFLS) and
the external performance (J-V) of a PSC under operating conditions. The analysis reveals the
impact of the energetic alignment between the LUMO of the ETL and the CB of the perovskite
on charge transfer, recombination, and accumulation. The results demonstrate that a lower
ETL LUMO reduces the Vo by inducing strong surface recombination, while a higher LUMO
impedes charge extraction owing to the energetic barrier for charge transfer from the perovskite
to the ETL. Remarkably, a QF LS of over 1 eV is observed at SC, even in cells with energetics
that favour charge transfer. This indicates that charge accumulation in bulk perovskite is a
common phenomenon in PSCs. Device simulations using Driftfusion, a software package which
allows one to include a mobile ion population in the system’s drift-diffusion equations, indicate
that this can be ascribed to the mobile ions screening the internal electric field at SC. This field
screening means that charge extraction is driven by diffusion, not drift, which can lead to a
reduction in Jg¢, suggesting mitigating ion migration is essential for developing more efficient

solar cells.

4.3 Introduction

Over the past decade, organic-inorganic metal halide PSCs have made remarkable progress,
achieving over 25% PCE in single-junction cells.[67, 325] This progress can be attributed to the
rapid evolution of materials and device engineering techniques, which have allowed the field to
obtain both high-quality bulk perovskites with low defect densities and desirable contacts which
facilitate efficient charge-extraction. Nevertheless, the kinetics of charge extraction, including

the role of charge transport within the perovskite layer versus transfer from the perovskite
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layer to its contacts, has received relatively little attention,[122, 130, 167, 170, 326] as dis-
cussed in Chapter 1, Section 1.4. In a PSC, photogenerated charges have to transport to the
interfaces before being transferred to the interlayers and finally collected by the external cir-
cuit. During these processes, recombination, such as trap-assisted non-radiative recombination,
band-to-band radiative recombination, and surface/interface non-radiative recombination, also
occurs,[127, 225] which are also illustrated in Chapter 1, Section 1.4. As a result, the device
performance is determined by a kinetic competition between these charge extraction processes
versus the charge recombination processes. Therefore, understanding these processes is crucial
to develop the PSCs further towards their theoretical limits. Whilst many studies focused on
investigating these charge dynamics by measuring the samples at OC,[130, 149, 150, 167, 327]

revealing them by considering the actual device operating conditions is unclear.

For charge extraction, a key factor to take into consideration is the screening of the built-in
electric field by mobile ions, an effect which has been demonstrated both experimentally and
using device simulations.[208, 209, 328] Indeed, this modulation of the internal electric field is
thought to be one of the key factors causing J-V hysteresis and light soaking effect in PSCs,[208,
272, 329, 330, 331] and has been reported to reduce their stabilized photocurrent output,[233]
as well as inducing inconsistencies between the measurement results and the actual device
performance.[125] Herein, we use operando PL spectroscopy (described in Chapter 2, Section
2.5) to demonstrate a further consequence of ionic shielding; significant charge accumulation in
the active layer, even under SC conditions. To investigate the universality of ion-induced charge
accumulation in PSCs, we performed measurements on four p-i-n devices. These devices differ in
their ETLs, which were selected to cover a range of LUMO values. This allowed us to elucidate
the impact of energetic alignment at the perovskite/ETL interface on charge accumulation,
transfer and extraction and verify that the charge accumulation observed at SC is not solely a

consequence of the ETL’s properties.

Among the many possible choices of ETLs, TiOs and SnO, are promising n-type materials
used in the most efficient n-i-p structured PSCs.[37, 67, 325] Unfortunately, these materials are
unsuitable for use in p-i-n PSCs due to their depositional incompatibility; high-temperature

annealing is necessary for both ETL materials, but is detrimental to the perovskite layer de-
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posited underneath. Instead, fullerene derivatives, such as PCBM and C60, are widely used
as the best ETLs in p-i-n devices.[91, 92, 332] However, these materials are not ideal, either
causing non-negligible surface recombination or contributing to high series resistance.[333, 334]
Particularly, in state-of-the-art wide-bandgap PSCs (which are used as the top cells in tandem
solar cells), the energetics of the ETL’s LUMO and the perovskite’s CB are not well matched,

which leads to additional surface recombination.[229]

Although it is well known that p-i-n PSCs perform worse than n-i-p devices, there is still debate
about which CTL properties are most responsible for this and the mechanisms linking CTL
properties to a device’s J-V parameters: Voo, F'F, and Jgc. Therefore, to answer these ques-
tions and realise further improvements in PCE for p-i-n devices, it is necessary to understand

the loss mechanisms both inside the perovskite and at the perovskite/CTL interface.

Steady-state PL spectroscopy has been widely used to examine the properties of perovskites
by monitoring their radiative recombination. A high PL yield obtained from the perovskite
bulk demonstrates that there are low defect densities in the perovskite. Moreover, once the
absolute PL spectrum is measured, it is possible to calculate the PLQY , radiative recombi-
nation current (J,..q) and QF LS using Equation 2.6. This method allows one to compare the
internal bulk QF LS to the external V¢, and has been used extensively to indicate the domi-
nant recombination loss mechanisms in PSCs.[130, 150, 229] While many studies are focused on
understanding the origin of V¢ losses, the performance of a PSC is determined by recording
its current at multiple voltages, including the information of FF and Jsc. Hence, developing
new methodologies to quantify the QQF' LS across the J-V curve and use this to quantify the

impact of charge accumulation and charge extraction on FF and Jg¢ is necessary.

The previous chapter has shown three examples of using the quenching of device PL from OC
to SC to identify recombination pathways and assess charge extraction efficiency in a vari-
ety of PSCs. Additionally, other reports have demonstrated the correlation between voltage-
dependent PL and PSC performance.[260, 300, 335] This work builds on these insights and
introduces an operando PL measurement, similar to that used by Stolterfoht et al.,[260] but

focused more on the operating conditions, which can measure the absolute PL spectrum while
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Figure 4.1: (b) Flat-band energy alignment of p-i-n PSCs with different ETLs; (b) chemical structures of all
fullerene-based ETL materials; device J-V performances obtained from (c) the operando PL measurement (532
nm CW laser 1-sun equivalent illumination) and (d) solar simulator (AM 1.5).

simultaneously performing a J-V scan under 1-sun equivalent illumination, as shown in Fig-
ure 2.3 in Chapter 2, Section 2.5. By calculating the QF LS and the various recombination
currents, this technique can monitor and compare the recombination and extraction rates of

photogenerated charge carriers at different operating voltages.

In this work, significant charge accumulation at low voltages in all the devices measured is
observed, irrespective of the energetic alignment at the perovskite/ETL interface. The results
also show that a negative energy offset from the perovskite’s CB to the ETL’s LUMO results
in strong surface recombination, which reduces V¢, while a positive energy offset leads to a
reduction in charge extraction efficiency, limiting Js¢ and F'F'. Device modelling indicates that
this occurs due to ionic screening of the built-in electric field, which causes charge transport to
be driven by diffusion rather than drift. Overall, these results suggest that the loss mechanisms
in these devices are strongly influenced by both the perovskite/ETL interface properties and

the effects of ion migration.
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Figure 4.2: J-V curves from the SCLC measurement with electron-only devices. A device structure of
ITO/ZnO/PEIE/ETL/Ca/Al is employed, with ETL of ICBA, IPH, PCBM and KLOC-6, respectively. These
data were contributed by Francesco Furlan.

4.4 Results and discussion

4.4.1 Experimental

Device structure

Four p-i-n PSCs with the same device structure but varied ETLs were studied using operando
PL spectroscopy, with experimental procedures given in Chapter 2, Section 2.5. Figure 4.1a
shows the flat-band energy alignment of these devices, which have the geometric structure
ITO/PTAA /perovskite/ETL/BCP/Au, where the perovskite is FAg95Csg0sPbla7Brg3, and
four ETLs used were ICBA, IPH, PCBM, and KLOC-6. Their chemical structures are shown
in Figure 4.1b, and typical values of their electron affinity/LUMO are summarised in Table
4.1 (row 10). We note that the absolute values of the electron affinity/LUMO vary across

the literature as different measurements may give variable absolute values. Additionally,
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other factors, such as aggregation and tail states, may also make these energy levels hard
to determine.[336, 337] These uncertainties thus suggest that measuring the absolute LUMO
values of these ETLs is challenging, as it will vary depending on both the chosen measurement
technique and the method of sample preparation. Nevertheless, it is consistently found that
ICBA has the shallowest LUMO of the chosen ETL materials, followed by IPH, then PCBM
and lastly, KLOC-6.[338, 339, 340, 341, 342] An example for determining the LUMOs of these
ETLs using the same method has been demonstrated by Willems et al., consistent with this
trend.[338] Furthermore, it is usually recognized that the LUMO of PCBM has been measured
to lie slightly below the perovskite CB, meaning that this device should have the smallest

barrier to charge extraction and injection at the perovskite/ETL interface.[89, 338, 343]

Charge transport property of ETLs

The mobilities of the ETLs were examined. The method of SCLC was first employed, in which
the mobilities of the ETLs are determined by fitting their J-V data from the electron-only de-
vices, as shown in Figure 4.2 and illustrated in Chapter 2, Section 2.3. The results follow a trend
of PCBM > ICBA > IPH > KLOC-6 with values of 3x107%cm?V~!s7! 5x10 %cm?V~1!s7!,
5%107%cm?V~1s71 and 1x107%cm?V~1s™!, respectively. This trend was further verified by the
mobilities obtained from TFT measurements shown in Figure 4.3 with experimental and anal-
ysis details demonstrated in Chapter 2, Section 2.3. Though much larger values were obtained

from the TFT measurements due to their high operation voltages, the same trend was observed.

PV performance

J-V curves and their parameters of the four PSCs obtained from the operando PL measurement
are first discussed, as shown in Figure 4.1c and summarised in Table 4.1. PCBM shows the best
PCE, the highest Js¢ of 23.9 mA /cm?, a Voo of 1.08 V and an FF of 0.79. Though ICBA and
IPH show the highest Voo of 1.10 V, compared to PCBM, they have lower PCEs due to their
lower Jso values (22.9 mA /ecm? for IPH, 17.2 mA/cm? for ICBA) and FFs (0.77 for IPH, 0.30
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glass substrates are used in these devices. These data were provided by Dr Julianna Panidi.

for ICBA). The KLOC-6 device has the lowest Voo of 0.99 V, a reduced Jso and FF of 21.2
mA /em? and 0.41, respectively. However, compared to ICBA, KLOC-6 shows a higher PCE
due to its higher Jgo and FF. These parameters are comparable with the data measured under
AM 1.5 from a solar simulator, as shown in Figure 4.1d and summarised in Table 4.1. Devices
measured from the operando PL system show slightly better PCEs, which might be due to the

532 nm laser having a spatially shallower photogeneration profile than that of the broad solar

spectrum. Nevertheless, both data show the same trends in the device J-V parameters.
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Table 4.1: Summary of device J-V parameters under 532 nm CW laser and solar simulator from Figure
1c and Figure 1d.

[llumination condition Parameter ICBA IPH PCBM KLOC-6

Laser Jsc (mA em™2) 17.24 2291 23.87 21.17
Voo (V) 110 110 1.08 0.99

FF 0.30  0.77 0.79 0.41

PCE (%) 5.68 19.40 20.37 8.59

AM 1.5 Jsc (mA cm™2) 1572 22.14 23.73 20.06
Voo (V) .06 1.06  1.04 0.99

FF 0.30  0.78 0.79 0.46

PCE (%) 502 18.37 1952  9.14

LUMO (eV)  -3.70 -3.79 -3.82  -4.04

ALUMO (meV) 120 30 0 2220

Charge transfer kinetics at the perovskite/ETL interface

In order to understand the impact of energetic alignment on charge transfer at the per-
ovskite/ETL interface, TRPL and steady-state PL spectroscopy were performed on neat per-
ovskite and perovskite/ETL films. Figure 4.4a shows the TRPL decay kinetics of the five
samples. All the decay kinetics exhibit a similar, fast first phase but varied, slower second
phases. Considering the second phase, ICBA shows the slowest decay, followed by IPH, while
PCBM and KLOC-6 decay the fastest. As all the films were excited from the side opposite to
the perovskite/ETL interface and a low excitation fluence of 0.4 n.J/cm? was used, we attribute
the fast phase to bulk trapping, in line with previous results in the literature.[119, 122] The slow
phase of the neat perovskite film is due to bulk transport and/or recombination kinetics, while
the slow phase of the other films is determined not only by bulk transport and recombination
but also by the subsequent charge transfer from the perovskite to the ETL.[122] Therefore, the
fast decay of the second phase observed in the samples with PCBM and KLOC-6 is indicative of
rapid charge transfer at the perovskite/ETL interface, while the slow decay of the second phase
observed in IPH and ICBA suggests a lower rate of charge transfer. This is corroborated by the
fs transient absorption spectroscopy results in Figure 4.4b, where the band-edge photobleach-
ing kinetics demonstrate a similar trend in decay rates as the TPRL kinetics. Additionally,

steady-state PLQY measurements (shown in Figure 4.4c) demonstrate that ETLs with lower
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Figure 4.4: (a) TRPL decay kinetics, (b) ultrafast TA spectroscopy band-edge photobleaching decay kinetics,
and (c) steady-state PLQY measurement of perovskite films with or without ETLs. For all the measurements,
samples are excited from the glass/perovskite interface. The PL signals were all probed from the glass/perovskite
interface, whilst the TA signals were obtained from the transmitted light. In the TRPL measurements, 1 MHz
405 nm laser pulses with a fluence of 0.4 nJ/cm? per pulse and duration of < 200 ps per pulse were used for
excitation, and the decay kinetics were probed at the PL peak wavelength of 790 nm. For the TA measurements,
500 Hz 635 nm laser pulses with a pulse duration of < 200 fs and flux of 2.3 u.J/em? per pulse were used for
excitation, and the decay was probed at 770 nm. In the PLQY measurements, a 532 nm CW laser light with
1-sun equivalent illumination intensity was used for excitation.

LUMO levels have greater PL quenching versus the neat perovskite film, indicative of a lower
charge density in the perovskite layer and greater charge transfer to the ETL. Thus, when taken
together, these results provide strong evidence that lowering the LUMO of the ETL increases

the rate of charge transfer from the perovskite to the ETL and reduces the bulk carrier density.

Operando PL and QFLS

The operando PL spectra of the full devices are investigated. Figures 4.5a-d show the absolute
PL spectra of the devices as the voltage is scanned from 0 V to 1.3 V under 1-sun equivalent
illumination, with the overall PLQY for each device plotted versus voltage in Figure 4.5e
(right-y-axis). None of the spectra shows a peak shift indicating that there are no significant
effects of halide segregation. For most devices, the PLQY increases dramatically for V >
MPP, indicative of enhancing charge accumulation in the perovskite layer, while it is nearly

voltage-independent for V.< MPP, ascribed to charge extraction to the contact layers.

For the PLQY at voltages near Vo, there is little current extraction, and a high carrier
accumulation in the bulk perovskite is expected, meaning a high rate of PL. At V¢, the KLOC-
6 device has by far the lowest PLQY’, followed by the PCBM device and finally the IPH and

ICBA devices. This trend is consistent with the steady-state PLQY results and indicates that
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Figure 4.5: (a-d) Operando PL spectra of (a) ICBA, (b) IPH, (¢) PCBM, and (d) KLOC-6. The voltage
increases from 0 V to 1.3 V, as is indicated by the colour change from blue to red, and the corresponding legend
is shown in (a). (e) PLQY, QFLS and (f) Juon—rad/Jrad of all devices Measurements were carried out under
1-sun equivalent 532 nm CW laser illumination, and all devices were illuminated under these conditions for 5
min prior to measurement. The values at Voo and MPP for each device are marked as circles and crosses in
(e) and (f), respectively.

the low LUMO of KLOC-6 limits the bulk carrier density at OC, attributed to enhanced surface
recombination losses. As the applied voltage (V,,,) is decreased, the concomitant reduction in
PLQY is indicative of the charge extraction efficiency.[221, 222] In both the IPH and PCBM
devices, the PLQY decreases by one order of magnitude when V,,, decreases from V > Vo
to the MPP, indicative of efficient charge extraction, with the largest decrease observed for
PCBM device, consistent with it exhibiting the highest Jsc. The KLOC-6 device only shows a
modest PLQY reduction, attributed to its low charge accumulation even at OC, as commented
above. Most strikingly, the ICBA device has a high PLQY across the entire voltage range,
indicative of its poor charge extraction efficiency resulting in substantial charge accumulation in
the perovskite bulk even at SC, as discussed in Chapter 2.[141, 222, 299, 300] This is consistent
with the energy barrier presented by the high LUMO of ICBA, the effects of which can also be
seen in the low Jgo and FF of the ICBA device.[141]

Using Equation 2.6, the PLQY values were used to calculate the QF LS in each device at

each voltage and this is shown in Figure 4.5e (left-hand y-axis), with the calculation details
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Table 4.2: Summary of OC and SC device PLQY, QF LS from operando PL measurements.

BETL Voo QFLSoc QFLSoc — q¢Voc Jsc QFLSsc AQFLSoc-sc

(V) (eV) (meV) (mA cm™?) (eV) (meV)
ICBA 1.10 1.13 30 17.2 1.10 30
IPH 1.10 1.12 20 22.9 1.07 50
PCBM  1.08 1.10 20 23.9 1.05 50
KLOC-6 0.99 1.07 80 21.2 1.06 10

described in the experiment section. We first compare the OC QFLS (QF LSoc) measured
from the PL data to the device qVp¢'s, as summarised in Table 4.2. As expected, QF LSoc
shows the same trend as the ¢V values, namely ICBA > IPH > PCBM > KLOC-6. However,
it is striking that the differences between QF LSoc and ¢Vpe are all 20-30 meV for ICBA, IPH
and PCBM but significantly higher (80 meV) for KLOC-6 (See Column 4 in Table 4.2). This
larger mismatch between QF LSoc and ¢Vpe for the KLOC-6 device is indicative of larger
surface recombination losses for this device at OC. This can be attributed to greater electron
accumulation in the KLOC-6 ETL resulting from its lower LUMO level, accelerating interfacial
recombination losses with perovskite holes.[152] We note that surface recombination at the

PTAA /perovskite interface may also contribute to QF LSoc — qVoc.[315]

The SC QFLS (QF LSsc) of these devices and the QF LS reduction from OC to SC

(AQF LSoc-sc) are now considered, as summarised in Table 4.2. Surprisingly, all the devices
show high values of QF LSgc (>1 eV), regardless of the ETL LUMO level, indicating that there
is significant charge accumulation in the perovskite layer, even under SC conditions. As a result,
small values of AQF LSoc_sc are observed, with all the devices having a value < 50 meV. It is
apparent that the PCBM device had the lowest QF LSsc, largest AQF LSoc—_sc, and highest
Jsc, followed by IPH and then ICBA. This can be attributed to the improvement in charge
extraction efficiency, which occurs as the LUMO of the ETL is decreased and agrees with the
trend in the charge transfer rates observed in the fs-TA and PL results. However, the device
using KLOC-6, which has the lowest LUMO among the ETLs, is an exception to this trend
as it has a higher QF LSsc (by 10 meV) and a lower Js¢ (by 2.7 mAcm™2) than the PCBM,
and the smallest AQF LSoc_sc (10 meV) of all the devices. This low AQF LSoc_sc value

can be attributed to two factors: first, the low LUMO of KLOC-6 leads to enhanced surface
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recombination and a reduced QF' LSo¢ (as discussed in the previous paragraph) and second, the
low mobility of the KLOC-6 (one order of magnitude lower than that of PCBM as measured in
the SCLC and TFT measurements presented in Figure 4.2) reduces charge extraction efficiency

to the external circuit under SC conditions. This leads to charge accumulation in the device at

SC, which enhances QF LSsc and reduces Jsc.[141, 222, 300, 299]

It is striking that compared to less efficient technologies, such as DSSC and OPVs, which have
reported OC to SC charge density reduction of over one order of magnitude,[223, 344, 345] the
best-performing PCBM PSC (PCE of ~20%) demonstrates a relatively small AQF LSoc_sc
(< 50 meV), corresponding to a low reduction in charge density. This is because, for classic
intrinsic semiconductors with sharp band edges, QQF' LS can be determined using the equation:
n

QFLS = kpT x In("%) (4.1)

)

, where n is the charge density under photoexcitation and ng is the background charge density
under dark equilibrium. Assuming that the perovskite satisfies these assumptions, the value
of AQFLSpc_sc corresponds to a ~7-fold reduction in charge density between OC and SC
conditions. This small AQF LSoc_sc can be mainly attributed to its large QF LSgc (1.05 eV
with bandgap of ~1.55 eV). Similar high values of QF LSsc (1.03 eV with a bandgap of ~1.60
eV) have also been observed in other more efficient p-i-n PSCs reported in the literature.[260,
299] The QF LSsc here from the operando PL measurement is attributed to the light-soaking
effect as much smaller QF LSs¢, and thus larger AQF LSoc_sc (e.g., QF LSsc = 1.03 eV and
AQFLSoc-sc = 80 meV for PCBM device under 1-sun equivalent illumination), are observed
in a light-intensity-dependent OC and SC PL measurement without pre-illumination, as shown
in Figure 4.6. This is because the PL of PSCs at a low voltage will increase under continuous
illumination, as reported previously and attributed to ion migration.[233, 272] The sensitivity of
QF LSs¢ to prior illumination suggests that its high value is not solely due to contact material
properties but is also determined by an intrinsic property of the perovskite. This is most likely

the presence of mobile ions, as will be discussed further below.

85



(a) (b)

1.20 100
@ ICBA-OC
A ICBA.SG —o—ICBA
11591 @ IPH-0C g ~9PH
A IPH-SC —a—PCBM
110 @ Pcem-oc —9—KLOC6
A PCBM-SC 60 4
@ KLOC-6-0C e
1.054 A KLOC-6-SC £ A

QFLS (eV)
S
AQFLSy gc (MeV)
N

1 10 100 1 10 100
Light Intensity (mW/cm?) Light Intensity (mW/cm?)
Figure 4.6: Light intensity-dependent PL measurement of PSCs with ICBA, TPH, PCBM and KLOC-6 as ETL
at OC and SC. (a) Calculated QFLS of those devices at OC and SC. (b) Calculated AQFLSoc—_sc of these
devices under different light illuminations. No pre-illumination was applied and the laser was blocked right

after each measurement. A 532 nm CW laser is used as the light source. The pink stripe area demonstrates the
excitation fluence is equivalent to 1-sun illumination.

Light intensity-dependent device PL and QFLS

In order to confirm that the results of the operando PL measurement are valid over a wide range
of illumination conditions, light intensity-dependent PL measurements were performed on the
same devices under both OC and SC conditions without pre-illumination/light soaking. The
corresponding QF' LSs were calculated via Equation 4.1, and the results are shown in Figure
4.6a. In general, the QF LS increases with light intensity since a higher incident photon flux
leads to a greater density of photogenerated charges. For any given incident light intensity,
the QFLSoc values follow the same trend as was observed under 1-sun conditions in the
operando PL measurement (i.e., ICBA > IPH > PCBM > KLOC-6) and are higher than
the AQF LSoc_sc values, as is expected due to charge extraction to the external circuit at
SC. Surprisingly, the QF LSo¢ values also follow this trend, which is counter to the operando
PL results where the KLOC-6 had a larger QF LSoc than the PCBM. This demonstrates the
importance of considering the light soaking effect and the implementation of PLL measurements

under operating conditions.

Figure 4.6b shows AQF LSoc_sc, a parameter indicative of the reduction in charge density in
the perovskite layer between OC and SC, to be compared between the four devices such that
differences in their behaviour can be distinguished easily. In the IPH, PCBM and KLOC-6
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Figure 4.7: (a-d)PL or radiative current comparing with the extracted current by matching their first and the
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Schematic drawing of different quasi-Fermi level distributions at the perovskite/ETL interface with varied ETLs

devices, AQF LSoc_sc increases with light intensity, while for ICBA, it is nearly intensity in-
dependent for excitation fluence greater than 0.1-sun equivalent illumination. As the difference
in gradient between OC and SC conditions (which is what causes the increase in AQF LSoc_sc
with intensity) is due to charge extraction to the external circuit at SC, the fact that no in-
crease in AQF LSoc_sc is observed for ICBA indicates that the presence of charge extraction
does not significantly influence the dominant recombination pathways in the device. Thus, this
measurement confirms that ICBA has inefficient charge extraction under SC conditions due
to its high LUMO and relatively low mobility, which means that most of the photogenerated

charges accumulate in the perovskite layer and create conditions in the device similar to those

at OC.

Operando PL-V versus J-V

A direct comparison between the operando J-V and PL-V is made in Figure 4.7a-d by normal-
ising both curves to their values at 1.3 V and 0 V. These plots allow us to easily compare the
voltage dependence of the extracted current and the rate of bulk, radiative recombination.[260,

223, 346] A discrepancy between the shapes of these curves indicates that these two currents
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Figure 4.8: Dark measurements of PSCs with different ETLs: (a) EQEgy, (b) dark J-V. These measurements
were conducted using the same set-up as the operando PL measurement but without laser illumination. The
scan window is 0-1.3 V and a scan speed of 7 mV /s was used.

have a different functional dependence upon the applied voltage, which would be expected if the
voltage across the device is not an accurate probe of its QFLS. It is evident in Figure 4.7a-d that
the PL-V and J-V curves are very well matched for ICBA, IPH and PCBM, whereas the curves
for KLOC-6 diverge noticeably, suggesting that in this device, there is a significant reduction
in the QFLS between the bulk of the perovskite and the external contacts, in agreement with
the larger value of QF LSpc-qVoc measured above, as is illustrated schematically in Figures
4.7e-f. This difference in behaviour between the IPH, PCBM and IBCA devices on the one
hand and the KLOC-6 device on the other suggests that non-radiative recombination in the
latter device is dominated by a different mechanism to that in the other three devices, namely
surface recombination at the perovskite/ETM interface, which is greater in KLOC-6 due to its

low LUMO, as is discussed further below.

Electroluminescence measurement

EQFEg; measurements were also performed to further examine the perovskite/ETL interface,
with the results shown in Figure 4.8a. As EL is measured by running the device in the dark, i.e.,
the device is acting like a LED, EQ Er;, measurements evaluate the efficiency of charge injec-
tion from the transport layers into the perovskite, including the effects of surface interfaces. In
Figure 4.8a, PSCs with IPH and PCBM as the ETL show good EL performance. This indicates

excellent charge injection from the ETL, which can be attributed to their good energetic align-
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ment with the perovskite CB. Noticeably, compared with PCBM, IPH has a higher EFQFgy,
despite its injection current being lower (see Figure 4.8b), which indicates that non-radiative
recombination at the IPH/perovskite interface is reduced in the voltage range 0.9-1.3 V. As
expected, the KLOC-6 device shows the lowest EQ) Egy, attributed to the injection barrier at
ETL /perovskite interface, where this injection barrier leads to unbalance charge injection and
thus to enhance surface recombination at the interface.[347, 348, 349, 350] Unexpectedly, the
ICBA has a lower EQFEgy, than the IPH and PCBM, despite having ETL /perovskite energetics
which is more favourable for electron injection. This could be attributed to a larger barrier for
electron injection from the Au electrode to the ICBA layer, as suggested by its lower injection
current (see Figure 4.8b).[351, 352] In summary, the EQ Fg[, results have offered another insight
into the quality of the ETL /perovskite interface, with non-radiative recombination losses being
the most significant for KLOC-6.[353] This is consistent with the J-V and PL observations that

the device with KLOC-6 has the lowest Voo and QF LSoc.

Non-radiative recombination versus radiative recombination

To quantify the weight between the non-radiative recombination versus radiative recombina-
tion, the ratio between their corresponding currents (J,on—rad/Jrad) Was compared, as shown
in Figure 4.9a. Although the correlation between the J-V characters and the radiative re-
combination behaviours has been shown in Figure 4.7, a discrepancy is also observed, limiting
us from understanding the origin of the loss in photocurrent, especially at SC and MPP, as
non-radiative recombination could also play a role in. Since photogenerated charges recombine
either radiatively or non-radiatively, calculating the ratio (Jyon—rad/Jrad) allows one to bet-
ter understand the recombination loss mechanisms in these devices under different operating
voltages. Here, the radiative recombination current (J,.4) can be calculated directly from the
measured emission flux, assuming that each photon originated from a single electron-hole pair;
the non-radiative recombination current (Jy,,_req) can’t be accessed directly, but can be deter-
mined by Joen, — Jrad — Jeatr- Here, Jye, is the generation current, a constant, calculated from
the incident laser flux by excluding the total reflection of the device and the absorption of the

substrate (glass/ITO/PTAA), see Figure 4.9d; J..4 is the extraction current collected directly
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from the electrodes. Figure 4.10 summarises all recombination currents. As J,on—rad—buik 1S the
total non-radiative loss current, which is a sum of both the bulk, non-radiative recombination
current (Jpon—rad—buik)) and the surface recombination current (Jgur face), the ratio Juon—rad/Jrad

can be written as

Jnon—rad _ Jnon—rad—bulk + Jsurface (4 2)
Jrad Jrad

According to Equation 4.2, each of these currents has a different dependence on the carrier
density and distribution within the device, such that variable ratios are expected to be observed
if the dominant recombination pathway is changed from the bulk to the interface. Here, we
consider J,on—rad—buik t0 be proportional to n®, where n is the average number density of carriers
in the perovskite layer and « lies in the range 1-2, depending on the precise mechanism of the
bulk recombination. For Shockley-Read-Hall recombination with balanced carrier lifetimes and
densities, a = 1, while for non-radiative bi-molecular recombination (as suggested by a few
groups [117, 120]), a = 2. For surface recombination at the ETL /perovskite interface, Jgurface
is proportional to the product of the minority (hole) population at the interface, ny, and the
number of electrons in the ETL, ngrr. Finally, J,.q is proportional to n?. Thus, by examining
how the ratio Jhon—raa/Jrea changes with applied voltage, we can learn how the dominant

recombination mechanism within the device depends upon the applied voltage.

In the case when Jyy; f4ce is much less than Jy,0n—rad—puik, the ratio can be written as Jyon—rad/ Jrad
o n® 2. This would decrease the ratio as the applied voltage increases due to the concurrent
increase in n (as 1 < a < 2). Alternatively, in the case when Jg; face is comparable to or greater
than Jyon—rad—suk, the ratio is proportional to ngrr/n., and thus its voltage dependence will

depend on which of these two quantities is larger at a given voltage.

Although it may seem unexpected for ngr; to be larger than n., there are two factors which
could contribute to this. First, the ETLs used in these devices have an effective density of
states at the conduction band edge ~ 100x greater than that of the perovskite, implying a
greater electron density for the same electron quasi-Fermi level.[241, 354] Secondly, the electron
density in semiconductors increases exponentially as the energetic offset between the electron

Fermi level and the conduction band decreases. As this quantity will be smaller in the ETLs
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Figure 4.9: (a-¢)Jnon—rad/Jrad using three different Jye,, values; (d) absorptance, transmittance and reflectance
measurements of the substrate (glass/ITO/PTAA) and a complete PCBM device for Jy,, estimation.

with LUMO levels that lie below the perovskite CB than it is in the perovskite bulk, we would

expect it to be the case that ngry, is greater than n,.

Figure 4.9a shows the ratio Juon—red/Jraa for each device, normalised to its value at 0 V.
Here, this ratio, and the conclusions drawn from it, are not sensitive to the absolute value of
Jgen, as illustrated in Figure 4.9a-c. Considering the solar cell operating voltage range (0 -
Voc), the ratio of Jyon—rad/Jrea decreases monotonically in the ICBA and IPH devices as the
applied voltage (V,,,) increases, which implies that surface recombination is a less significant loss
mechanism than bulk, non-radiative recombination in these devices. The same phenomenon
is also observed in the PCBM device at lower applied voltages, but the ratio then starts to
increase until it reaches a maximum near the Voo point, implying that surface recombination
is negligible near Jgso but becomes significant around Vpe. For KLOC-6, the ratio continuously

increases from 0 V to V¢, indicating that surface recombination is the dominant recombination
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Figure 4.10: Summary of different recombination currents of devices with (a) ICBA, (b) IPH), (¢) PCBM
and (d) KLOC-6. These plots are based on the data from operando PL measurement from Figure 4.5e and
absorption measurement from Figure 4.9d.

process at all voltages. These data are consistent with the PL and EQ Eg, results, where they
demonstrate the primacy of bulk recombination in the ICBA and IPH devices due to their high
LUMO ETLs, while also showing that KLOC-6 exhibits strong surface recombination losses,

which can be attributed to excess charges accumulated in the ETL due to its low mobility and

deep LUMO.

This analysis shows that the ratio of Jy,on—rad/Jreq N0t only provides an effective way to quantify
the balance between radiative and non-radiative recombination but also gives information about
the source of the non-radiative recombination. In these devices, we find that bulk non-radiative
recombination is the dominant cause of charge carrier losses at low voltages. However, at volt-
ages near Vp¢, surface recombination may become more significant due to charge accumulation

on the ETL.[333] Compared with other devices, the results of the V-dependent Jyon_rada/Jrad
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further explain the J-V characters of the PCBM device, where higher Jgo but lower Voo were
observed due to less surface recombination at SC but more pronounced this phenomenon at
OC. This suggests that the PCBM device has the highest extraction efficiency at SC. However,

these results still can’t explain its high QF LSsc.

Summary of the experimental results

Overall, the J-V and operando PL results demonstrate that ETLs with shallower LUMOs tend
to have higher values of V. This agrees well with these ETL materials used in the OPVs.[338]
The absolute PL data measured from both the films and devices at OC reveal this trend is due
to the enhancement of QF'LS within the perovskite layer. However, if the LUMO level is too far
above the perovskite CB, it can create an energetic barrier to slow the charge transfer from the
perovskite to the ETL, as indicated by the kinetic measurements.[169, 174, 355] Consequently,
this hindered charge transfer reduces overall charge extraction by observing small values of
AQFLSoc_sc, which results in a lower FF and Jgo. Conversely, ETMs with LUMOs too
far below the perovskite CB can introduce additional surface recombination, leading to small
QF LSoc and reducing Vpe.[130, 152, 229] Such considerable surface recombination phenomena
induced by the energy offsets have also been reported in other p-i-n PSCs using a different
CTL, such as P3HT and C60.[152, 315, 333] Figure 4.7f demonstrates the mechanisms of this
surface recombination, where excess charges in the ETL recombine with the opposite charges in
the perovskite layer. This surface recombination can be mainly attributed to photogenerated
charges in the perovskite layer tend to transfer into these ETLs with lower LUMOs due to
increased charge transfer rates. It is also worth noting that this surface recombination is
voltage-dependent and becomes less pronounced as Vapp approaches 0 V, as indicated by the
analysis of the Jyon—rad/Jraa- This could be attributed to charges accumulated at the ETL [333]
at OC but extracted to the external circuit at SC. Moreover, ETLs with much lower mobility,
such as KLOC-6, can also cause charge accumulation in the device and decrease FF and Js¢

by introducing additional series resistance.[356, 357]

Additionally, the results demonstrate significant charge accumulation at SC (QF LSsc > 1 eV)
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in all the measured devices, including those with the highest Jsc values. As this is observed for
all four ETMs, even those which show the fastest rates of charge transfer from the perovskite
to the ETM, it appears that this charge accumulation is not solely the result of transport layer
properties. Therefore, it seems that the significant SC charge accumulation reported here is a
result of transport limitations within the perovskite layer. Further evidence that this charge
accumulation is a result of perovskite layer properties comes from the inconsistency of the
QF LSsc values measured in operando PL and light intensity-dependent PL. This inconsis-
tency indicates that SC charge accumulation and the consequent high values of QF LSgc are
associated with the light soaking effect, a phenomenon which has been previously linked to ion

migration in the perovskite layer.[233, 272]

4.4.2 Drift diffusion simulation

In order to understand the origin of the charge accumulation (high QF LS) under low voltage
conditions, drift-diffusion simulations were performed using Driftfusion, a software package
which can accurately model PSCs due to its inclusion of the effects of mobile ionic species in the
drift-diffusion equations.[230] The simulation results obtained by including and not including
mobile ions are contrasted in Figure 4.12, with the simulation parameters summarised in Table
2.1-2.3 in Chapter 2, Section 2.5. When mobile ions are included in the simulation, the trends
shown in the measured J-V and PLQY/QF LS results have been successfully reconstructed and
are qualitatively consistent with the measured results in Figure 4.1 and Figure 4.2, respectively.
Specifically, as shown in Figure 4.12a, all the devices modelled while neglecting simulated with
no ion motion all have equal Jgo values, which are consistently higher than those measured
experimentally. Additionally, the simulation results also suggest that these devices always
exhibit lower Vo values if the mobile ions are excluded. Similarly, in Figure 4.12b, it is
observed that neglecting the presence of mobile ions leads to all the devices demonstrating low
PLQYsc, which is one or two orders of magnitude lower than those measured experimentally.
This also leads to the QF LSsc values of ~ 0.9 eV for all the devices without mobile ions, while

the inclusion of mobile ions leads to values which are in better agreement with the experiment,
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Figure 4.11: (a) J-V curves of the simulated devices with (solid lines) and without (dotted lines) the effects of
mobile ions. The ions impact the current hugely, especially under low biases. Simulated (b) PLQY (c¢) QFLS
results with/without mobile ions. Lucy Hart produced these figures.

as shown in Figure 4.12¢ and summarised in Table 4.3. It is worth noting that this simulation
is dependent upon mobile ion density and other properties of the perovskite layer, such as the

carriers’” mobilities and bulk recombination lifetimes. By contrast, the choice of ETM mobility

and LUMO has a less significant impact on the value of PLQYsc.

All these observations can be explained by the redistribution of the ions in response to the
device’s internal electric field. As introduced by Chapter 1, Section 1.5, a large population of
mobile ions, exists in most metal halide perovskites,[209, 218, 358] which screens the electric
field throughout the perovskite layer, thus, leading to photogenerated charges must diffuse, not
drift, to the interfaces to be extracted.[208, 209, 233] The impact of this is especially pronounced
at SC,[208, 209, 218, 359] where it leads to charges accumulating in the perovskite, as illustrated
in Figures 4.12d-f. Consequently, there is a reduction in Js¢ (see the second column in Table
4.3) since a greater fraction of the photogenerated charges recombine in both bulk and surface

before they can be extracted out as current.[222, 233]

However, the presence of ions is not wholly detrimental to device performance. The simulated
J-V curves indicate that the devices which included mobile ions also had higher V¢ values. The
reason for this can be seen in Figures 4.12d-e; the inclusion of mobile ions reduces the density of
the minority carrier at the counter interlayer surface when compared to the case with no ionic
motion.[360] This effect occurs as it is largely the ionic, not electronic, charge distribution which
determines the electrical field within these devices.[235] Thus, it is the redistribution of the ions

in response to the change in applied voltage which is responsible for the shielding of the internal
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Figure 4.12: Simulation results of charge carrier distributions at OC (top) and SC (middle) conditions with
(solid lines) and without (dashed lines) mobile ions of (a) KLOC-6, (b) PCBM and (c) ICBA, respectively. The
bottom figures show the mobile ion distribution. Lucy Hart produced these figures.

electrical field, removing the need for minority carrier accumulation near the counter interface
as the applied voltage approaches the built-in voltage. This reduces the surface recombination
rate at the perovskite/ETL interface for a given applied voltage and improves the value of Vo¢.
Nevertheless, the PCE gain from the enhanced V¢ value cannot compensate for the losses due

to the reduction in Jgc.

To summarise, regardless of the properties of the ETM, the simulation results suggest that the
inclusion of mobile ions leads to lower Jg¢ values and higher values of QF LSg¢, consistent with
the observation in other perovskite solar cells.[233, 361] It was found that values of QF LSsc
comparable to those measured experimentally could not be simulated unless the effects of mobile
ions were included, demonstrating the necessity of incorporating ionic effects to accurately

model the electric field and carrier distributions in PSCs.[209, 218, 219] Additionally, the results
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demonstrated that the low values of AQF LSoc_sc measured in PSCs are a direct consequence
of charge accumulation in the perovskite layer at SC, a phenomenon which occurs due to the
screening of the internal electric field by mobile ions, resulting in slower, diffusion-driven current

extraction at SC.[218, 219]

Table 4.3: Simulation results of device QF LS under OC and SC conditions with and without mobile
ions. Lucy Hart provided the original data.

Jsc QFLSsc QFLSoc AQFLSoc-sc

EIL A em ) (ev) (eV) (eV)
No mobile ions KLOC-6 24.2 0.98 1.09 110
PCBM 24.4 0.91 1.11 200
ICBA 24.3 0.97 1.14 170
Including mobile ions KLOC-6 22.8 1.05 1.09 40
PCBM 23.5 1.04 1.12 80
ICBA 16.8 1.10 1.14 40

4.5 Conclusion

To conclude, this chapter has demonstrated a method using operando PL spectroscopy as a tool
to quantify the radiative and non-radiative recombination of four p-i-n PSCs under operating
conditions. Combined with the results of light intensity-dependent device PL. measurements and
Driftfusion simulation, the operando PL data suggest that the large QF LS, observed at SC in
all the PSCs, regardless of ETL properties, is mainly due to ion migration, an effect which may
be enhanced by light soaking. This is because, at low applied voltages, mobile ions located at the
perovskite/contact layer interfaces screen the internal electric field, impeding charge extraction,
and reducing Jsc.[208, 209, 218, 359] Our results also suggest that, in addition to choosing
an ETL with good charge transport properties (e.g., mobility),[356, 357] it is necessary to
optimise the energetic alignment at the perovskite/ETL interface to achieve the highest device
performance.[130, 152, 362] Whilst a low LUMO favours charge transfer from the perovskite
to the ETL, it can result in increased non-radiative recombination at the perovskite/ETL
interface, which limits the PSC’s FF and Vp.[130, 152, 229] On the contrary, though a high

LUMO benefits the QFLS in the bulk perovskite, it impedes charge extraction under low
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voltage conditions (when V < Vpe, leading to the accumulation of photogenerated charges in
the bulk.[141, 174] This results in a device with a low Js¢ and/or FF. Moreover, by analysing
the ratio of non-radiative to radiative recombination currents as a function of applied voltage,
the evidence shows that surface recombination is more severe at voltages close to Voo than
it is under low voltage conditions. However, it is only the dominant recombination process in
devices which use ETLs whose LUMO lies beneath the perovskite’s CB, which can be attributed
to the formation of a non-ohmic contact at the ETL/perovskite interface.[362, 363] This work
suggests that, in order to achieve more efficient p-i-n PSCs and move towards the theoretical
limit, it is necessary both to optimise the energetic alignment at the perovskite/ETL interface

and to mitigate the effects of ion migration in the bulk perovskite.
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Chapter 5

Asymmetric Charge Transfer and
Charge Transport in Planar Lead
Halide Perovskite Solar Cells

5.1 Declaration of contributions

The results presented in this chapter led to the publication of the paper: Asymmetric charge

carrier transfer and transport in planar lead halide perovskite solar cells. [122]

Dr Tian Du is responsible for the fabrication of the samples and devices in this Chapter.

5.2 Abstract

Efficient charge extraction from the perovskite layer is crucial to the design of high-performed
PSCs. Here, this chapter demonstrates a simple TRPL method to probe charge transfer from
perovskite to its contacts and charge transport across the perovskite layer individually, based
on asymmetric and spatially localized excitation. The effects of perovskite layer thickness, GBs,

and interlayers on these dynamics are revealed. The results indicate that both film thickness
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and GBs impact the asymmetry between the electron and hole charge transport across the

perovskite layer and charge transfer from the perovskite layer to its contacts.

5.3 Introduction

The photon-to-electricity conversion in the PSCs is driven by processes with dynamics rang-
ing from fs to ms.[108, 115, 163, 164, 364] Thus, elucidating these charge carrier dynamics
is the key to optimizing materials fabrication and device engineering. In the last decade,
charge carrier dynamics in the perovskites have been investigated extensively. Particularly,
the ultrafast dynamics, probed by transient pump-probe techniques, on charge generation and
charge relaxation in the perovskites have received intensive attention,[61, 98, 108, 163, 365]
with increasing agreement on the understanding of these processes.[61, 108, 156, 366, 367]
However, there is less consensus on subsequent charge carrier recombination, transport and
transfer processes, which typically occur in ns and us.[115, 163, 164, 368] These processes are
strongly dependent on material processing and device architecture and can be critical to de-
vice performance.[98, 236, 366, 369] In a PSC under operation, photogenerated charges have to
travel through the bulk perovskite to reach the perovskite/CTL interface, and then be trans-
ferred to the CTLs and ultimately be collected by the electrodes. This series of steps is often
referred to as charge extraction, which is in kinetic competition with recombination processes
in the device. This competition is often considered a key determinant of device performance.
Kinetics of fast charge transport and charge transfer, and slow charge recombination are essen-
tial for efficient charge extraction. Whilst extensive attention has been paid to the kinetics of
charge recombination,[116, 119, 370, 371] less has been paid to charge transport and transfer
kinetics and their impact on the overall charge extraction efficiency as a function of material

processing,[115, 222] which is the primary focus of this manuscript.

A range of measurement techniques has been developed to study charge transport, transfer and
recombination kinetics within PSCs. Pump-probe TA spectroscopy is one of the commonly used

methods for probing charge transfer dynamics within ns.[167, 170, 326, 327, 372] However, the
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high pump fluxes used in such measurements are remote from the actual working conditions of
the solar cell. Charge recombination kinetics are typically studied by transient PL or absorption
studies in bare perovskite films, or by impedance or transient photovoltage analysis in complete
cells to reveal the recombination processes in between ns and ms.[123, 126, 163, 164, 221, 222]
Charge transport kinetics have also been studied by various methods. However, consensus on
them is difficult to achieve as physical parameters such as mobilities and diffusion coefficients
have been reported to vary over several orders of magnitudes.[227] It is suggested that charge
mobilities measured from most contact measurements, such as space-charge-limited-current,
time-of-flight, and Hall effect, may be overestimated due to ion migration.[73, 153, 154, 373]
Contactless measurements such as transient THz conductivity and microwave conductivity
typically measure local mobilities, and are unable to separate electron or hole mobilities.[108,
157, 161, 162, 374] Instead, steady-state and time-resolved PL methods of perovskite films with
and without CTLs have been used to measure both electron and hole extraction kinetics,[164,
375, 376] where the surface-quenching TRPL approach has recently been shown to be applicable
to probing charge carrier mobilities.[375, 376] However, this approach has not yet been employed

to compare electron and hole mobilities or the impact of perovskite film processing.

In this study, surface quenching TRPL analyses were employed as the primary tool to investigate
the electron and hole transport and transfer kinetics dependent on perovskite film thickness,
GB, and the presence/absence CTLs. To distinguish charge transfer and charge transport
processes, a blue (405 nm) light source with a short penetration depth of 30 nm was used
to achieve spatial-localized photogeneration, along with employing front and back excitation.
This allows charge generation either adjacent to, or on the opposite side of, the perovskite/CTL
interface. This results in more pronounced charge transfer dynamics if the charges are generated
adjacent to the interface, and more dominant charge transport dynamics when charges are
generated on the opposite side.[163, 376] Thus, this approach can be applied to measure both
electron and hole transport kinetics within the photoactive layer by employing either an ETL

or HTL.

Achieving compact and continuous perovskite films is always challenging, especially in large-

scale commercial fabrication processes.[42, 377, 378, 379] In this work, the impact of perovskite
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Figure 5.1: 250 nm, 750 nm and AAS-750 nm perovskite based device structure (a), J-V curves (b) and their
corresponding parameters in statistics, with Jg¢ in (c), Voe in (d), FF in (e) and PCE in (f). The J-V data
and parameters were obtained by Dr Tian Du.

film thickness and crystallinity on electron and hole transfer and transport kinetics were in-
vestigated. The impact of these parameters on the overall charge extraction dynamics is an
important consideration for device efficiency. Three MAPDI; based perovskites were investi-
gated, including a thin 250 nm layer, a thicker 750 nm, and a 750 nm thick film that was AAS
treated with enhanced film crystallinity and reduced GBs.[140, 380] Perovskite films with three
different types of structures were studied: neat MAPDbI3 film on glass, ITO/PTPD/MAPbDI;,
glass/MAPbI;/PCBM, and ITO/PTPD/MAPbI;/PCBM. TRPL measurements and a simple
numerical model are employed to determine charge transfer and transport kinetics and the
underlying electron and hole mobilities, and their correlation with device performance are also

discussed.
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5.4 Results and discussion

5.4.1 Film processing and solar cell performance

This study focuses on charge extraction dynamics for films and devices employing three differ-
ent perovskite absorber layers: 250 nm MAPbI3, 750 nm MAPDbI3 and AAS treated 750 nm
(AAS-750 nm) MAPbDI;. The device performance of the PSCs using these absorbers was first
investigated, where a device structure of ITO/PTPD /MAPbI;/PCBM/BCP/Au is employed,
as shown in Figure 5.1a. A commonly used anti-solvent dripping spin-coating and annealing
process was used for the deposition of the perovskite layer, with different thicknesses controlled
by varying the precursor concentration between 1 M and 1.85 M for the 250 nm MAPbI; and
750 nm MAPDI;, respectively.[222] The AAS-750 nm MAPI; was fabricated with the same
procedure but with an additional AAS post-deposition treatment.[140] Further details of the
fabrication process are given in Chapter 2. Figure 5.1b shows the J-V curves of the measured
devices with their respective performance statistics summarised in Table 5.1 and plotted in
Figure 5.1c-f. When the MAPDI; thickness increases from 250 nm to 750 nm, there is a large
enhancement in the Voo from 1.036 V to 1.100 V, and a small increase in Jgo from 21.9 mA
em ™2 to 22.3 mA cm~2. These increases are however partially offset by a loss in FF from 0.79
to 0.77, resulting in a small net increase in the PCE from 17.9% to 19.0%. The device PCE
further goes up to 19.9% after AAS treatment which is mainly attributed to an increase in FF
of 0.80, as well as increased Jgc of 22.52 mA cm~2 and Vpe of 1.11 V.

Table 5.1: Device performance with 8 for 250 nm, 6 each for 750 nm and AAS-750 nm PSCs. These
parameters were contributed by Dr Tian Du.

Perovskite  Jsc (mA cm™2) Voo (V) FF (V) PCE (%)
250 nm 21.88+0.43 1.036+0.003 0.790£0.011 17.90+0.48
750 nm 22.25+0.28 1.100£0.005 0.774+0.009 18.96+0.33

AAS-750 nm 22.52+0.23 1.103+0.009 0.802£0.007 18.96+0.33

The absorption and PL characters of MAPbI3 films were also investigated. Figure 5.2a shows
the UV-Vis absorption spectrum of the neat MAPbI; films. Compared with the 250 nm MAPbI3

film, both the 750 nm and AAS-750nm films show the expected increase in absorption with
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Figure 5.2: (a) UV-Vis absorbance, (b) Tauc plot of the band edge absorption, (c) steady-state PL and its (d)
normalized spectra, and (e) excitation density dependent PL measurement of 250 nm, 750 nm and AAS-750 nm
MAPDI3 on a glass substrate. For PL. measurement, a 635 nm CW laser was used to excite the samples from
the glass substrate side with probing from the same side.

film thickness, as well as a small (7 meV) redshift of their band edge absorption onset (deter-
mined from Tauc plots, Figure 5.2b). A red shift for the thicker films is also observed in PL
spectra (Figure 5.2c and 5.2d), though this shift, 16 meV is large than for the absorption onset,
most likely due to the effect of additional photon recycling.[381] Figure 5.2e demonstrated the
fluence-dependent PL results of the three films with normalized PL intensity to match the den-
sities of absorbed photons. The PL yield increases from 250 nm MAPbI; to 750 nm MAPbDI3
and further to AAS-750 nm MAPDI; (see Figure 5.2d), indicating that non-radiative loss is
greatest for the 250 nm film, and least for the AAS-750 nm. As variations in the PL inten-
sity of MAPDI; are typically attributed to charge trapping (monomolecular) into non-radiative
states, the presence of such trapping process can also be analysed by fitting the PL against
the excitation fluence using the equation: Ip,= Ip;“, as plotted in Figure 1c. Here, a is a
parameter to estimate recombination order in perovskites,[265, 266] as illustrated in Chapter 3,
Section 3.4. The calculated « values are 1.4, 1.3 and 1.1 for the 250 nm, 750 nm and AAS-750
nm films, respectively, indicating suppression of monomolecular recombination (e.g.: charge
trapping into non-radiative states) with increasing the film thickness and is more so when AAS

treatment is employed, consistent with the trend in PL intensity between films. A smaller full-
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Figure 5.3: Cross-sectional SEM images of 250 nm MAPbI; (a), 750 nm MAPbI; (c) and AAS-750 nm MAPbI,
(¢). Surface SEM images of 250 nm MAPbI; (b), 750 nm MAPbI; (d) and AAS-750 nm MAPbI; (f). These
SEM figures are contributed by Dr Tian Du.

width half-maximum (FWHM) PL peak is also observed in the AAS-750 nm MAPbDI;, further
demonstrating higher uniformity of emission energies, consistent with a higher film uniformity
of the AAS-750nm film, compared with 750 nm MAPDI; (Figure 5.2d). These results indicate
that the 250 nm MAPbDI3 exhibits the most inferior semiconductor property whilst the AAS-750
nm MAPDI; the best, with the highest PL intensity and an « -value of near unity indicative of
near ideal behaviour. These trends are consistent with the trend in the Voo of these devices,
with the 250 nm device yielding the lowest Voo due to stronger non-radiative recombination

and the AAS-750nm device being the highest.

The film morphology of the three perovskite absorbers was further investigated. Figures 5.3 a-d
shows the cross-sectional and surface scanning SEM images of the 250 nm and 750 nm MAPbDI3
films. Both films exhibit grain sizes of around 250 nm, with the stacking of multiple grains
in the vertical direction only observed in the 750 nm MAPbDI3. This results in the presence of
additional GBs between the top and bottom surfaces in this film, which may influence vertical

charge transport by blocking or scattering charge carriers. On the contrary, in Figure 5.3e and f,
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AAS-750 nm MAPbDI3 shows monolithic grains with diameters of around 750 nm, which extend
through the whole film thickness; no GBs parallel to the substrate are observed. The absence of
lateral internal GBs in the 250 nm MAPDbI; and AAS-750 nm MAPDI; films is correlated with
their device performance by showing higher FFs compared with the 750 nm MAPbI3 PSCs, as

discussed further below.

The crystallinity of different MAPDIj; films was studied by XRD with the results shown in Figure
5.4. Comparing Figures 5.4 a and b, the diffraction intensity of 750 nm MAPDI; film is higher
than the 250 nm MAPDI; film due to the greater thickness of the former. Similar FWHMs of
the (110) peak were observed with 0.135° and 0.137° for 250 nm and 750 nm films, respectively,
as shown in Figures 5.4(e-g) and summarised in Table 5.2. This suggests that both films have
similar grain sizes, consistent with the SEM results in Figure 5.3. By contrast, the highest
intensity and smallest (110) FWHM of 0.113° were observed for the AAS-750 nm MAPDI;
demonstrating the strongest orientation along <110> direction and crystallinity among all the
films, in good agreement with our analyses of the optical data above. It is also noticeable in
Figure 5.4c that a small Pbl, peak is only present for the 250 nm film. This Pbl, may be
associated with a great proportion of volatilization of methylammonium during annealing due
to its larger surface area to volume ratio. The emergence of Pbl, in the 250 nm film may also be
associated with the higher defect density observed for it, with these defects possibly generated
by photolysis of Pbl,,[382] consistent with our optical data that the 250 nm film is likely to

own the highest proportion of non-radiative, monomolecular recombination.

Table 5.2: Gaussian fit of (110) phase of the XRD patterns from Figure 5.4.

Perovskite  Centre 2 theta (°) Amplitude (V) FWHM

250 nm 14.185 25.780 0.137
750 nm 14.184 52.770 0.135
AAS-750 nm 14.190 68.163 0.113

5.4.2 Photoluminescence analysis of charge extraction dynamics

TRPL measurements were carried out to address the charge carrier dynamics of the three

MAPDI; films. Here, 405 nm laser pulses with penetration depth (1/e absorption) of ~30 nm
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Figure 5.4: (a) XRD patterns of 250 nm, 750 nm and AAS-750 nm neat MAPI3 on ITO substrate with zoomed-
in pattern for (110) phase (b) and Pbls peak (c¢). The peak position is adjusted to the ITO peak in (d), and no
peak shift is observed in all perovskites. (e-g) Gaussian fit results of (110) phase peaks.

were employed to excite these samples from either side, to ensure the initial charge generation
is near either surface. An excitation fluence of 3 nJ cm=2 per pulse (6.8 x 10 cm™3), slightly
lower than 1-sun illumination (10 ¢cm™-10'® cm™3) reported previous, was used.[125] In com-
parison, 637 nm laser pulses were employed for control data, which excites relatively uniformly
throughout the film as the penetration depth is of ~200 nm. Decays of films without and with

HTL/ETL layers from 405 nm excitation are shown in Figure 5.5.

The TRPL decays for the three bare MAPDbI; films were compared first, as shown in Figure 5.5a-
c. All decays appear in two decay phases, with a fast (few ns) one followed by a slow (hundreds
of ns) one. The fast phase is most pronounced in the 250 nm film and significantly suppressed
in the AAS-750 nm film. As reported previously, this fast phase is assigned to monomolecular
charge trapping into non-radiative trap states.[119, 383] This assignment is further supported
by light intensity dependent TRPL results, shown in Figure 5.6 a and b, where the amplitude of
this fast phase is suppressed at higher excitation densities, which has been assigned previously
to the effect of trap filling.[119, 125, 383] The trend in the amplitude of this fast phase between
films indicates the density of non-radiative trap states is at its highest in the 250 nm film
and at its lowest in the AAS-750 nm film, consistent with steady-state optical data discussed

above. Again, following literature assignments,[119, 383], the second phase is assigned to band-
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Figure 5.5: TRPL decays of 250, 750, and AAS-750 nm MAPbI; films under 3 nJ cm 2 pulse ! 405 nm laser exci-
tation from either side with a structure of (a—c) glass/MAPbDI;, (d—f) HTL/MAPbDI;, (g-i) glass/MAPbI3 /ETL,
(j-1) HTL/MAPbDI5/ETL.

to-band recombination. The exponential nature of this slow phase is attributed to the fact that
the density of free (untrapped) carriers generated at this low excitation fluence (3 nj cm™2)
is lower than the dark doping density of the film, resulting in pseudo-first-order (exponential)
band-to-band recombination.[116, 383, 267] Consistent with this assignment, the decay kinetics
of the second phase accelerate and become more a power-law behaviour at higher excitation
densities, which is attributed to the photogenerated free carrier density increasingly exceeding
the doping density, as shown in Figure 5.6a-b. Thus, due to the low excitation densities used for
Figure 5.5, all decay kinetics were fitted by a simple and widely used [65, 346, 384] biexponential
equation y = yo + Ale_% + Age_%, with fitting results summarised in table 5.3. These fittings
are based on a general assumption: The system has two different decay components, which have

a short lifetime of 71, and a long lifetime of 75, respectively. The assignment of these decay
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components follows the same discussion of assigning the decay phases, where 7 is the short
lifetime with an amplitude of A; and 75 is the long lifetime with an amplitude of A,. In the
fitting of TRPL decays of bare MAPDI; films, 7; is the lifetime of the first order charge trapping
process while 75 is the lifetime of the pseudo-first-order band-to-band recombination process,
as discussed above. A comparison with the decay kinetics observed from 637 nm excitation,
shown in Figures 5.7, which results in more bulk excitation rather than surface excitation,
indicates that the fast decay phase is more dominant for surface (405 nm) rather than bulk
(637 nm) excitation, suggesting that monomolecular charge trapping is most severe at the
film surfaces. This conclusion agrees with previous studies which emphasized the importance
of surface recombination losses in perovskite films and solar cells.[385, 386, 387] Comparison
between the 405 nm excitation methods through glass versus through MAPI3 (Figure 5.5a,
b, ¢) suggests this trapping is enhanced at both film surfaces, but slightly more noticeable at
the MAPI; top surface. Overall, these data of bare perovskite films indicate the dominance of
non-radiative charge trapping follows the trend 250 nm > 750 nm > AAS-750 nm, consistent
with the steady-state optical data and the trend in Vo discussed above. Additionally, these

data also suggest that charge trapping is most significant at the film surfaces.

The employment of ITO/PTPD and/or PCBM as hole and electron transport layers (HTL and
ETL) respectively to the three bare perovskite films leads to a substantial acceleration of the
TRPL decay kinetics of these films, indicating charge transfer from the perovskite layer to the
CTL (Figures 5.5d-1). These transferred charge carriers in the CTLs would subsequently recom-
bine with opposite charges within the perovskite layer, primarily through the interfaces, known
as the surface recombination in longer timescales due to the absence of an external circuit.
The inclusion of ITO is to avoid excessive charge accumulation in the PTPD layer(less than
20 nm thick),[221] which would limit further charge transfer during the TRPL measurements,
as illustrated in Figure 5.6c-d. As these decay kinetics were probed under 405 nm excitation
for achieving spatially localized charge generation on either side of the perovskite layer, this

method allows one to probe the impact of photoexciting adjacent to, or on the opposite side

from, the CTL.

Now, the TRPL decay kinetics for the perovskite/CTL (ETL or HTL) films and with photoex-
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Table 5.3: Lifetime fitting results of decays from Figure 5.5 by the bi-exponential fitting equation:

y = yo + A1e 1 + Ase 2. Here yg is fixed to zero for neat film fittings but equals to its tail
background for all other fittings.

Sample name Ay 1 (ns) Ay (V) m(ns)  wo
glass/250nm-Exc glass 0.73 1.3 0.25 193.9 0
glass/250nm-Exc MAPbDI3 0.71 1.1 0.20 190.9 0
glass/750nm-Exc glass 0.34 4.7 0.56 241.5 0
glass/750nm-Exc MAPbI; 0.42 4.2 0.48 254.4 0
glass/AAS-750nm-Exc glass 021 29 0.68 237.1 0
glass/AAS-750nm-Exc MAPbDI;3 023 3.5 0.68 239.1 0
HTL/250nm-Exc HTL 0.79 0.7 0.15 8.6 0.003
HTL/250nm-Exc MAPbI; 0.53 1.9 0.39 14.1  0.004
HTL/750nm-Exc HTL 0.76 2.3 0.16 76.1 0.01
HTL/750nm-Exc MAPbI3 0.60 5.0 0.28 100.7  0.01
HTL/AAS-750nm-Exc HTL 0.64 2.0 0.26 25.2  0.006
HTL/AAS-750nm-Exc MAPbI; 0.36 3.9 0.49 32.5 0.01
glass/250nm/ETL-Exc ETL 098 14 0.03 11.4  0.001
glass/250nm /ETL-Exc glass 0.55 1.7 0.39 10.5  0.002
glass/750nm /ETL-Exc ETL 092 15 0.07 21.0  0.002
glass/750nm/ETL-Exc glass 027 23 0.67 30.7  0.006

glass/AAS-750nm/ETL-Exc ETL 0.91 1.4 0.14 16.4  0.001
glass/AAS-750nm/ETL-Exc glass 020 2.5 0.74 16.7  0.001

HTL/250nm/PCBM-Exc HTL 1.05 1.3 0.01 25.2  0.003
HTL/250nm/PCBM-Exc ETL 0.99 1.3 0.03 6.7 0.002
HTL/750nm/PCBM-Exc HTL 0.50 1.9 0.38 277 0.008
HTL/750nm/PCBM-Exc ETL 0.70 0.8 0.26 6.8 0.006

HTL/AAS-750nm/PCBM-Exc HTL 0.57 1.7 0.26 25.3 0.015
HTL/AAS-750nm/PCBM-Exc ETL 1.02 1.4 0.02 19.9  0.002

citation through the CTL to achieve spatial-localized charge generation in the perovskite layer
near the CTL, shown as the cyan traces in Figures 5.5d-f and blue traces in Figures 5.5¢g-i. In
general, all the TRPL decay kinetics begin with a dominant fast phase with 7 (< 3 ns), followed
by a subsequent slow phase with relatively small amplitude (As < 0.3) and variable 75 (~8 -
80 ns). Compared with the corresponding bare perovskite films, all films here exhibit increased
amplitude in their fast phases, such that this fast phase is assigned primarily to direct charge
transfer across the perovskite/CTL interface. Therefore, 71 can be assigned to the transfer time
of charges from the perovskite into the CTL. These transfer times were found to be independent

of perovskite film thickness and AAS treatment, with ~1.4 ns for electron transfer and ~2 ns
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Figure 5.6: (a-b) TRPL of bare 250 nm and 750 nm MAPbI; films under three excitation fluences of 7.1 nj
em~2 pulse™!, 0.25 nj cm™2 pulse™! and 0.04 nj em~2 pulse™!, where 467 nm laser was used. (c-d) TRPL
decays of 250 nm and 750 nm (b) MAPDI3 based PTPD/MAPDI; films with/without ITO substrate. 405 nm
laser with excitation fluence of 3 nJ cm™2 per pulse was used. The decays show a larger amplitude in PL
quenching for ITO-based samples than glass-based, demonstrating charge accumulation in PTPD-only samples.
(e-f) Comparison of TRPL decays between ITO/PTAA/750 nm MAPbI3 and ITO/PTPD/750 nm MAPbDI;
under the same excitation conditions as ¢ and d.

for hole transfer, comparable with the result from other reports measured by TRMC.[174] Tt
is worth noting that exception is found on the data for HTL/250 nm MAPDI3, ascribed to
additional contributions from charge trapping, as observed for bare 250 nm MAPDbDI; discussed
above. The faster time constant for electron transfer is also in good agreement with the larger
amplitude (A;) of this fast decay phase in MAPI;/ETL films compared to HTL/MAPI; films.
The second, slower phase here is primarily assigned to charges diffusing into the perovskite
bulk but not directly transferred to the CTL, as illustrated in Figure 5.8a. Consistent with
this assignment, the second phase of these films is pronounced for the thicker 750 nm MAPDbDI;,

and is more significant for the AAS-750 nm MAPDbI;. This indicates faster and more dominant
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Figure 5.7: Two-side excited TRPL decays of 250 nm and 750 nm MAPbDI3 films with varied sample structures
under 2.7 nJ cm™2 per pulse 637 nm excitation.

charge diffusion kinetics away from the MAPI3/CTL interface were introduced by this treat-
ment, as discussed further below. In summary, localized photoexcitation adjacent to the CTL
allows the determination of electron transfer time of ~1.4 ns and hole transfer time of ~ 2 ns,

the values of which are independent of perovskite thickness or processing.

The TRPL decays kinetics with photoexcitation from the opposite side to the perovskite/CTL
interface are discussed, shown as the red traces in Figures 5.5d-f and grey traces in Figures
5.5g-i. Again, the decay kinetics can be fit to two decay phases. The fast phase shows similar
lifetimes and amplitudes as they are from the bare MAPbI3 films. It is therefore assigned
to charge trapping at the CTL free MAPDI; surface. By contrast, the second, slower decay
phase exhibits faster decay kinetics than bare films. It is assigned to a combined effect of
charge diffusion across the perovskite film to the perovskite/CTL interface and subsequent
charge transfer to the CTL. Figure 5.8b presents a schematic drawing of these processes. This
second phase slows down when MAPbDI3 increases from 250 nm to 750 nm, and then become
faster after AAS treatment, as demonstrated by the time constants shown in Table 5.3. Similar
trends are also observed for the second decay phase with photoexcitation through the CTLs.
These trends can be assigned to differences in charge transport times across the perovskite
film, which is fastest for the 250 nm film, but also accelerated after AAS treatment, consistent

with the improved perovskite quality (higher crystallinity and reduced vertical GBs) after this
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Figure 5.8: Schematic diagram of charge carrier dynamics in an HTL/MAPbI3 sample with (a) excited from
HTL side and (b) excited from the MAPbI3 side. The purple layer represents the HTL and the grey layer
represents MAPDbI3. The laser is pulsed with a duration of < 200 ps and a wavelength of 405 nm. Copyright
permission from published work.[122]

treatment. As such, the time constant of this second phase can be used as an indicator of the
charge diffusion kinetics across the perovskite films, which will be discussed more quantitatively

below.

Finally, TRPL decay kinetics for the full layer stack HTL/MAPbI3/ETL (Figures 5.5j-1) were
considered. It is apparent that all decays show a fast phase with a large amplitude followed by
a slow phase with a small amplitude, consistent with the trend of bilayers exited at each CTL
side. These data are also in good agreement with the assignments above that the first phase
represents charge transfer to CTL while the second one represents charge diffusion away from

the interface with excitation.

Following excitation through the HTL, the TRPL decay kinetics for the full stack are almost
indistinguishable from those of the HTL/MAPDI3 bilayer, consistent with our analyses above.
We note that, for excitation through the ETL in the full stack, the slow decay phase is sup-
pressed in amplitude, indicative of enhanced direct electron transfer to the ETL relative to
MAPDI;/ETL bilayers, tentatively assigned to the impact of the HTL on band bending in the
perovskite. For excitation through the HTL, similar decay kinetics are observed between the
TRPL decay kinetics from the full stack and from the HTL/MAPDbDI; bilayer, consistent with
the analysis on the bilayer above. However, following excitation through the ETL, compared
with the data from MAPbI;/ETL films, the slower decay phase from the full layer stacks is

suppressed in amplitude, suggesting enhanced electron transfer to the ETL. This could be at-
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tributed to the impact of the HTL on band bending in the perovskite. Notably, if a laser with
a longer wavelength is used, achieving deeper penetration and more uniform charge genera-
tion in the perovskite layer, PL decay kinetics show less noticeable changes between excitation
from either side, highlighting the importance of confining charge generation close to the per-
ovskite/CTL interface to differentiate charge transfer versus transport. These results agree
with the bilayer analysis that decreasing the thickness or removing vertical GBs can accelerate

hole extraction.

Using bulk (637 nm) photoexcitation, TRPL decay kinetics exhibits a much less pronounced
fast phase compared to the data from surface (405 nm) excitation, as shown in Figure 5.7.
This is consistent with the assignment of this phase representing direct charge transfer through
the perovskite/CTL interface or charge trapping close to the perovskite surface, depending on
excitation direction, as detailed above. Under 637 nm excitation, it is apparent that a slow
decay phase dominates the total TRPL decay kinetics, with the decay phase assigned primarily
to charge diffusion to the interfaces. In summary, these results demonstrate the utility of using
surface-localized photoexcitation to probe the charge trapping, transport and transfer kinetics

in perovskite-based samples with CTLs.

5.4.3 Transport dynamics and mobility determination

Here, to further quantify the transport capability of these films, a simplified 1-D diffusion
equation was introduced to estimate the charge carrier mobilities from their TRPL decays
in Figure 5.5. In this model, only the decays of MAPbI3/CTL films excited at the opposite
side from the CTL interface were considered. Additionally, the following assumptions are made:
charges are photogenerated and distributed homogenously within the optical penetration depth
J, at time zero and then diffuse toward the MAPbI;/CTL interface at the other side; charges
are transferred immediately without any delay once they have reached the interface. The slower

time constant 7, from the bi-exponential fitting results is used as a measure of the transport
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time of carriers across the film. The transport time 7yqnsport can be calculated from:

L1 -

Ttransport T2 Trecom

where T,ccom is the charge recombination time determined from the second decay phase for bare

MAPI; films. The charge carrier mobility i can then be calculated from:

gD " L?
kBT 2Ttransport

p (5.2)

Here, the diffusion distance L = d — 9,, d is the film thickness, ¢ is the elemental charge of
an electron, D is diffusion coefficient, d, is the optical penetration depth, kg is the Boltzmann
constant, and T is the room temperature. More details regarding the derivation of this equation

are given below.

Mobilities of the three different MAPDI; films obtained from this analysis are summarised in
Table 5.4, showing different impacts of film thickness and morphology (GBs) on electron and
hole transport. The 250 nm film shows the lowest mobilities, with p. and py, of ~ 0.8 and 0.6
em? V1 s71 respectively, in agreement with the thinnest film having the highest defect density.
The 750 nm film shows an over 3-fold higher u. but retained u;, suggesting the higher trap
density in the 250 nm film primarily impacts electron transport rather than hole transport. It is
likely that the lower uy in the 750 nm MAPDI3, and the asymmetry between p, and gy, (fe/ tin
= 4.8), is the origin of the lower FF's of its devices. A further enhancement of the mobilities
was achieved by the AAS treatment, in particular with pu;, increasing more than 4 folds. Given
a key effect of this treatment is the removal of vertical GBs, this result suggests that u; is
more sensitive to GBs than p., consistent with the literature that GBs can form shallow traps
close to VBM that are benign to recombination but decrease py.[116, 383] The results of fi
=112 cm? V7! s7! and pj, = 5.3 cm? V! s7! are comparable to the values obtained via
other measurements in the literature.[108, 157, 161, 373] Though we note that these values
measured under low-light excitation may be relatively smaller than the others measured under
1-sun equivalent illumination, these higher and more balanced mobilities are most likely the

primary cause for the high FFs observed for the AAS PSCs.
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Table 5.4: Mobility and diffusion coefficient summary of different MAPbI3 films

Bare film second

2y/—1.—1 2y —1.—1 2.1
lifetime 75 (ns) pre (cm*V7=is™H) gy, (em®V7isTY)  pie/pn D (em®sTY)

Perovskite  Bilayer 75 (ns)

250 nm 10.5 193.9 0.8 0.02
14.1 190.9 0.6 1.3 0.02

750 nm 30.5 241.5 2.7 0.07
100.7 254.4 0.6 4.8 0.02

AAS-750 nm 16.7 237.1 5.6 0.14
32.5 239.1 2.9 1.9 0.07

These differences in charge carrier dynamics discussed above are also reflected in the device
performance. The PSCs with 250 nm MAPbI3 show higher FFs due to short transport dis-
tance, which contributes to fast extraction in total, and similar p. and puj, which contributes
to symmetric transport. However, these devices also show lower Vpe due to a combination
of increased trap states and surface recombination. In contrast, by increasing the perovskite
thickness to 750 nm, the PSCs with thicker MAPbI; show a considerably reduced trap density,
leading to a significant enhancement in V. However, these devices have a lower p; compared
with p., which results in asymmetric electron and hole transport, and therefore poorer charge
extraction and FFs compared with 250 nm PSCs. As thicker perovskite layer is preferable for
producing scaled-up[379, 388] and more efficient PSCs,[389, 390] a new post-deposition treat-
ment: AAS treatment was employed to remove the lateral GBs. This treatment increased the
device FF up to 0.802 £ 0.007 owning to improved symmetry of electron and hole transport and
their mobility values. A further improvement of Jg¢ is also observed in the AAS-treated PSCs
indicative of enhanced charge extraction. Nevertheless, our champion PCE still lags behind
other state-of-the-art n-i-p-based devices, which could be attributed to the relatively slow hole
transfer from MAPbDI3 to the HTL, limiting overall charge extraction in the complete cell. It
is worth mentioning that this slow hole transfer is also observed for PTAA-based devices, with
similar TRPL decay kinetics observed in both PTAA- and PTPD-based ITO/HTL/MAPDI3

samples.
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5.4.4 Derivation of mobility equation

To derive equation 5.2 for mobility calculation, the time-dependent 1-D diffusion equation from
Fick’s second law was solved as below. First, the charge distribution n(z,t) can be expressed

as:
on(x,t) D82n(:r;, t)

ot 0x?

(5.3)

Here, x is the position, ¢ is the time, n is the charge concentration, and N is the initial

distribution approximated with a square pulse of negligible width. Therefore,[391]

N02 —12
n(x,t) = \/mewt (5.4)

As the PL intensity (counts) I(x,t) is proportional to the carrier concentration n(x,t) and
pseudo-first-order recombination kinetics are observed in the TRPL data above, a simple rela-
tionship of n(x,t) = ¢ x I(z,t) is assumed. Here ¢ is a constant describing the proportionality

of total emitted PL photons collected by the detector. Thus,

No' o (5.5)
€4Dt .
Var Dt

cx I(z,t) =

Assuming all charges are quenched once reaching the MAPbl3/CTL interface (x = L), a bound-
ary condition of dI(L,t)/dt = 0 is applied to equation 5.5. As a result,

L2

D=_"
2t

(5.6)

where again t is the transport time, i.e. the time carriers take to diffuse over the distance L.
As described above, the transport time ¢ = 7Ty qnsport i Obtained from the 7, of the exponential
fit by using equation 5.1. Since D = pkgT', one can calculate the mobility through equation
5.2.
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5.5 Conclusion

In summary, the asymmetric surface localized photoexcitation method offers an approach to
probe the trapping, transport and transfer kinetics of electrons and holes in PSC by decon-
structing it into different layers. The results suggest that lateral GBs can reduce hole mobility
but has less impact on electron mobility, which results in asymmetric charge transport within
the perovskite layer such that reduced FF in PSCs. A post-deposition treatment (AAS treat-
ment) was employed to remove the vertical GBs and was found to profoundly increase the
hole mobility and thus FF of the PSC. Our results elucidate the role of vertical GBs impairing
balanced charge transport, highlighting the importance of monolithic grains in the perovskite
active layer, and putting forward an effective method to further improve the PSC performance.
Though fast and balanced charge transport is achieved in these PSCs, they still suffer from
asymmetric charge extraction with slow hole transfer at the perovskite/HTL interface with
respect to electron transfer at the perovskite/ETL interface. Previous studies have shown that
PTPD and PTAA are excellent HTLs for p-i-n PSCs as they can effectively suppress surface
recombination,[130, 221] whilst the slow hole extraction observed here may still be a factor
limiting the FF and potentially the Jg¢ of the devices. It suggests that developing a new HTL
with improved hole extraction capability whilst retaining minimized surface recombination is

the key to achieving more efficient p-i-n PSCs.
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Chapter 6

Conclusion and Perspective

6.1 Summary

In this thesis, steady-state and time-resolved PL, in combination with many other optical spec-
troscopic methods, have been used to probe the charge carrier dynamics and to understand
the device physics in various p-i-n PSCs. In a particular focus, this thesis has studied the
dynamic competition between charge recombination, which is a loss, and charge extraction,
which contributes to the power output. To achieve precise control of these optical measure-
ments close to the actual solar cell working environments, this thesis has introduced a few
new measurement techniques by considering illumination flux and biases, including light and
voltage-dependent PL spectroscopy as well as spatial-localized surface quenching TRPL spec-
troscopy. These unique techniques have been successfully applied to investigate the individual
charge trapping, charge transport, charge transfer and charge recombination processes in a
range of different-processed PSCs. Based on these measurements, this thesis has not only
compared various materials and device engineering methods, but also revealed their physical

mechanisms for improving or limiting the performance of the p-i-n PSCs.
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6.1.1 Measurement techniques

Steady-state PL is one of the most used techniques in this thesis. Probing the PL of perovskite-
based samples or cells at OC condition is a crucial determinant of the bulk recombination
correlated to device Vpo; measuring the PLge and thus calculating the quenching efficiency
(PLoc-sc) are also an assessment of charge extraction efficiency corresponding to FF and
Jsc.[141, 221, 222, 242, 259] These measurements demonstrate that to achieve an efficient PSC,
PLoc needs to be maximized, whereas a small PLgc and a large PLoc_sc are desired. In other
words, both large V¢ with minimized non-radiative recombination at OC and efficient charge
extraction at low-biased conditions are crucial for achieving highly-efficient PSCs. Chapter 3
demonstrated the applications of this device OC to SC PL quenching method to three types
of p-i-n PSCs with their variations in perovskite layer thickness, passivation additive and HTL

structure.

To further quantify the losses at each operating voltage of a PSC in correlation to its J-V curve,
Chapter 4 introduces an improved PL system: operando PL. This system measures real-time
and absolute PL spectra during a J-V scanning under 1-sun equivalent illumination, allowing
quantification of recombination currents and QQF'LS under a series of biases.[260] In Chapter 4,
this method is applied to study four p-i-n devices that differed in their ETLs selected to cover

a range of LUMO values.

To distinguish the charge transport (a process within the perovskite layer) and the transfer
process (a process across the perovskite/CTL interface), Chapter 5 introduces a unique TRPL
measurement to study perovskite films with and without CTLs.[122, 164] Using spatial-localized
and front and back excitation, charges are generated either adjacent to, or on the opposite side
of, the perovskite/CTL interface. Under these excitation conditions, the TRPL decays ob-
tained from the perovskite layer with an ETL/HTL reflect the individual electron/hole transfer
or transport kinetics, where the individual electron and hole mobilities are quantified. Us-
ing this analysis, Chapter 5 compared charge transport properties between different-processed

perovskite films, as well as charge transfer lifetimes between the ETL and HTL.
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6.1.2 Device physics

6.1.3 Bulk effect

The perovskite layer thickness is first considered and investigated, as discussed at the beginning
of Chapter 3. Compared to the thicker thin film, the thin thicker film absorbs more light and
has lower defect densities, with minor trap-mediated and surface recombination. These charac-
teristics are mainly revealed by the steady-state PL measurements performed on neat perovskite
films and their devices at OC. These advantages lead to a greater V¢ in thicker PSCs regard-
less of light intensities, which is further confirmed in Chapter 5 using TRPL measurements.
Nevertheless, charge extraction in a thicker perovskite-based solar cell is less efficient than in
a thin one. This is attributed to two main factors. First, there is enhanced band-to-band re-
combination in the thicker perovskite film because photogenerated charge carriers must travel
a longer distance before being transferred. This effect can become more pronounced when con-
siderable mobile ions are present, which leads to charge transport in the PSC will be mainly
diffusion rather than drift due to the field screening effect, as illustrated in Chapter 4.[208, 209]
Another factor demonstrated in Chapter 5 is the GBs that reduce charge carrier mobility, es-
pecially for the holes, and cause asymmetric charge extraction. These factors result in the
thicker PSCs having lower FFs and more substantial current losses under high illumination (>
1-sun). However, an opposite trend is observed under low illuminations (< 1 sun), where thin-
ner PSCs demonstrated much lower FFs. This can be ascribed to the dominance of first-order
non-radiative recombination in the thinner devices. Under these light intensities, second-order
band-to-band recombination becomes less effective, whilst first-order trap-mediated and surface
recombination becomes more significant in the device.[124, 125, 145, 223] Overall, the results
show that the photoactive layer thickness of p—i—n planar perovskite solar cells for optimum
photovoltaic PCE depends upon the incident light intensity, and that this behaviour depends
particularly upon the light intensity dependence of the kinetic competition between charge

extraction and bulk recombination.

Additive engineering using AAs (amino acids) is an effective method to passivate defect states
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in the perovskite layer and improve the Voo of a PSC, as demonstrated in Chapter 3. Whilst
1-C AA has boosted the device PCE dramatically, other additives with longer carbon chain
length (2-4C) reduce device performance, especially the Jgsc. The analysis reveals that charge
extraction efficiency in these AAs (2-4C) PSCs is reduced, though all AAs show effective passi-
vation. This is attributed to the impeded charge transfer from the perovskite layer to the CTL,

likely due to a barrier formed by these additives at the perovskite surfaces.[174, 295, 297

Ion migration is also a vital factor considered in PSCs. Chapter 4 discusses the impact of
the mobile ion on charge carrier recombination and extraction corresponding to the device
performance. At low applied voltages, mobile ions located at the perovskite/CTL interfaces
screen the internal electric field, resulting in slower, diffusion-driven charge extraction and
reduced Jg¢.[208, 209, 233] Though the ions accumulated at the perovskite/CTL interface repel
the opposite charge carriers close to the interface, which decreases the surface recombination
velocity and improves the Vp¢,[360] this contribution to the overall PCE is minor compared to

the Jg¢ loss. Thus, ion migration is still an issue considering device performance.

6.1.4 Charge transport layer effect

The CTL plays a crucial role in affecting charge extraction efficiency in a p-i-n PSC. In Chapter
5, slow charge transfer is observed from the perovskite layer to PTAA/PTPD layer through
spatial-localized surface quenching TRPL measurement. This results in asymmetric charge ex-
traction, limiting device FF and Jgco. A strategy targeting this issue is illustrated in Chapter
3, where a new methodology is introduced by inserting a 1-dimensional nanomaterial, PNR, in
between the HTL and perovskite. The TA results suggest that PNR accelerates hole transfer
at the PTAA /perovskite interface. This improved charge transfer results in a significant en-
hancement of total charge extraction in the device, as indicated by the device PL. measurement,
finally leading to improved device performance. This suggests that inserting a low-dimensional
nanomaterial between the PTAA and the perovskite may be an effective strategy to improve

charge extraction efficiency and enhance device FF and Js¢.

Another important concern in the PSC is the energetic offsets between the LUMO of the ETL
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and the CB of the perovskite layer. Chapter 4 discusses how ETLs with different LUMO levels
impact the charge carrier dynamics in the methylammonium-free p-i-n PSCs. Most of the
optical measurements used in the previous chapters are employed during this study. Analysis
of these optical and many other optoelectric data suggest that in addition to choosing an ETL
with good charge transport properties (e.g., mobility), it is necessary to optimise the energy
alignment at the perovskite interface to achieve the highest device performance. Whilst a low
LUMO favours charge transfer from the perovskite to the ETL, it causes Fermi-level deflection
and non-radiative recombination at the perovskite/ETL interface, which consequently leads
to reduced FF and Ve in the PSC. On the contrary, despite the benefits for QF LS, a high
LUMO impedes charge extraction at low voltages (V < Vo), leading to photogenerated charges
accumulating in bulk and decreased Jsc and FF. Moreover, quantifying different recombination
currents also suggests that surface recombination is more severe at high voltages (near Vo)
than under low-voltage conditions. These analyses imply that matching the energetic alignment
at the perovskite/CTL interface is essential for minimising surface recombination and avoiding

charge accumulation.

6.2 Outlook

This thesis has also pointed out several vital concerns existing in current p-i-n PSCs, which are

due to be addressed.

First, slow hole transfer at the perovskite/HTL interface could limit the efficiency developing
of current-stage p-i-n PSCs, as most studies are still focused on PTAA-based cells. To tackle
this problem, using a self-assembled monolayer to replace PTAA,[392, 393] or modifying the

PTAA /perovskite interface with an ultra-thin intermedia layer may be promising.[394, 395]

Second, considerable surface recombination at the perovskite/ETL side is still observed in
many efficient solar cells with PCE > 20%, such as devices using PCBM. For those devices
using wide bandgap perovskites, this becomes even more severe due to the much higher CB of

the perovskite layer.[229] Thus, developing new ETLs with matchable LUMOs and excellent
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mobilities, or modifying the perovskite/ETL interface by inserting a thin buffer layer, could be

future strategies.

Third, ion migration is general in all PSCs, which may induce charge accumulation at SC to
reduce device Jso and FF.[233] To fully explore the solar conversion potential of the PSCs,

mitigating ion migration in these devices is essential.

Despite those issues, this thesis has extended and developed several new measurement tech-
niques and analysis methods to understand charge recombination and charge extraction in
PSCs. The three chapters in this thesis have offered several detailed examples of using these
techniques and methods, demonstrating their accessibility and adaptability for other researchers
and technicians. These simple and easily adapted PL-based techniques and methods are also
likely to be widely used in both research and industrial communities. In addition, the funda-
mental scientific finding from these studies has also illustrated the benefit and limitations of
various device processing methods and provided guides for developing more efficient PSCs in

the future.
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