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Abstract.

In this thesis, the charge carrier dynamics of trapping and transfer of electrons and holes are
investigated for perovskite photovoltaics based on methylammonium lead iodide (MAPI3)
model materials. To understand the recombination processes in perovskite photovoltaics, the
photophysical properties of perovskite thin-films and perovskite with charge transport layers
(CTL) are studied with various optical measurement tools such as photoluminescence (PL)
spectroscopy, time-correlated single photon counting (TCSPC) and transient absorption

spectroscopy (TAS).

This thesis provides key new quantitative insights for the critical steps in the function of planar
perovskite-based solar cells. One of the challenges of using spectroscopic tools to study
perovskite is the reliability of the data. Strong intensity dependent behaviour is observed, which
is important for interpretation data from different measurement techniques. Several studies
have reported that trapping and recombination dynamics in MAPI; films are highly, and non-
linearly light intensity (and carrier density) dependent. However, studies on the impact of this
non-linear, light intensity behaviour on interfacial charge transfer efficiency and the efficiency

of photocurrent generation in devices under operation, have been very limited to date.

Initially, perovskite structure and crystallization process, as well as the principles of
photophysics and spectroscopy measurement techniques are introduced. A procedure for
measuring charge carrier dynamics as a function of excitation power and the sample

preparation is demonstrated.

The first chapter of the results section describes the dependency between excitation conditions

and charge carrier dynamics of MAPI; with PEDOT:PSS and PCs1BM as a CTL, to unveil the
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recombination behaviour in a perovskite device. The results show that different excitation
density of the excitation source and repetition rate can cause significant difference on
recombination processes. 1 Sun equivalent continuous-wave light emitting diode (LED) source
allows collecting reliable PL quenching efficiency to estimate interlayers charge transfer rate.
Steady-state and pulsed measurements indicate low transfer efficiencies at low excitation
conditions (<5E + 15 cm—3) due to rapid charge trapping and low transfer efficiencies at high
excitation conditions (>5E + 17 cm—3) due to fast bimolecular recombination. TCSPC and

TAS were used to explore the dynamics.

The second chapter describes the change of the perovskite crystal with oxygen when kept in
the dark and explores the impact on photoluminescence behaviour. Spectroscopic tools such as
PL, absorptance and TAS are used to analyse the evolution of PL properties which is corelated

with X-Ray diffraction (XRD) and device performance.

The third chapter focuses on the integrated perovskite device structure stacked with organic
photovoltaics. In this structure, carrier transfer behaviour has been changed not only by the
interface between CTL and perovskite-organics bulk heterojunction (BHJ) layer, but also by
charge accumulation in whole device components such as electrode and Zinc-oxide (ZnO) hole

blocking layer due to the electric field, which is the key to design new device structure.

The last chapter provides conclusions from these studies and suggests further work.
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1.1. Motivation and context

‘The sun, the moon and the stars would have disappeared long ago...
— had they happened to be within the reach of predatory human hands’. I

-Havelock Ellis-

Advances in human civilisation have been fuelled by increased energy consumption, with
expanding energy demands encouraging further developments in technology. According to the
International Energy Agency (IEA), the world’s total primary energy supply was 13761 Mtoe
(million tonnes of oil equivalent) in 2016, almost double that of the 6101 Mtoe estimated in
1973 (in Figure 1.1).['! Interestingly, electricity accounted for 9.4% of the total consumption
rate in 1973; in 2016, this increased to 18.8%. This trend was also observed in the Organisation
for Economic Co-operation and Development countries (OECD), where the electricity usage
rate was even higher at 22.3% in 2016.") A report from the Centre for Global Development
(CGD) showed that higher electricity consumption was correlated with the human development
index score, which indicates the level of development and human welfare. This means the
increasing trend of energy consumption will only grow more sharply as less-developed
countries become better developed.?! Despite increasing electricity usage in the modern world,
most of the electricity (around 65.3% in 2016) is still generated by burning fossil fuels (coal,
natural gas and oil), and this burning of fossil fuels is largely believed to be the source of
ecological issues, such as the greenhouse effect and global climate change. Thus, generating
electricity from eco-friendly sources becomes very attractive. Solar energy is one such

alternative source that can be harnessed using solar cells and solar thermal technologies."!
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World total final consumption by fuel
1973 4661 Mtoe 2016 9555 Mtoe

=0l

= Natural gas
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B Electricity
Other*includes heat, solar thermal, and geothermal

World Electricity generation by source

)

Nuclear
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Natural gas 23.2%
Non-hydra
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and waste
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Hydro 20.9%
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other

Figure 1.1 IEA charts of global net energy consumption by fuel type and global electricity production
by fuel or energy source. "

According to the National Renewable Energy Laboratory (NREL), the earth annually receives
an average direct normal irradiance of approximately 5 kWh/m? of energy daily from the sun.¥
This abundant amount of solar energy is a renewable and scalable energy source that can be
harnessed using various technologies, such as photovoltaic and solar thermal collectors.
However, electricity generation from photovoltaics (PV) in 2016 was approximately 1.3% (328

TWh) of the total electricity generation.!!!

Currently, the solar cell industry is dominated by crystalline silicon solar cells (80% market
share).5)] Crystalline silicon solar cells have been developed to achieve cost-efficient energy

conversion; unfortunately, the fragility of silicon imposes limits on silicon solar cell
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applications.[®! Low-temperature and solution-processable solar cells, such as organic solar
cells, have been extensively studied to complement crystalline silicon solar cell technology.!”!
Because they have recently surpassed 20% solar energy conversion efficiencies using low-cost
solution-based processing methods, photovoltaic cells based on hybrid perovskite materials
have also quickly gained attention as they are exceptionally encouraging for commercial
applications.[®! In 2009, Kojima et al.”! reported an organometallic lead halide perovskite
(methylammonium lead(II) halides, CH3NH3PbX3 (X=halogen)) layer could substitute the dyes
traditionally used to sensitise a mesoporous titanium dioxide layer in dye-sensitised solar cells
(DSSC).!" Following this discovery, the perovskite-based solar cell technology developed
quickly with dramatic enhancements reported for solar efficiency. In Kojima’s work, the
perovskite-based DSSC had a power conversion efficiency of 3.8% and unstable properties
since the perovskite was dissolved by the corrosive liquid redox electrolyte. However, solid-
state dye-sensitised solar cells (ssDSSCs) based on 2,20,7,70-tetrakis-(N,N-di-p-
methoxyphenylamine)9,90-spirobifluorene (Spiro-MeOTAD) were produced as a solution to
the efficiency and stability limitations of liquid electrolyte DSSCs.['!! Spiro-MeOTAD, a solid-
state hole-transporting material (HTM), has molecular orbital energy levels and pore-filling
qualities that are required for efficient ssDSSCs. In 2012, the photo conversion efficiency of
such ssDSSCs was improved to about 10% by Kim et al.,!'?! leading to great interest from both
industry and academics alike. The introduction of CH3NH3Pbls, methylammonium lead iodide
(MAPD) as a light absorber in such solar cells resulted in rapidly increasing energy conversion
efficiencies.!'* Further experiments with Al,O3, instead of mesoporous TiO», scaffolds resulted
in an increase in open circuit voltage and showed that electron extraction did not require a
scaffold; thus, the perovskite itself can also act as the free charge transport material.'*] A thin-
film perovskite solar cell without a mesoporous scaffold was constructed that demonstrated

solar efficiency greater than 10%.!14 151 Burschka et al. showed that the deposition technique
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efficiency of a sensitised architecture exceeded 15% using a two-step solution processing
method.['®) Meanwhile, Olga Malinkiewicz et al. and Liu et al. demonstrated that planar solar
cells could be fabricated by thermal co-evaporation in a p-i-n and an n-i-p architecture,
achieving efficiencies greater than 12% and 15%, respectively.['*> 171 As a result of intensive
research efforts, in 2018, a perovskite solar cell was reported by the Chinese Academy of
Sciences (ISCAS) to have achieved an efficiency of 23.3%. This finding was certified by the

NREL, as displayed in Figure 1.2.134
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Figure 1.2 NREL efficiency chart of certified research for solar cell efficiencies over time. (Figure
source: https.//www.nrel.gov/pv/assets/pdfs/pv-efficiency-chart.20181221.pdf )

1.2. General overview and important concepts

1.2.1. Perovskite structure
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AMX;-type organometallic halide perovskites, whose structure is explained in Figure 1.3 and
2.1,1'8 are now leading materials for solar energy conversion device development because of
their high device performance, good optoelectronic properties and their potential for low-

temperature device manufacturing.['")

MX* in solvent

L. N, L CcATION
A }

lower-dimensional MX,*" layers Double layer Multi layer 3D

Perovskite AMX;-type
The MAX interactions of the N-H---X

Figure 1.3 Schematic crystal structure of the AMX;s-type organometallic halide perovskite structure.
Transition from 1D to 3D perovskite structure used for photovoltaics. This structure is stable only with
the aid of MAX due to its size. (A=CH3NHj or any other cation on the corner and M=M*" ion at the
centre of the lattice)

AMX;-type organohalide perovskite films are generally fabricated from a precursor solution
containing stoichiometric amounts of metal halide (MXs*") (M=M?" metal ion, X=CI, Br, I)
and organic cations (CH3NH;3"(X")) for site A. Figure 1.3 shows schematic drawing of the
formation of 3D perovskite structure. The small organic cation occupying the vacancies of the
polytetrahedron initiates the formation of a low-dimensional perovskite. As a result, lower-
dimensional MX4>~ layers form, with further interactions resulting in an eight corner-sharing
octahedral 3-D perovskite crystal. However, without the organic cation, MXs* can only form

a metal halide (MX?>) crystal structure. This perovskite structure has been studied for over 80
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years and has been shown to display excellent optoelectronic behaviour.'3® 201 In the 3-D
perovskite structure, it has been widely studied that the optical bandgap could be affected by
halogen atoms such as iodine, bromine or chlorine for methylammonium lead trihalide. The
optical bandgap shifts from about 1.5 to 2.3 eV depending on the halide content. The role of
the organic cation is known to indirectly influence the band structure.?!! In the MAPI; crystal,
weak hydrogen bonding forms between the ammonium head(s) of the organic cation and the
eight halides.!?'®l In this AMX3, the perovskite structure and the size of the ions can press the
lattice, which results in M—X bond length deformations. The tolerance factor () is a geometric
parameter (¢ = (Ra + Rx)/[N2(Ry + Rx)]), where Ra, Rm and Rx are the radii of the corresponding
ions, which is often used to classify the lattice structure. When the value of ¢ is close to 1, the
perovskite tends to follow an ideal cubic structure, whereas when this value is smaller than 1, the
structure is distorted into a low-symmetry structure, such as a tetragonal or orthorhombic.?!
Additionally, phase transitions are also known to occur by varying the sample temperature.>*]
As aresult, MAPI; perovskites have a tetragonal structure at room temperature that affects the
band gap energy.!'¢ 24l The MAPI; perovskite used in this study (Pbl as the lead halide with
MALI as the centre cation) shows a narrow band gap of 1.55 eV and a high extinction
coefficient.**! Thus, it was one of the most successfully applied perovskite materials as a light
absorber in a solar cell system.!!**26] For simplicity, hereafter in this thesis, the term ‘perovskite’

will refer to MAPI; specifically.

1.3. Photophysics background relevant to perovskite materials

1.3.1. Excitons, charge separation and the invention of the perovskite cell
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In photovoltaic devices, photons’ energy is absorbed by a light-absorbing material. The
electrons in the ground-state that absorb these photons jump into their excited-state and
electron-hole pairs are thereby generated. If the dielectric constant is small, for example in an
organic semiconducting material, the electron—hole binding energy is relatively high, causing
these electron—hole pairs to be bound as excitons by electrostatic attraction.!””! Therefore, to
obtain free charge carriers in such materials, excitons need an energy offset to overcome this
binding energy. Thus, they typically diffuse to an interface between the donor and acceptor
materials and dissociate. In the case of perovskite materials, their large dielectric constant leads
to a low exciton binding energy (for MAPI3, below 50 meV at room temperature).[*8 Perovskite
excitons are therefore easily dissociated by thermal energy at room temperature and form free
electron and hole carriers. Finally, the charge carriers, electrons and holes, are collected by an
external circuit. Organic-inorganic halide perovskites have been previously shown to act as not
only the light-absorbing material, but also the ambipolar charge transporter. Moreover, free
charge carriers and weakly bound excitons seem to coexist with the exited state population,

[29]

interchanging and decaying over a similar timescale. To ensure selective charge

extraction/transfer, heterojunctions for the electron and hole transport layers are generally

interposed between the electrode and the perovskite layer (as will be explained further below).

1.3.2. Vibrational and electronic transitions and photoluminescence spectra

1.3.2.1. Charge-carrier recombination mechanisms in semiconductors (photophysical processes in a

pristine film)

The absorption of photons causes electrons to move from the valence band (VB) to the

conduction band (CB), forming electron—hole pairs. In perovskite materials, these electron—
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hole pairs typically spontaneously dissociate into free carriers.’*®) Recombination of these
electrons and holes occurs where these two carriers annihilate each other. Depending on
whether the energy released by this recombination is emitted in the form of a photon or heat,
the recombination processes can be classified as either a radiative recombination or a non-

radiative recombination.?!!
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Figure 1.4 Carrier recombination mechanisms in semiconductors

Different recombination pathways are illustrated in Figure 1.4 Free carrier band-to-band
recombination is often referred to as radiative bimolecular recombination. Trap-assisted
recombination (one particle involved, non-radiative monomolecular recombination) can be
based on the Shockley-Read-Hall (SRH) model via a mid-band energy level Ew.p (deep-level
trap). This can be thought of as a two-step transition of an electron from the CB to the VB. In
case of Auger recombination, which is a non-radiative recombination involving the interaction
of three particles (two electrons (or holes) and a hole (or electron)), electrons and holes directly
recombine as in band-to-band recombination, while energy is delivered to another free carrier.
[31-32] In perovskite, the recombination dynamics of bulk films are generally known to be related
to SRH-like monomolecular recombination, free electron hole bimolecular recombination and

Auger recombination.**! The charge recombination rate is simply expressed by the following

22



rate equation (1)

RT:k1+nk2+n2k3’ (1)

where Rris the total recombination rate, 7 is the charge-carrier density, ki is the monomolecular
recombination rate constant, k> is the bimolecular recombination rate constant and k3 is the

Auger recombination rate constant.!3®l

However, in perovskite films, bimolecular
recombination via trapping and reversible trapping (de-trapping) process via a shallow trap
state (or defect) is known to be favourable.[**® 3# The shallow defect doped in the material
could not be an non-radiative recombination centre in the perovskite film.[*>) Auger
recombination activates at very high charge densities (>2-5E'"® cm™),3% 3% thus it could be

ignored in this thesis on solar cell devices. The details of the nonlinear recombination behaviour

of perovskite films will be described in chapter 3.

1.3.2.2. Direct and indirect properties of semiconductors for PV

Gas+Ass Pbp

)
)
)

Sip As p Pbs+lp
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Figure 1.5 Schematic of optical absorption transitions of a) Si; b)GaAs and c)MAPI;. (Figure source:
The Journal of Physical Chemistry C. 2015, 119, 5253) 371
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Figures 1.5a and 1.5b show schematics of the optical absorption transitions of Si and GaAs,
the two-representative inorganic photovoltaic absorber materials. From the viewpoint of the
joint density of states, CB and VB, Si is preferable over GaAs because the s orbital is more
dispersed than the p orbital.[37-38 However, there is an indirect gap in Si, in which case, the
optical transition between the VB and CB edges is a phonon-assisted transition, resulting in
relatively low optical absorption near the edges of the band. By combining the properties of Si
and GaAs, namely, p—p transitions and direct band gaps, respectively, the optical absorption
can be ideal and more efficient. The p—p transition can only be applied to compound
semiconductors that contain cationic elements exhibiting lone pairs of electrons, such as Ge(2),
Sn(2), Pb(2), Sb(3) and Bi(3). For example, a p—p transition may occur in compound
semiconductors such as SnS, PbS, Sb>Se; and Bi»S3. However, most of these compounds

typically have low symmetry and therefore have indirect-band-gaps.37-38)

In case of MAPI; perovskite, it not only has a p—p transition but also has a direct-band-gap due
to the organic/inorganic hybrid chemical structure, resulting in efficient optical absorption, as
shown in Figure 1.5c. Therefore, due to the Pb lone pair s orbitals and the perovskite symmetry,

the optical absorption coefficient of lead halide perovskite is expected be high.
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Figure 1.6 Schematic of E-k band diagram of the photoluminescence process in direct-band-gap
semiconductor materials.

The photoluminescence (PL) mechanism in a direct-band-gap semiconductor is schematically
illustrated in Figure 1.6, which plots an E—k plot of a direct bandgap material, where E and k
are the orbital energy and wave vectors respectively. In the case of direct gap material, both
the CB minimum and the VB maximum appear at the center of the region, where k = 0. When
the absorbed UV- or visible-light energy exceeds the band gap (Eg) of the material (the energy
gap between the VB and the CB), an electron—hole pair is generated and the electron (hole) is
excited to a higher conduction (valence) band. These unstable excited electrons and holes
undergo energy and momentum relaxation (cooling) towards the CB minimum and VB
maximum, respectively. The electrons on CB recombine with the holes on VB, and then the
decay can result in photon emission (fluorescence). The fluorescence or photoluminescence
energy can be lower than the excitation energy, and the fluorescence wavelength is greater than

the excitation wavelength.
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PL spectroscopy is a commonly used technique to study excited state properties in
semiconductor films and its devices. However, studying the PL of perovskite films remains
challenging as the reproducibility or repeatability of the PL intensity can be poor, because the
PL intensity of the film can be affected by several factors including crystallinity, morphology
and trap state densities.*”) Furthermore, the PL is dependent on the humidity/temperature and
atmosphere both in manufacture and in measurement.*®! For example, during the doctoral
studies reported herein, it was often observed that the PL intensity of MAPI3 was very
variable between different measurements, attributed in part to issues of reproducibility of
film processing but also to temporal evolution of PL intensity following film formation. This

unstable optical property of perovskite will be discussed in more depth in chapter 4.

In perovskite systems, both absorption and emission transient spectroscopy have been widely
used to study the ground- and excited-state dynamics, such as determining diffusion lengths

and charge extraction yields.!?- 40
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Figure 1.7 Absorptance spectrum (black line), emission spectrum (blue line peaks at 764 nm) of ~300-
nm-thick toluene-treated MAPI; films on glass. Inset shows a fitting line of the onset of the absorptance
and PL peak position.

Figure 1.7 shows the strong visible-range absorptance of the MAPI; perovskite film. The

absorptance onset is at 781 nm with a band edge emission peak near 765 nm, which indicates
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E;. The ground-state absorptance spectrum of MAPI; (black line) shows a continuous

absorption band because the light energy that exceeds E; is also absorbed as described above.
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Figure 1.8 Absorption spectrum of MAPI; film (red circles), and Elliott’s model (black dashed line),
the excitonic contribution (green dashed line) and the continuum absorption band (blue dashed line).
(Figure source; Nature Communications volume 7, Article number: 12613 (2016))[40/

In perovskite, the absorbed photons form free charge carriers and the weakly bonded excitons
that seem to coexist as described above.!?’! In Figure 1.8, the MAPI; absorption spectrum (red
circles) data obtained by Yang et al. is fitted by Elliott’s model (black dashed line),[*>! in which
the electrons and holes are treated by Coulombic interactions.[**> #1-2! In this model, sharp
excitonic and continuum absorption spectra can be decoupled. The excitonic signal peaks at
1.63 eV (760 nm) and the continuum transitions, collected from spectral onset, is 1.64 eV (755
nm). Perovskite is generally considered to be a direct bandgap material because its absorption
coefficient in the visible spectrum is greater than 10* cm™!. This requires a direct optical

transition oscillator strength. Typically, the PL peak is centred close to the absorption onset
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because of its direct-band-gap structure.[*’! In our MAPI; film, a slight mismatch between the
PL peak and the absorption onset of around 33 meV is observed. There are reports about the
existence of a sub-conduction or valance band states or an indirect band structure resulting
from the rotation of the methylammonium in the MAPI; film, which may influence the band
structure.!?!® 44 In this thesis, phosphorescence will not be considered since PL in perovskite
is generally only observed in lower-dimensional perovskites, which are generally used for
emission devices!*’! (not PV devices) involving organic ammonium molecules with a functional

group such as a n-conjugated chromophore as an organic layer.[¢]

1.3.2.3. Photoluminescence excitation intensity dependency measurements.

Photoluminescence excitation intensity (Zexc)-dependent emission intensity (/o) measurements
can be used to probe the relevant recombination pathways of the photogenerated carriers in
perovskite materials since the emission intensity experimentally increases in a power law
manner (i.e., Lemi& Loxc °, where the power law coefficient » may reflect the underlying carrier
recombination processes).*”] The competition between carrier trapping and bimolecular
electron/hole recombination can change the order of emission growth. Figure 1.9 shows the
results of typical l...~dependent /.,,; measurements performed on ~10-nm-thick MAPI; films

and a single MAPI; crystal from the literature.!*]
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Figure 1.9 I~-dependent lo,; measurements performed on MAPI; single crystals (blue triangles) and
films (red circles). The dot line shows linear fitting on log—log plot at high and low excitation density.
(inset) Emission Quantum yields of the corresponding samples (Figure source; J. Phys. Chem. Lett.
2016, 7, 715—721)1*

Examining the curve further, a power law b smaller than 1 may indicate direct electron—hole
recombination (bimolecular recombination). The ideal bimolecular recombination should give
power law decays with a gradient of 1, with deviations from this bimolecular behaviour being
indicative of other processes. Trapping of both photogenerated electrons and holes has been
suggested to lead to superlinear (quadratic) growth of Iemi (i.e., Lemi & Iox’, b = 2.0) because the
defect trapping has a higher rate than bimolecular recombination.!*’-*31 With an increase in
excitation density, the impact of such defective states has been observed to decrease due to trap
filling; thus, the value of b also decreases. Experimentally, if continuous wave (CW) excitation
is used, at low excitation densities, a gradient b of 1.5 is normally observed. In pulsed

9] Draguta et al. and

measurements, a higher number of ~1.8 is often observed experimentally.
Wen et al. suggested that the power law coefficients observed in lo,i—lexc diagrams can be used
to infer carrier recombination mechanisms in MAPI; films, the participation of sub gap states,

and occasionally, the nature of the excited species (free carriers or excitons).[*+1
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Figure 1.10 PL transient dynamics of a) spin coated (SC) and b) gas-assisted (GA) MAPI; perovskite
film measured with various excitation densities from 10 to 200 mW cm ™. a) inset, steady-state PL-
intensity monitoring of SC and GA samples under low excitation density as 100 mW cm ™. (Figure
source; J. Mater. Chem. C. 2016, 4, 793)/*9

To study charge-carrier dynamics related to the trap state dynamics of perovskite, transient PL
(tr-PL) spectroscopy is commonly employed. Time-correlated singe-photon counting (TCSPC)
measurements have been used since they can provide very sensitive PL transient measurements
at a very low excitation density. Figure 1.10a and 1.10b show examples of tr-PL decays for
neat MAPI; films that have different trap densities with various excitation densities.[*®! The
TCSPC decays are commonly fitted to a biexponential (y=Aiexp(—t/ t1)+Azexp(-t / 12) )
expression to quantify the amplitude of the fast and slow components. The fast (t1) and slow
(T2) components are assigned to monomolecular and bimolecular recombination of the free
charge-carrier, respectively. The fast component has been assigned to carrier trapping into
defect sites.l*** % In lower charge-carrier excitation density, the charge-carrier trapping
dominates the PL decay, while the lifetime and weight of the second component (assigned as
bimolecular recombination) increases and the weight of the fast component decreases as the
excitation density is increased. This result shows the importance of excitation density for
understanding perovskite solar cell device mechanisms that operate in higher charge-carrier

densities, such as 1 sun. Moreover, the relationship between the recombination processes and
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excitation density could be affected by the trap states density of the film.[**: 511 As an example,
two different trap density samples measured using TCSPC with various excitation densities are
displayed in Figure 1.10 a and b. The gas-assisted (GA) sample in 10b (which has a larger trap
density Ny = 1.04x10'7) has a larger fast component and shorter lifetimes compared with the
spin coated (SC) sample (N; = 7.44 x 10'%) in 10a. The higher trap density sample shows more
effective defect trapping at low excitation densities, but this trapping process is suppressed
with increasing excitation density (see Figure 10c). However, it is unclear why the SC samples
show PL intensity increases over time, but the GA samples do not (see Figure 1.10a inset). The
unstable or light curing/healing properties of MAPI; PL is a significant issue for many studies
and may relate to trap densities evolving with time.*® The importance of these different
recombination pathways in limiting the performance of perovskite solar cells is discussed in

detail in chapter 3.

1.3.3. Electron and hole collection strategies for perovskite solar cells
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Figure 1.11 Schematics of perovskite solar cells in: (a) n-i-p mesoscopic, (b) n-i-p planar; (c) p-i-n
planar; and (d) p-i-n mesoscopic structures. (a, b) Normal device structure; and (c, d) inverted device
Structure.
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Figure 1.11 shows the four major device structures used for perovskite solar cells. Each
perovskite solar cell device consists of six basic components: a perovskite layer where light
absorption occurs; two transport interfaces (electron-transporting material, ETM, and hole-
transporting material, HTM) where charge is collected; two electrodes (a transparent electrode
and a metallic electrode where charge is transferred to the external circuit); and a glass (or
plastic) substrate. The ETM and HTM layers are necessary for improving the selectivity of
charge collection for the respective electrodes.!>?! The first two perovskite device structures are
referred to as ‘normal or direct’ device structures, with direct parallels to DSSCs employing
nanocrystalline TiO,.['% 4% 3¢I [n the n-i-p mesoscopic structure, the light-harvesting dye is
replaced by the halide perovskite semiconductor. Instead of a liquid electrolyte, a solid-state
hole conductor is used.**) The mesoscopic structure is the standard structure of a perovskite
solar cell from which other structures have evolved. In a planar device structure, the perovskite
light absorber is found sandwiched between the ETM and HTM. If the HTM is on top of the
perovskite absorber and the ETM is below, it forms an n-i-p structure (a normal device); if the
opposite configuration is employed, it becomes a p-i-n structure (an inverted device).l*¥
Detailed studies of the electron and hole transfer dynamics will be discussed in chapter 3. p-i-
n-structured perovskite solar cells typically show slightly lower efficiencies than devices with
mesoporous ETM layer but are promising since they show less hysteresis during device
operation and are favourable for further applications, such as tandem and integrated structure
solar cells, as will be discussed in chapter 5. Additionally, lesser hysteresis of p-i-n perovskite
solar cell allows the simplification of optical analyses because the hysteresis of the device,
which could be changed by ionic accumulation, photo voltage and internal fields, changes the
charge transport properties, which in turn relate to charge life time, transfer yield and

mobility.
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1.3.3.1. Charge-carrier transfer process in perovskite solar cells
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Figure 1.12 Possible charge processes of the perovskite solar cells. (Figure source; Joule. 2018, 2,
879.)1°%

Figure 1.12 shows the schematic of the charge transfer processes in a conventional perovskite
device and the corresponding timescale. As described above, the absorbed photons generate
the exciton and subsequently, free charge carriers, in a timescale ranging from femtosecond to
picosecond.l*$>"! Generally, the electron and hole are transported to ETL and HTL within
several nanoseconds through the bulk by diffusion or drift and then extracted (transferred) by
the transfer materials usually within several microseconds.!* 3% *% Since the exciton and free
charge generation is relatively efficient in perovskite devices, this timeline of the transfer
dynamics has been widely studied using transient absorption and PL spectroscopy. 4’ 4% 3]
During these processes, bulk and interfacial recombination occurs and could limit the
performance. However, long charge-carrier lifetimes extending up to several microseconds and

good charge-carrier mobility are known to minimize the bulk recombination, whose details will

be described in chapter 3.
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1.4. Objectives of the thesis and areas of research addressed

The main objective in this thesis is the characterisation and understanding of the charge transfer
between MAPIz and ETM or HTM. The neat MAPI; films and the junction structure (with
electron and hole transport layers) were studied with techniques including photoluminescence
(PL), tr-PL, transient absorption (TA), and UV-vis spectroscopies. These techniques were used
to understand the photophysical properties of the material, to explain the charge-carrier
dynamics in perovskite and how these factors impact device performance.

Previous literature on many of these parameters, particularly including carrier and transfer
lifetimes as well as PL intensity, has reported a wide range of values.[*!: 3% 0 These variations
may reflect different material processing and device structures, the reproducibility of samples
and/or repeatability of the measurements. Thus, this thesis will explore the correlations
between the electronic properties of the MAPI; perovskite material, optical measurements and

the sample preparation conditions and techniques.

In chapter 3, the first chapter that presents results, the charge-carrier density-dependent
bimolecular recombination kinetics of MAPI; perovskite, compete with charge transfer at light
fluxes approaching 1 sun, are discussed. The excitation density dependence of the PL properties
of MAPI; films and the photoluminescence quenching efficiency (PLQE) of the perovskite in
junctions with Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) and
PCs1BM (hole and electron acceptors, respectively) will be investigated using ground-state
optical spectroscopy in combination with femtosecond transient absorption spectroscopy (fs-
TAS) and tr-PL. This allows the excited-state dynamics in these perovskite films and their
interfaces with charge extracting layers to be unravelled. In chapter 4, the MAPI; PL instability
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issues will be discussed. The origin of the PL change of MAPI;z perovskite films stored within
nitrogen in the dark will be investigated. UV-Vis spectroscopy, transient absorption
spectroscopy (TAS), TCSPC, X-Ray diffraction (XRD) and atomic force microscopy (AFM)
will be used to unveil the aging effect of neat MAPI3 film. The study allows to study perovskite
recrystallization processes while stored in dark without oxygen at room temperature and to
determine the cause of optical property changes. Finally, the charge-carrier dynamics of the
more complicated perovskite/organic integrated device will be discussed in chapter 5. In this
perovskite and organic photovoltaic (OPV)-junction structured device, the charge-carrier
transfer behaviours are known to be more complicated to study by using fs-TAS. The detailed
charge-carrier transfer process will be studied with not only bilayer film, but also multi-layer

and even full device samples based on the previous knowledge explained in chapter 3.
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2.1. Abstract

In this chapter, the materials used and the preparation of samples are described. Also, the

main spectroscopy equipment and techniques used in this thesis are indicated.
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2.2. Materials used in this thesis

e Ml H3;C—NH, - HI

Lead(Il) 1odide Methylammonium iodide

o
Todide Ton

@
Lead Ion

* @

Methylar}nnonium Ion

1"
MAPI; Perovskite
3D structure

Figure 2.1 MAPI; perovskite structure and chemical structure of materials used for perovskite
precursor solution.

All the studies in this thesis were carried out with MAPI; perovskite as the light absorbing
material. MAPI3 perovskite is suitable as a model material for basic perovskite studies and has
been widely used for perovskite solar cell applications. It has a relatively simple perovskite
structure.l'!l Methyl-ammonium iodide (MAI) (Dyesol, PN101000) and Pbl, (Sigma Aldrich,
99%) were used for MAPI; precursor solution preparation (see Figure 2.1). All the other
semiconductor materials used are shown in Figure 2.2. PEDOT:PSS and PTAA were acquired
from Heraeus (Clevios P VP Al4083) and Ossila respectively and were used as hole transfer
materials, while PCs1BM from Nano C and Poly{[N,N'-bis(2-octyldodecyl)naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl]alt-5,5'-(2,2'-bithiophene)} (N2200) from One Material
were utilized as the electron transport layers for chapter 4 and 5. In chapter 5, PDPP2T-based

polymers DT-PDPP2T-TT acquired from One Material was used as an organic donor material.
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Figure 2.2 Chemical structures of PEDOT: PSS, PCsiBM, PTAA, N2200, and DT-PDPP2T-TT

2.3. Sample preparation.

2.3.1. Film preparation.

The specific film and device fabrication conditions will be introduced in each individual
chapter. Thin films were required for the characterization of the materials, thus the solutions
were prepared and deposited on glass (VWR chemicals) or ITO glass (Psiotech and Amgtech
for chapter 3 and 4, and chapter 5, respectively) substrates. The substrates were well cleaned

using a sonication bath with DI water with 5% of detergent (Decon90), followed by rinsing
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with DI water, ethanol, acetone, and isopropanol for 10 mins each, then dried with nitrogen
and in a 120 °C drying oven. After this the substrates were further treated with an oxygen
plasma for 10 mins prior to depositing the solutions. A spin coater (Laurell Technologies
Corporation, WS-650-23) was usually used to prepare films. All the samples except
PEDOT:PSS film were spincoated in an N> filled glove box (Mbraun, O> and H>O level below
0.5 ppm respectively). All the solutions were filtered with a 0.2 um PTFE membrane and
dehydrated with magnesium sulphate (VWR chemicals) before use. To maximise the stability
of the fabricated perovskite films and prevent the degradation of samples by air and eliminate
the oxygen effect on charge carrier mobility behaviour, films were encapsulated by using a
glass coverslip and Surlyn (Solaronix, Swiss) in a nitrogen filled glove box at 80 °C and then
we further sealed the edges with epoxy to minimise potential oxygen diffusion while measuring
and storing samples before spectroscopic measurements in chapters 3 and 4. The seal was made
by heating the gasket around the cell with the tip of a soldering iron. Additionally, for chapter
3, the MAPI; samples were stored for 12 days in a nitrogen-filled glove box at room
temperature and kept in the dark after encapsulation to collect more reliable spectroscopic data.

The samples storage effect will be described in chapter 4.

2.3.2. Device preparation.

For chapter 3, ITO/PEDOT:PSS/MAPI:/PCs1BM/LiF/Ag devices were fabricated. The top
cathode deposition of lithium floride (LiF) and aluminium (Al) to complete the device was
undertaken to enable JV characterization, including the light intensity dependence of current
density by Du Tian (imperial College London). A 10 nm LiF and 100 nm Al layer was
deposited through a patterned shadow mask by thermal evaporation at ~10~’ mbar high vacuum

with a deposition rate of 0.2 nm s™'. For chapter 4 and 5 ITO/PTAA/MAPI3/PCsiBM/LiF/Ag
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devices were characterised. The devices were fabricated and their JV characterization
undertaken by Du Tian (Imperial College London) and Chieh-Ting Lin (Imperial College

London) for chapter 3, 4 and chapter 5, respectively.

2.4. Experimental techniques

2.4.1. Steady-state UV-vis absorption spectroscopy

UV-visible absorption spectroscopy was undertaken in the wavelength range 300 - 1400 nm,
which is the useful irradiance range of the sun for solar cell applications. Since the polymer
and small molecules films are generally not very reflective, the reflectance of these films was
neglected in the organic film measurements. Therefore, absorbance (A4qs) can be related to the
logarithm of transmittance (7)), as the equation (2.1) shown below:
Agsp = —logT

(2.1)
In this thesis, the steady state absorption spectrum of the perovskite films was measured by
using a UV-2600 Shimadzu UV-vis spectrophotometer with wavelength resolution of 0.1 nm
and scan rate of 1 nm/s. An integrating sphere is attached to enable determination of the

reflectance and absorbance since perovskite material has a highly reflective glassy surface.
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Diffusely reflected light

Substrate

Figure 2.3 schematic drawing of diffuse and specular reflectance for thin film.

According to the law of reflection, the relative angle of incidence and reflection can be
determined by plotting the surface normal rays at the point of incidence. (see Figure 2.3)
Specular reflection means that when the reflective surface of the object is smooth, the light will
be reflected symmetrically. When light reaches a rough surface, because the direction of the
normal line of each point is different, the reflected light is randomly oriented to different
directions. This type of reflection is called diffuse reflection. One of the difficulties of
measuring perovskite films which have a smooth surface but are deposited on a mesoporous
substrate such as a TiO> or NiO is that the fine particles in the medium may scatter the reflected
light and affect the efficiency of light reaching the detector, which reduces the clarity of the
spectrum. Therefore, the integrating sphere would be necessary for this type of measurement.
The structure of the integrating sphere is shown in the figure below. The barium sulfate-coated

sphere can draw the scattered light to make sure all light can be detected.
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Figure 2.4 Schematic figure of the working principle of integrating sphere measuring diffuse
and specular reflectance. (Figure source;
https.://www.shimadzu.com/an/molecular_spectro/uv/accessory/solidsample/solid.html
accessed at 08.08.2018)/

In Figure 2.4, the working principle of the integrating sphere is as follows: the sample is placed
in front of the incident light window for measurement, and the light reflected from the sample
is collected by a barium sulfate-coated sphere and then reach the detector.!?! The reflectance
(relative reflectance) value was obtained using the reflectance of a standard whiteboard (which
is regarded as 100%) as a reference. When light is directed at the sample at an incident angle

of 0°, only diffuse reflection is detected. To measure both specular and diffuse reflection,
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different incident angle needs to be used. From the measurement, absorptance (44s/) of material

on the substrate can be calibrated as the equation (2.2) shown below:

Agse =100 -T — Rdiff - Rspec — Refsup
(2.2)
Where Aus is absorptance, T is transmittance, Ry is diffuse reflectance, Rgpec 1S specular

reflectance and Refsu» 1s absorptance of the substrate.

2.4.2. Photoluminescence spectroscopy

2.4.2.1. Steady-state photoluminescence (ss-PL) spectroscopy

Photoluminescence spectroscopy is used to measure the intensity of fluorescence. The higher
the fluorescence intensity, the stronger the emission ability of the sample. If there is an
interaction between the fluorescent molecule and a quencher, the fluorescence intensity would
be reduced, which is called fluorescence quenching. Photoluminescence spectroscopy can thus
be used to understand the efficiency of quenching of emissive charge carriers when comparing
the maximum PL of a neat material film to the PL of a bilayer or blend film. As described
before, for the perovskite carrier dynamics studied herein, charge carrier transfer to the
transport layer is the most important quenching process. PLQE, shown in the equation (2.3)
below can assess the charge transfer yield from the surface of perovskite to the charge transport

material:

Ineat - Iquencher

PLQE(%) = x 100

Ineat

(2.3)
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where Iheat and Iquencher respectively refer to the photoluminescence intensities of the neat and
bilayer or blend films. PLQE measurements have been widely used to characterize the exciton
separation properties of organic photovoltaic devices between donor and accepter materials
because this measurement is inexpensive and simple to estimate charge transfer and can also
be successfully applied to other types of PV devices including emerging hybrid perovskite PV
devices.’] Steady state PL measurements were undertaken using a Fluorolog 1039
spectrometer (Horiba Scientific) at room temperature. Depending on the emission wavelength,
different detectors are required. For a PL emission below to 800 nm, a visible detector was
used. Once the PL emission is higher than 800 nm, it requires a liquid nitrogen-cooled infrared
detector which is more sensitive. For conventional measurements, monochromatic excitation

light generated from the spectrometer’s internal xenon light source was used.

2.4.2.2. Steady-state 1 Sun photoluminescence
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Figure 2.5 Schematic drawing of home-made steady-state 1 Sun LED PL spectrometer system and the
spectrum of the filtered LED external light source. The sample was excited through the glass side.
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For variable excitation density measurements, an external white light emitting diode (LED)
light source (Bridgelux RS Array BXRA-40E7500-j-03) was used with 650 and 700 nm short
pass filters (SPF). A DC power supply was used to manipulate the excitation fluenece of the
LED from ~0.08 to 370% of 1 Sun. the fluence estimated by normalising against current
densities obtained with AM 1.5 irradiation. The PL of the sample was acquired by the Fluorolog
1039 spectrometer passing through a 650 and 700 nm long pass filter (LPF) to cut off the
excitation light source. In figure 2.5, the PL spectrometer, external light setup and the filtered

LED irradiation spectrum is displayed.

2.4.2.3. Pulsed laser photoluminescence

Nd:Yag laser

& Oscilloscope Data Acquisition

°§”°@
<
© &‘9
Electronical
l band pass filter
ilicon diode

Sample Monochromator ~ Detector

Long pass (765nm)

filter(700nm)

Figure 2.6 Scheme of lab-made static state LASER PL spectrometer system
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Pulsed photoluminescence was characterised by using an Nd:Yag Laser (Opolette, OPOTEK)
with a laser pulse resolution of 20 ns (See figure 2. 6). The reputation rate of the excitation
laser was 20 Hz, which is relatively low to allow the analysis of more simplified PL information.
For example, low reputation rate can reduce the accumulation of perovskite charge carriers
which have ns - ps lifetimes. Additionally, the sensitive Si-photodiode detector (Hamamatsu
Photonics, S1722-01) and high power of the laser permits samples to be excited by a wide
range of excitation densities (0.1 to 380 pJ cm™ pulse energies) using neutral density filters.
The photodiode signal is then pre-amplified and sent to the main amplifier which is made up
of an electronic band pass filter (Costronics Electronics). A digital oscilloscope (Tektronics,
TDS220) collects the signals that are synchronized with the trigger signal of the pump laser
pulse of the photodiode (Thorlabs Inc., DET210). The instrument response time to measure the

PL transients is 100 ns.

2.4.2.4. Time-correlated singe-photon counting (TCSPC)

Since the probability of detecting a single photon at a specific time after a low intensity
excitation pulse is proportional to the fluorescence intensity at that time, TCSPC is often used
as to monitor the fluorescence lifetime from picoseconds to microseconds. A histogram of
fluorescence photon arrival times can be established based on successive excitation-collection
cycles which is a direct quantitative indicator of the decay dynamics. Compared with other
time domain techniques, TCSPC has the advantages of great sensitivity, large dynamic range
and high time resolution. It is does not need a strong excitation source (reducing the risk of
photobleaching the sample) and also is not affected by fluctuations in the intensity of the
excitation source during the measurement. TCSPC's workflow is briefly shown in the figure 2.
7 below.
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Figure 2.7 Explanation of the pulsed technique for TCSPC and the work flow schematically.

The instrumentation is mainly composed of the following four parts: light source, detector,
electronics and optical components. (Figure 2.7) The excitation light source and detector have
the biggest impact on the performance of the equipment, and the measurement response only

depends on these two components.

In this study, aDelta Flex system (Horiba Scientific) was used for TCSPC measurements of tr-
PL. The PL transient signal was collected using a single-photon counting detector (PPD-900,
Horiba scientific). The excitation source was a 635 nm diode laser (NanoLED N-02B, Horiba
scientific) with a <200 ps pulse duration and a 1 MHz repetition rate. In order to modulate the

excitation pulse energy, neutral density filters were used.
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2.4.2.5. analysis example of steady-state PL and transient PL
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Figure 2.8 PL quenching (PLQ) spectra of a) stoichiometric MAPI3, b) MAI excess MAPI;
films with PCs1BM c) ss-PL emission spectra and d) tr-PL decay spectra probed at 765 nm of
stoichiometric MAPI; (red line) and MAI excess MAPI3 (blue line) films.

Figure 2.8a, 2.8b and 2.8c show the example of steady-state photoluminescence (ss-PL)
analysis of neat stoichiometric MAPI; film (1:1 ratio of MAI and Pblz) and 5% MALI excess
ratio MAPI; perovskite film with and without PCs1BM as an electron transport layer.[¥ From
these PL spectrums, PL peak intensity could be collected and PLQE can be easily calculated.
The PLQESs of stoichiometric and MAI excess MAPI; film are simply calibrated using the
equation 2.3 as 73% and 98% of PLQE respectively, and the electron transfer properties could

be compared. Figure 2.8c shows the comparison between these films. As mentioned, the higher

intensity of PL indicates the relatively smaller amount of the nonradiative recombination
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processes together with the lower density of trap states. Thus, it could be concluded that MAI
excess MAPI; film has less non-radiative trap state than stoichiometric MAPI; film. Figure
2.8d shows tr-PL dynamics of MAPI; films probed from the peak wavelength of PL spectra as
765nm. Typically, perovskite shows biphasic decay behavior; fast few nanosecond lifetime
components and following slow decay components over 100 ns are assigned as charge carrier
trapping and bimolecular recombination process of the remain carriers in the bulk respectively.
These two components could be fitted practically using biexponential equation (y = A1xexp(-
x/t1) + Axxexp(-x/12) + yo) which allows to study charge carrier trapping process from the tr-
PL and gives more correct free charge carrier life time of the film. From the fitting,
biexponential decay times of 11=1.4 and 12=370 ns for stoichiometric MAPI3 and 1:=2.7 and
1,=735 ns for MAI excess MAPI; could be analysed. More details of these data and analysis

can be found in reference.

2.4.3. Femtosecond transient absorption spectroscopy (fs-TAS)

TAS is a pump-probe time-resolved absorption spectroscopy technique which allows the
determination of photo induced processes in films including interfacial charge transfer
processes in single and multi-layered materials, which are key to the photovoltaic operation.!'®
31 As an optical two pulse transient technique, fs-TAS has a high pulse temporal resolution,
which enables the study of early excited states dynamics (from ~200 fs to 6 ns) and permits the
monitoring of early stages of charge generation. The IRF (instrument response function) of this

system is approximately 200 fs, which is based on FWHM (the full width at half maximum) of

the scattering signals. An imaging spectrometer with white light probe pulse is used to collect
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transient spectra as a function of time delay. The components of the fs-TAS used in this thesis

are illustrated in Figure 2.9.
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Figure 2.9 Schematic figure of the ultra-fast TAS setup used for this study and the working mechanism
left top inset.

The output pulse energy of the Ti:Sapphire femtosecond optical cavity (Mai Tai, Spectra
Physics) is increased by a Ti:Sapphire regenerative amplifier (Solstice, Spectra Physics) from
17.5 nJ to >2.5 mJ, while the narrow pulse duration is maintained to ~ 100 fs. A Solstice box
is required to amplify the ultrashort pulses, because they may damage the Ti:Sapphire crystal
in the regenerative amplifier if they are amplified directly. A Solstice box comprises three parts:
a stretcher, a regenerative amplifier, and a compressor. The pulses are time-stretched before
amplified, and finally re-compressed, after which the output would be an 800 nm, ~100 fs

pulsed beam with a pulse energy of ~2.5 mJ. Following this amplification process, the
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generation of white light can be achieved in the transient spectrometer. The output of Solstice
is divided into two separate directions, the optical parametric amplification (OPA) (TOPAS
prime, Light conversion) and the delay line (HELIOS) respectively. The OPA is an amplifier
based on the non-linear optical parametric amplification principle to emit light with variable
frequencies and polarization, after which a frequency mixer is used to extend the excitation
wavelength range to UV and IR. One of the benefits of OPA is the flexibility to tune excitation
pulses to a variety of possible wavelengths from 285 to 1600 nm. This thesis will mainly cover

excitation wavelengths between 550 and 840 nm.

For the rest of fundamental pulses directed to the delay line, these are reflected by a spherical
mirror attached to a cart with micrometre-precision movement. The movable distance on cart
determines the time delay of the pulse relative to the excitation pulse. The delay line allows
time delays to be extended to 6 ns. After passing the delay stage, the pulse enters the
spectrometer (HELIOS, Ultrafast Systems) where the white probe beam is generated, the
aligned excitation and probe pulses are aligned on the sample, and the intensity change of the
probe pulse are detected and measured. In the spectrometer area, by using different crystals,
white light probe beams can be generated either in the visible range (from 450 to 750 nm) with
a CMOS detector or in the NIR (from 850 to 1450 nm) with an InGsAs detector. Thus, either
ground state bleaching/stimulated emission signals (GSB/SE) or excited state absorption

signals (ESA) can be probed since there is a wide range of wavelengths.

The detectors used here are imaging spectrometers. Compared to conventional
monochromators, they can simultaneously acquire a spectrally resolved image, which can be
faster at processing large amounts of data and can obtain transient spectra instead of transients

as a function of time. As shown in Figure 2.9 left top inset, the intensity difference is measured
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by chopping the pump pulse. When detecting the probe, the repetition rate of the pump is
reduced from 1 kHz to 500 Hz by a chopper. Therefore, the detection pulse frequency-aligned
with the pump pulse will be partially absorbed by the excited state while the pulse with no

pump will only be absorbed from the ground state.

2.4.3.1. Example of fs-TAS data and analysis
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Figure 2.10 a) 2D f5-TAS and b) TA spectra of MAPIs post annealed at 150 °C with excitation at 380
nm (flux 64 yj/cm’) ¢) TA dynamics of the 150°C annealed MAPI; films probed at 480 nm (PB1), 502
nm, 550 nm (PIA),and 755 nm (PB2).

Figure 2.10a shows an example of a 2D fs-TAS visible spectrum of MAPI; perovskite film
which Pbl, species introduced by 150 °C post thermal annealing process.[®! Since a charge
coupled device (CCD) detector is used to collect the signal in the TAS system, TA signal from
an wide range of wavelengths from 450 to 800 nm could be collected each delay time. Thus,
typical time, wavelength, and AOD data could be collected together and displayed into the 2D
spectra. Also, TA spectra in figure 2.10b, and dynamics in Figure 2.10c could be plotted from

the data.

From the TA spectra shown in figure 2.10b of MAPI;3 perovskite, two typical negative photo

bleaching (PB) signals could be observed at around 480 nm (PB1) and 755 nm (PB2). These
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typical double bleaching signals of MAPIz perovskite could be observed when the film
thickness is less than around 100nm. For thicker perovskite films (thicknesses over around 300
nm, as used for optimized solar cell devices) have a strong ground state absorbance (over 1)
below 550 nm, reducing the signal to noise of this feature. The positive signal in the range of
approximately 550 to 650 nm is photoinduced transient absorption (PIA). For film and device
characterization, PB2 which comprises of ground state bleaching (GSB) and stimulated
emission (SE) near the material bandgap is widely used to study the free charge carrier

dynamics of MAPI; perovskite, and is the most studied spectral feature in this thesis.

The TA dynamics in figure 2.10c collected in a time scale from +1 ps to 6 ns from the data in
figure 2.10a can be analysed to indicate the free charge carrier dynamics for each species. The
PB2 at 755 nm shows the information of the excited charge carrier cooling or trapping process,

free charge bimolecular recombination, and charge carrier transfer to ETL and HTL.

Analyses of such data can identify the formation of species. For example, in the data shown in
Figure 2.10, collected for films deposited with excess Pb*", charge carrier transfer to Pbl, can
be observed at 502 nm wavelength, overlapped with PB1 signal, | in figure 2.10b. In figure
2.10c, the time constant of this transfer to Pbl,, monitored at 502 nm (2.4 ¢V) was determined
to be around 5 ps from exponential fitting using Origin (OriginLab Corporation). More details

of these data and analysis can be found in reference.!®

2.4.4. X-Ray diffraction (XRD)

Thin film structure can be determined by X-ray crystallography. The X-ray beam incident on

the crystalline atoms can be diffracted into many specific directions. Crystal structure, chemical
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bonds and the crystallographic disorder can be determined from the mean diffraction pattern.
X-rays are considered as electromagnetic radiation waves.[”! Thus, the perovskite structure and
phase of the plane were conducted via XRD using a PANalytical X’Pert system (Cu Ka, 1=1.54
A) at 40 kV and 40mA. The diffraction patterns were obtained over the 20 range between 10°

to 50° in steps of 0.04° and subsequently analysed using Highscore software.

\”
—— —@ ® ® o —o-

dsin6 ®

Figure 2.11 Schematic drawing of Bragg’s Law in an X-ray diffraction.

The repetitive arrangement of atoms within the crystal from the diffraction pattern is

determined by Bragg's law shown below.

2dsin @ = ni
(2.5)
where d is the spacing between diffracting planes, 0 is the incident angle, n is any integer, and
A is the wavelength of the beam. (See Figure 2.9) The diffraction pattern is normally collected
by X-rays since their wavelength is naturally the same order of magnitude as the spacing d of

each plane in the crystal.
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2.4.5 Current-Voltage characteristics

Photovoltaic device performance is commonly characterized using current-voltage
characteristics called J-V curves in order to determine their efficiency.!® The power conversion

efficiency (PCE) is shown in the equation (2.7)

PCE — JscXVocXFF
Pp

(2.7)
where Jsc is short circuit current density, Vocis open circuit voltage, FF'is fill factor and P; the
incident light intensity. FF represents the ideality of the performance of solar cells affected by

various recombination losses and is, therefore, <1 shown in the following below:

FF = VMax ><]Max
Voc X Jsc
(2.8)
where FF is the ratio of the maximum power output, which is the result of multiplying Vasux
(voltage maximum) and Juyux (current density maximum), to the product of Jsc and Voc. (See

Figure 2.10)
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Figure 2.12 Current-Voltage characteristic curves under illumination at 1 Sun conditions.

J-V curves were measured under A.M 1.5 1 Sun equivalent simulated illumination of 100 mW
cm 2 provided by a filtered Xenon lamp solar simulator (Oriel Instruments). The light intensity
was calibrated with a silicon reference cell. The device was secured in an N> gas filled chamber
which has a quartz glass window on top allowing solar irradiation passing through to the device.
A source meter (Keithley 2400) was used to apply voltage and record the current. The scan rate
was set at 125 mV/s. The device active area size was 0.045cm™ (0.3 x 0.15 cm™). From the J—
V curves, device parameters such as open circuit voltage (Voc), short circuit current (Jsc), fill

factor (FF) and power conversion efficiency (PCE) were collected.
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Chapter 3. Excitation density dependent photoluminescence quenching
and charge transfer efficiencies in hybrid perovskite / organic
semiconductor bilayers
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3.1. Abstract

This study addresses the effect of excitation intensity on the charge transfer efficiency between
bilayers of MAPI3 with PCs1BM or PEDOT:PSS. Analysis of the kinetic competition between
interfacial electron / hole transfer and charge trapping and recombination within MAPI; is
studied by employing a range of optical measurements including steady-state PLQ and tr-PL
and absorption over a broad range of excitation densities. Our results indicate that PLQ
measurements with a typical PL spectrometer can yield significantly different transfer
efficiencies to those measured under 1 Sun irradiation. Steady-state and pulsed measurements
indicate low transfer efficiencies at low excitation conditions (< 5 x 10'° cm™) due to rapid
charge trapping and low transfer efficiencies at high excitation conditions (> 5 x 10'” cm™) due
to fast bimolecular recombination. Efficient transfer to PC¢1BM or PEDOT:PSS is only
observed under intermediate excitation conditions (~ 1 Sun irradiation) where electron and hole
transfer times are determined to be 36 and 11 ns, respectively. The results are discussed in
terms of their relevance to the excitation density dependence of device photocurrent generation,
impact of charge trapping on this dependence and appropriate methodologies to determine

charge transfer efficiencies relevant to device performance.
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3.2. Introduction

As discussed in chapter 1, MAPI; perovskite materials exhibit a range of favourable
optoelectronic properties for photovoltaic device function, including large absorption
coefficients for light absorption and high charge carrier mobilities to enable rapid charge
transfer from the photoactive layer.l!! A key consideration determining the efficiency of such
devices is the kinetic competition between the extraction of photogenerated charges from the
photoactive perovskite layer to the external circuit versus charge recombination and trapping
processes within this layer and at its interfaces. This kinetic competition, which determines
transfer efficiency, is strongly dependent on film processing and device architecture, and also
dependent on light irradiation intensity and device operating condition (e.g.: short circuit versus
maximum power point). In particular, whilst several studies have reported a strong, and
complex, dependence of charge carrier recombination and trapping processes upon light
intensity in MAPI; films,? studies of the impact of this light intensity dependence upon the
kinetics and efficiency of charge transfer from the MAPI; layer to electron and hole transport
layers have been limited to date.’’] This dependence is not only important to understand the
irradiation intensity dependence of device efficiency, but also critical in determining the
relevance of steady-state and pulsed assays of these transfer processes to device operation.
Such assays are often undertaken under irradiation conditions very different from steady-state
solar irradiation, a consideration which has received little attention to date in studies of the
impact of these charge transfer processes upon device performance. In the study herein,
therefore the light intensity dependence of these charge transfer processes will be investigated
employing a range of both steady-state and transient optical measurements, and the relevance
of these studies to the efficiency of photocurrent generation under solar irradiation will be

discussed.
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PL is the most widely used technique to study excited state dynamics in hybrid perovskite films
and devices. Such studies include the determination of charge carrier diffusion lengths and
transfer yields in the presence of electron / hole charge transport layers, and in complete
devices.['™ 4 In particular the measurement of steady-state PLQE has been used in many of the
pioneering works on perovskite photovoltaics to assess the relationship between interfacial
charge transfer, charge extraction and device performance.[ 3 In such studies the PLQE is
calculated from the ratio of the PL emission intensity of the perovskite layer with and without
the quencher interlayers, where the loss of PL is interpreted as a marker of charge transfer.
Such PLQE measurements have indicated hole transfer efficiencies for many perovskite
materials higher than 95% for a broad range of p-type materials used as hole extracting layers
in cells, including NiO, Spiro-OMeTAD, PEDOT:PSS and V:0s.[! Similarly, the PLQE
measurements with n-type contacts like PFN and PC¢BM have also been found to be very
high, often > 98 %, indicative of near unity electron transfer efficiencies. However, despite
PLQE measurements indicating near unity electron and hole transfer efficiencies, the resulting
device photocurrents have often shown wide variations. This may in part result from contact
layer selectivity, with for example PEDOT:PSS having the potential to accept both holes and
electrons from MAPI;, thereby potentially resulting, in the absence of appropriate electric
fields, in enhanced surface recombination losses.[”! In addition, almost all such PLQE studies
have been undertaken in standard PL spectrometers, where the irradiation intensity is typically
of the order of a few mW c¢m™, one to two orders of magnitude lower than solar irradiation.
This key consideration has not been taken into account in most such studies. More limited
studies have reported a strong excitation intensity dependence of PL intensity and quenching
yields in MAPI; films in the presence of charge transport layers, although the relevance of this

to the kinetics and efficiency of interfacial charge transfer and its impact on device performance
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remains unclear.!® Several studies have also reported that the PL intensity of the MAPI; films
alone are strongly dependent not only upon film processing, but also may evolve following
deposition depending upon storage conditions (light exposure, temperature, environment, etc.),
further complicating the use of PL measurements as an assay of charge transfer efficiency.!’
As such, it is apparent that employing conventional PLQE spectrometer measurements may
not be a reliable tool to assay the efficiency of charge transfer processes in MAPI3 devices

operating under 1 Sun irradiation.

In addition to PL quenching measurements, tr-PL, absorption and microwave conductivity
measurements have been used to study the kinetics and yields of charge transfer from between
the MAPI; layer and electron / hole transport layers.% 1% Such studies have been conducted
with widely varying light excitation densities.['!) Typically, tr-PL measurements are conducted
using TCSPC spectrometers, which employ very low energy pulsed irradiation (usually ~ 10
pJ em™ per pulse) but at relatively high repetition rates (MHz), whilst transient absorption
measurements are undertaken at much higher pulse energies (usually 1-10 uJ cm™) and lower
repetition rates (kHz). Both of these irradiation conditions are significantly different from
steady-state solar irradiation, complicating considerations of the relevance of the data obtained

to device operation.

In this study, the impact of excitation density dependence on the steady-state and transient PL
and transient absorption properties of MAPIz thin films and MAPIL/PCsiBM and
PEDOT:PSS/MAPI; bilayers is investigated. PCs1BM and PEDOT:PSS correspond to two
widely employed electron and hole transport layers.®® 21 It should be noted that whilst
PCs1BM’s energy level alignment results in it being a selective contact layer for electron

transfer from MAPI;, the high doping of PEDOT:PSS results it being potentially able to accept
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both electrons and holes from MAPI;, as discussed above. For simplicity, and consistent with
its function in perovskite devices, I will assume herein it functions as primarily as a hole
transport layer; a point which is discussed below. Four different experimental techniques were
applied to investigate the dynamics of charge transfer as a function of excitation intensity,
namely fs-TAS, ss-PL spectroscopy and two pulsed PL measurements operating under very
different excitation density ranges: TCSPC under high repetition rate, low pulse energy
excitation conditions, and nanosecond time resolution PL measurements operating under low
repetition rate, high pulse energy excitation conditions more comparable to those employed in
fs-TAS measurements. These techniques allow us to probe the efficiency and kinetics of charge
transfer over a broad range of excitation conditions, generating carrier densities in the MAPI3
film ranging from 10'% to 10'® cm™. The results from these studies allow us to elucidate how
charge density-dependant monomolecular and bimolecular recombination in the MAPI; film
competes with charge transfer under different excitation densities, with important implications
for the light intensity dependence of device operation and the identification of suitable
experimental protocols to assay these transfer processes under conditions relevant to such

device operation.

3.3. Experimental detail

3.3.1. Sample preparation

3.3.1.1. Perovskite layer: Deposition of MAPI; (CH3:NH3PblI3) with the toluene dripping method

For this study, MAPI; perovskite films were prepared by the toluene anti-solvent dripping

method with y-butyrolactone and dimethyl sulfoxide precursor solvents.!'3) For precursor
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solution for MAPI3 perovskite, 199 mg/mL of MAI and 576 mg/mL of Pbl, were dissolved in
y-butyrolactone (Aldrich, 99%) and dimethyl sulfoxide (Fluka, 99%) mixed solution with 7:3
volume ratio, and then stirred for 3 hours at 65 °C. Then the solution was filtered through a 0.2
um PTFE filter before deposition in a N2 filled glove box. To deposit perovskite films, the
CH3NH3PbI3 solution (70 puL) was first applied onto a well cleaned substrate (substrate area
~2.5 cm x 2.5 cm). The film was then sequentially spun for 5 seconds at 1000 rpm, for 10
seconds at 1000 rpm, for 19 seconds at 4000 rpm and for 5 seconds at 500 rpm, during which
toluene (700 uL) was quickly dropped onto the centre of the substrate, and finally spun for 50

seconds at 4000 rpm. The samples were then annealed at 100°C for 10 minutes.

3.3.1.2. Preparation and deposition of the hole transport layer (HTL): PEDOT:PSS

PEDOT:PSS was filtered through a 0.45 um filter and spin cast on well cleaned substrate at
3500 rpm for 45 seconds. Then, the sample was dried on a hotplate at 150°C for 15 minutes in
air. Before deposition of the perovskite layer, the samples were annealed additionally 5 minutes

at 150 °C in a glove box.

3.3.1.3. Electron transport layer (ETL): PCs;BM

[6,6]-phenyl-C61-butyricacidmethyleater (PC1BM; 20 mg/mL) dissolved in anhydrous
chlorobenzene was deposited on MAPI3 at 2000 rpm for 60 seconds and then 4000 rpm for 10

seconds. Then, the film was left to dry for an hour in a glove box.

3.3.1.4. Top Electrode deposition for device
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In this chapter, the top cathode of LiF and Al to complete the devices were deposited by Du
Tian (imperial College London) together with JV characterization, including the current
density dependent as a function of light intensity. A 10 nm LiF and 100 nm Al layer was
deposited through a patterned shadow mask by thermal evaporation at ~10~7 mbar high vacuum

with a deposition rate of 0.2 nm s™.

3.3.2. Film characterization

3.3.2.1. Spectroscopy

All the samples were stored for 12 days in a nitrogen-filled glove box at room temperature and
kept in the dark after encapsulation before spectroscopy measurements. After this storage time,
the PL intensity stabilised, indicating the formation of a stable perovskite film, as will be
discussed in detail in chapter 4. UV-Vis spectroscopy, fs-TAS, TCSPC, ss-PL Spectroscopy

and LED and nanosecond Pulsed PL Measurements are measured as described in chapter 2.

3.4. Results

This is an established fabrication methodology known to produce dense and highly crystalline

MAPI; films reasonably reproducibly.['4
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Figure 3.1 a) Device structure of MAPI; perovskite PV and, b) the power conversion efficiency of the
device. c) Absorbance and d) absorptance of neat MAPI; (blue-green square), MAPI3/PCsiBM (pink
triangles) and PEDOT:PSS/MAPI; (purple circles).

The ‘inverted’ device structure of Glass/ITO/PEDOT:PSS/MAPI:/PCsiBM/LiF/Al was
fabricated to test the quality of the films studied and their relevance to published work
(following film storage in the glove box as discussed below). Such devices had JV curves
typical of those reported for this structure (Figure 3.1a), with power conversion efficiencies of

approximately 15.5% for the device structure (Figure 3.1b), and this result is in the range of

13-16 % reported previously.[® 13 For spectroscopic studies of electron and hole transfer, three
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film structures were prepared following the same procedures as for device preparation:

(= 290 nm thick), MAPI3/PCs1BM, and PEDOT:PSS/MAPI;.
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Figure 3.2 PL spectra of MAPI3; and MAPI3/PCs1BM films measured from a fresh sample (a) and after
storage for 12 days (b). The PL peak intensity curve-fitting of neat MAPI; (blue square) and
MAPI/PCs1BM (red round), and calculated PLOE were obtained as a function of aging date.

The film absorption and absorptance spectra were typical of well-formed MAPI; crystals in
Figure 3.1c and 3.1d. Consistent with previous reports,!!**! the PL intensity of MAPI; films was
observed to evolve significantly following film fabrication, even for films stored in the dark in
a glove box, showing an increase in intensity over a 10 day period before stabilising (Figure
3.2, discussed in more detail in chapter 4). This evolution affects the samples PLQE, as also
shown in Figure 3.2. In this study, kinetic measurements of films were performed within 3 days,
after 12 days storage in GB after fabrication, thus ignoring the subsequent evolution of thin
film PL, so MAPI; photophysics with storage and/or light exposure time may have a significant
impact on the measurement results. The impact of this change of PL intensity affects PL

quenching measurements. Note that after this storage treatment, the film PL intensity was

relatively insensitive to light soaking, thereby simplifying data analysis (Figure 3.3).
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Figure 3.1 PL Light soaking effect of 12 days stabilized films recorded by using 1 Sun LED excitation
for 40 min. a) Steady state PL peak intensity of MAPI; (blue square), MAPIs/PCsi1BM (red circle) and
PEDOT:PSS/MAPI; (purple triangle) as a function of time. b) PLOE as a function of time.

3.4.1. Steady-state measurement

3.4.1.1. Conventional Steady-state PL and I Sun LED PL and quenching efficiency measurement

(a) Conventional PL (b) 1Sun LED PL
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Figure 3.4 a) Steady-state PL (ss-PL) spectra of neat MAPI; (blue-green squares), MAPI;/PCsiBM
(pink triangles), and PEDOT:PSS/MAPI; (purple circles) films collected in a conventional PL
spectrometer with 635 nm excitation at a light fluence of 1.5 mW cm™; b) Equivalent PL spectra of the
same films collected using a white light LED excitation source with a power output selected to be
equivalent to 1 Sun fluence.

Figure 3.4a shows the conventional ss-PL spectra of MAPI;, MAPI/PCs1BM, and

PEDOT:PSS/MAPI; films recorded with 635 nm excitation at a light fluence of 1.5 mW cm?,
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corresponding to typical fluorimeter excitation conditions. This excitation is much lower than
the photon fluence under 1 Sun AM 1.5 conditions (approximately 1.8% of 1 sun). The neat
MAPI; (blue-green squares) film shows typical strong emission with a maximum at ~ 765 nm,
as expected for this material.['% 1%l The PL from MAPI; in the MAPI3/PCe1BM (pink triangles)
and PEDOT:PSS/MAPI; (purple circles) films is strongly quenched by the presence of the
interlayers. The PLQE obtained for MAPI3/PCs1BM is 91% and for PEDOT:PSS/MAPI; it is
97%. Following the fabrication and storage procedure detailed above, this PLQE measurement
was found to be reproducible within + 2 % and insensitive to light pre-soaking. These PLQE
data are consistent with the values reported in the literature.[® 3% %1 However and indicate
reasonably efficient transfer of electrons and holes from MAPIz to PCs1BM and PEDOT:PSS

respectively under this irradiation condition.

In addition to this standard method for assessment of PLQE, the PL spectra of the films were
recorded using a white light LED excitation source with a power output selected to correspond
to circa 1 Sun photon fluence. Figure 3.4b presents the PL spectra of the samples, which show
differing relative amplitudes from those measured with the standard spectrometer light
excitation source (Figure 3.4a). In particular, while the PLQE of the PEDOT:PSS/MAPI; film
is unchanged at 97%, the PLQE of MAPI3/PC¢1BM is substantially lower, dropping from 91%
down to 46%. This result clearly indicates the importance of light intensity when conducting
PLQE measurements, particularly when considering the ability of electron transfer to compete

with charge trapping and recombination within the MAPI; film.

3.4.1.2. Excitation dependence of LED PL
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Figure 3.5 a) Integrated PL intensities acquired with steady-state PL spectrometer of neat MAPI; (blue-
green squares), MAPIs/PCs;BM (pink triangles), and PEDOT: PSS/MAPI; (purple circles) films plotted
on a double-logarithmic scale for excitation densities ranging from 0.0008 to 3.7-fold 1 Sun equivalent,
Open symbols correspond to data obtained using CW LED irradiation, whilst closed symbols
correspond to integrated TCSPC decays; b) The corresponding photoluminescence quenching
efficiencies are determined from these PL data.

Figure 3.5a (open symbols) shows the integrated PL intensities of neat MAPI3, MAPI;/PCs1BM
and PEDOT:PSS/MAPI; films plotted as a function of excitation intensity (Iex) from a white

light LED source with irradiation intensities equivalent to 0.0008 to 3.7 Suns.
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Figure 3.6 PL intensity of neat MAPI; film versus excitation density and power law fitting measured
using a) TCSPC (integrate area of dynamics) b) filtered-LED excitation and c) Nd:YAG laser excitation.

The results, plotted with double-logarithmic scales, show that for the neat MAPI; film, the PL
intensity (PLo) follows approximately PLo o I.x* where B ~ 2 at low intensities and ~ 1 at high

intensities. (Figure 3.6) Similar super-linear behaviour has been reported previously, ?* 171 and
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assigned to a transition from primarily monomolecular processes at low intensities to
bimolecular processes at higher intensities, as discussed further below. Both bilayer films also
showed super-linear, but more complex, dependencies of PL intensity upon excitation intensity,
as analysed further below. The PL data shown in Figure 3.5a was employed to determine the
light intensity dependence of the PLQE for the bilayers MAPI;/PCsiBM and
PEDOT:PSS/MAPI;, as plotted in Figure 3.5b (open symbols). The PLQE of MAPI3;/PC¢s1BM
peaks near 84% at a low fluence (0.15% of 1 Sun) and decreases to 50% at 93% of 1 Sun before
plateauing. The PLQE decreases again for intensities above 1 Sun. The PLQE of
PEDOT:PSS/MAPI; rises from an initial value of 83% and reaches 98% at about 50% of 1 Sun,

and retains this high value until dropping slightly (by ~ 1 %) for excitation intensities above 1

Sun.
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Figure 3.7 a) Conventional steady state PL intensity measurement by a function of excitation
wavelength with 1.5 mW cm™ excitation fluenece, and b) PLOE.

Note that the PLQE was also observed to exhibit a modest dependence upon excitation
wavelength (Figure 3.7), which explains the modest difference in PLQE’s determined from the

monochromatic excitation data in Figure 3.4 and the white light excitation in Figure 3.5.
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3.4.1.3. TCSPC transitent PL dynamics
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Figure 3.8 TCSPC decay dynamics of the films measured under a) 4.1 x 107° mW cm™ and b) 1.3 x
107 mW em™ excitation densities (circa 0.0041 and 0.13 % of 1 Sun respectively).

I turn now to TCSPC measurements of the PL decay kinetics for the three samples studied.
TSCPC is widely employed to study PL decay dynamics in MAPI; films and is typically, as
based on measurements of single photons, undertaken at very low excitation fluences. For the
study herein, A pulse repetition rate of 1| MHz and pulse densities in the range of 5.7 to 178 pJ
cm? were employed, corresponding to quasi-CW irradiation intensities ranging from 0.004 to
0.13 mW cm™. Note that this excitation range, which is typical of TCSPC studies, is lower than

the excitation densities employed for the other techniques employed in this study.

TCSPC data collected at the 765 nm peak position of PL for neat MAPI3 films and the two
bilayers at the lowest and highest intensities are shown in Figure 3.6a and 3.6b; full data sets
over a range of intensities for each film, and the double exponential fitting parameter and the
plot as a function of excitation fluence are shown in Figure 3.9, Table 3.1 and Figure 3.10,

respectively.
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Figure 3.9 TCSPC dynamics data collected at 765 nm for a) neat MAPI3, b) MAPI;/PCs;:BM, and c)

PEDOT:PSS /MAPI; measured at various excitation fluence.
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Excitation

Sample Fluence A’ 7' [ns] A? 2 [ns]
[mW cm]

neat MAPI; 4.1E-03 863.7 + 58 1.7 = 0.02 1245 + 34 17.7 + 0.46
1.3E-02 856.5 + 34 1.8 £+ 0.01 1286 * 1.2 315 + 0.36
3.2E-02 8534 + 26 23 = 0.01 1344 + 0.9 489 + 045
6.4E-02 7821 t 26 23 = 0.01 146.3 = 0.8 56.5 + 0.49
8.0E-02 7669 t+ 26 23 = 0.01 1682 + 0.8 56.0 + 0.42
1.0E-01 7651 + 27 23 = 0.01 176.0 = 0.8 564 + 0.42
1.3E-01 7645 t+ 27 23 = 0.01 2099 + 038 59.7 + 0.39

MAPI3/PCgsBM 4.1E-03 820.0 * 6.9 1.8 + 0.03 1272 + 53 145 + 0.54
1.3E-02 8281 + 3.2 1.8 = 0.01 1289 + 25 143 + 0.25
3.2E-02 809.3 + 3.1 1.9 = 0.01 1261 = 15 247 + 0.33
6.4E-02 7778 + 26 21 + 0.01 126.8 + 1.2 317 + 0.33
8.0E-02 7729 + 26 21 + 0.01 1266 = 1.1 354 + 0.37
1.0E-01 780.1 £ 29 21 = 0.01 1321 = 1.2 369 + 040
1.3E-01 7852 + 28 21 = 0.01 1351 = 11 36.7 = 0.38

PEDOT:PSS/MAPI; 4.1E-03 751.0 = 12 1.7 = 0.04 1712 = 13 74 = 0.39
1.3E-02 7172 £ 53 1.7 + 0.02 1699 =+ 57 80 + 0.18
3.2E-02 7450 £ 33 1.8 = 0.01 1676 =+ 34 10.2 + 0.15
6.4E-02 7199 + 341 1.8 = 0.01 1551 = 3.0 1.2 + 0.17
8.0E-02 736.2 + 3.1 1.9 = 0.01 150.0 = 3.2 10.7 + 0.17
1.0E-01 7283 t 3.1 1.9 = 0.01 1501 = 3.0 112 + 0.18

1.3E-01 729.5

I+

3.1 19 = 0.01 149.1

+

3.2 104 =+ 0.17

Table 3.1 Double exponential fitting parameter (y = A;>xexp(-x/t;) + A2xexp(-x/1;) + yo) of TCSPC

dynamics data at 765 nm of neat MAPI3, MAPI3/PCs;BM, and PEDOT:PSS/MAPI; measured with
various excitation fluenece.
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Figure 3.10 Excitation fluence dependent double exponential fitting parameters (v = A;xexp(-x/11) +
AxXexp(-x/13) + yo) of neat MAPI; (blue square), MAPI3/PCsiBM (red circle) and PEDOT:PSS/MAPI;
(purple triangle) from TCSPC data. a) 71, b) v, ¢) A1 and d) A-».

For the lowest excitation density (Figure 3.8a), almost identical PL decays are seen for the
MAPI:, MAPI/PCs1BM and PEDOT:PSS/MAPI; films, with all three samples exhibiting a
rapid, exponential (t ~ 1.7 ns) decay. At higher excitation densities, a slower, 10’s of
nanoseconds, decay phase is increasingly apparent, with this phase being largest and slowest
for the MAPI; film alone (Figures 3.8a, 3.8b, and 3.9). Following literature studies, the fast
(1.7ns) decay phase is assigned to monomolecular charge trapping, and the 10’s of nanoseconds
decay phase to bimolecular recombination, with the increasing dominance of this fast few
nanosecond decay phase at higher excitation intensities assigned to trap filling.['®! The

observation of similar decay kinetics for all three samples at the lowest excitations conditions
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indicates that electron / hole transfer to PCs1BM / PEDOT:PSS is unable to compete kinetically
with charge trapping at this excitation condition. It further indicates that charge trapping is not
changed by the presence of the contact layers, indicating that the PLQ observed at higher
excitation conditions does not derive from increased charge trapping due to for example the
generation of surface defects, but rather from charge transfer to the contact layers. At the higher
excitation conditions, the 10’s of nanosecond decay phase is strongly quenched by these layers,
indicative of electron / hole transfer competing effectively with bimolecular recombination.3®
8l This behaviour is further illustrated in Figures 3.5a and 3.5b (solid symbols), where plots of
the integrated PL intensity and quenching efficiencies determined from these TCSPC data are
shown to be in excellent agreement with, and extend to lower light fluxes, the data obtained
with continuous irradiation. For both bilayers, the slow decay phase time constant saturates at
higher excitation densities (Figure 3.10b) with decay time constants of 36 and 11 ns with
PC¢1BM and PEDOT:PSS respectively. These correspond to conditions of efficient electron /
hole transfer, and thus indicate transfer times of circa 36 and 11 ns for electron and hole transfer
respectively. The saturation of this decay time for both bilayers indicates that the kinetics of
electron / hole transfer are relatively intensity independent, as expected for a monomolecular
charge transfer process. As such, the intensity dependence of the PL decays and the PLQE data
determined from these TCSPC data are assigned to the intensity dependence of competing

charge trapping and bimolecular recombination processes in the MAPI; film itself.

The non-linear PL and PLQE intensity dependencies shown in Figures 3.4 and 3.5 can be
understood as resulting from variations in charge carrier density with excitation density.
However, this dependence is difficult to access directly from these (quasi-)steady-state
spectroscopic studies, as the accumulated charge carrier density will depend upon the carrier

lifetimes, which are themselves excitation density (and transport layer) dependent. As such we
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turn now to slower repetition rate pulsed laser measurements, where it is reasonable to assume
no charge accumulation between laser pulses. For such measurements, the pulse energy can be
directly converted into initial densities of photoinduced charge carriers, assuming that all
absorbed photons generate charge carriers. For reference, it should be noted that previous
differential charge measurements on analogous devices have indicated charge carrier densities
in similar MAPI; films of ~ 10'® cm™ under 1 Sun equivalent irradiation at open circuit,

decreasing with lower light intensities.['"]

3.4.2. Pulsed static-state PL and quenching efficiency measurement system

3.4.2.1. Pulsed laser PL and quenching efficiency measurement
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Figure 3.11 a) Integrated PL amplitudes of neat MAPI; (blue-green squares), MAPI3/PCsiBM (pink
triangles), and PEDOT:PSS/MAPI; (purple circles) films determined using low repetition-rate pulsed
laser excitation, plotted on double-logarithmic scales for excitation densities ranging from 9 x 10" to
3 x 10" em?; b) MAPI; film PLOE with PCs;BM (pink triangles) and PEDOT:PSS (purple circles)
determined from data as a function of excitation density.

Low repetition rate pulsed PL measurements, employing a pulsed Nd:YAG OPO laser (5 + 2
ns pulse width, 20 Hz) and Si-photodiode detector with a 200 ns response function are

considered first. The peak PL intensity of the three samples were recorded for different
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excitation densities, and therefore approximate carrier densities, ranging from 9 x 10'* to 3 x
10'® cm™, as plotted in Figure 3.11a. Based on these data, the PLQE of the samples were
calculated and plotted in Figure 3.11b. Both bilayers show a rise PLQE up to 10'¢ cm?
excitation density, followed by a drop in PLQE for higher excitation densities. The dependence
on excitation density is much more pronounced for MAPI3/PCs1BM, as also observed in the
steady-state PLQE data (Figure 3.5b). These data suggest that at carrier densities ~ 10'® cm™,
further charge trapping into non-radiative trap states is inhibited, allowing efficient charge
transfer of the excess charge carriers. At higher carrier densities however the PLQE decreases
with increasing excitation intensity due to increasing band-to-band bimolecular recombination

and possible Auger recombination.?"!

3.4.2.2. Femtosecond transient absorption spectroscopy (Charge transfer VS bimolecular

recombination)
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Figure 3.12 Comparison of kinetics of neat MAPI; (blue-green line) probed at 755 nm for time delays
up to 6 ns with MAPI/PCs;BM (pink line) and PEDOT: PSS /MAPI; (purple line) at excitation densities
ofa) 3.32 x 10" and b) 6.77 x 10" cm™. Time axes are linear up to 1 ps and logarithmic thereafier.

Finally, we turn to fs-TAS studies. TAS is another optical technique widely used for charge

transfer studies in perovskite devices.[*!! However, due to its lower sensitivity, it is normally
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conducted at much higher excitation densities than most PL techniques. The excitation
densities were varied between 10'¢ and 10'® cm™ and the photogenerated charge dynamics

probed by recording the absorption change at the maximum of the negative signal at 755 nm,

(Figure 3.13) typically assigned to the MAPI; ground state bleaching.!'® %]
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Figure 3.13 2D colour filled plot of ultra-fast transient absorption of neat MAPI3;, MAPI3;/PCsiBM
and PEDOT:PSS/MAPI; with various excitation density.
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Figure 3.14 Normalised dynamics of ultra-fast transient absorption with various excitation densities
used in the study of a) neat MAPIs3, b) MAPI/PCs;BM, and c) PEDOT:PSS/MAPIs; d) Lifetime of ultra-
fast transient absorption dynamics of neat MAPI; (blue-green squares), MAPI3/PCs;BM (pink triangles),
and PEDOT:PSS/MAPI; (purple circles) as a function of excitation density.

Figure 3.14 plots the dynamics of the neat MAPI3;, MAPI3/PCs1BM, and PEDOT:PSS/MAPI;
bleach signal for time delays up to 6 ns as a function of excitation density. There are two
excitation density dependent decay phases apparent in these data: an initial sub-ps decay which
disappears at higher excitation densities and a much slower (nanosecond) decay phase which
appears only at higher excitation densities. Such data are similar to those reported previously;
the sub-ps decay phase is assigned to ultrafast charge trapping/relaxation that saturates at higher
laser intensities, whilst the slower decay is assigned to bimolecular charge recombination. 23

21d, 223, 23] Figyre 3.12a and 3.12b compare the bleach decay kinetics of neat MAPI5 with

MAPI3/PCs1BM and PEDOT:PSS/MAPI; bilayers at excitation densities of 3.3 x 10'¢ and 6.8
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x 10'7 ¢cm™ respectively. The former excitation density corresponds to carrier densities near
those in devices under 1 Sun irradiation. At this excitation density, negligible bimolecular
recombination is observed for the MAPI; film alone over the timescale plotted (up to 6 ns). In
contrast, both bilayers show significant nanosecond decays, which can be attributed to electron
transfer to PCs1BM and hole transfer to PEDOT:PSS. Note that the given limited time range
of the data, transfer times cannot be accurately estimated from these data, although they appear
consistent with the 10’s of nanosecond timescale determined from the TCSPC data above. For
the higher excitation density, 6.8 x 10'7 cm?, the MAPI; film alone shows a significant
nanosecond decay phase (decay time ~ 8 ns), assigned to bimolecular recombination (note
under these conditions, excessive charge accumulation on the contact layers may also impede
charge transfer). Both bilayers show only marginally faster decay kinetics than the MAPI; film
alone, indicative of the 8 ns estimated bimolecular recombination time being faster than the
time constants for electron / hole transfer. (See Figure 3.14d for lifetime fitting) This result is
also consistent with the loss of PLQE observed at high excitation densities in Figure 3.7, and
is indicative that under these excitation conditions, electron / hole transfer is unable to

kinetically compete with rapid bimolecular charge recombination in the MAPI; film.

3.5. Discussion

PL spectroscopy is a standard technique used for studying the interfacial charge transfer
properties of photovoltaic devices, including perovskites. By measuring the PL intensity of the
photoactive layer with and without the charge transport layers, one can in principle determine
the fraction of charge carriers that are transferred across the interfaces and, if combined with
time-resolved data, the rate constants for these charge transfers. The efficiency of these charge

transfer processes is a key consideration for photocurrent generation in complete devices.
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3.5.1. Charge carrier dynamics on MAPI; with ETL and HTL

It is apparent from the data presented herein that measurement of the efficiency of electron
transfer for MAPI:/PCs1BM bilayers and hole transfer for PEDOT:PSS/MAPI; bilayers is
strongly dependent upon the excitation conditions employed. In particular, it is apparent that
the PLQE measured in a standard PL spectrometer can yield significantly different transfer
efficiencies to those measured under 1 Sun equivalent irradiation, due to the relatively low
excitation conditions employed in standard spectrometers. Furthermore, transient
spectroscopic measurements measured under pulsed laser excitation may also yield very
different transfer efficiencies depending upon the excitation conditions employed. As
demonstrated, TCSPC measurements can yield relatively low transfer efficiencies due to the
excitation densities being much lower than 1 Sun irradiation, and ultrafast transient absorption
measurements can yield relatively low transfer efficiencies for the opposite reason of

employing higher excitation density conditions than those relevant to 1 Sun irradiation.

The primary cause of this dependence of transfer efficiency upon excitation conditions is the
dependence of charge trapping and recombination in MAPI; upon charge carrier density. It is
already well established that the recombination dynamics in MAPI; films is charge density
dependent and can be dominated by Shockley-Read-Hall recombination to sub-bandgap trap
states (1% order with respect to charge density) at low charge densities, by free electron-hole
bimolecular recombination (2 order with respect to charge density) at intermediate charge
densities, and by Auger recombination (3™ order process) at very high charge densities.!>® 2"

170] Auger recombination only becomes dominant at very high charge densities (> 2-5 x 108

cm™) as described,!'® 2% 24! outside the scope of this study. The transition from 1% to 2" order
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recombination has been suggested to occur when the density of photogenerated charge carriers

exceeds the trap density, resulting in a saturation of charge trapping.!?*]

3.5.2. Charge-carrier dynamics model on perovskite
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Figure 3.15 Illustration of the excitation density dependence of the competing interfacial charge
transfer kinetics and yields vs charge trapping and recombination. Y-axis corresponds to measured
charge lifetimes.

The excitation density dependence of PLQE, and therefore charge transfer efficiencies, can be
understood in terms of the charge carrier density dependence of charge trapping and
recombination, as illustrated in Figure 3.15. At low excitation densities, nanosecond charge
trapping processes compete effectively with charge transfer to the PCs1BM and PEDOT:PSS
layers, resulting in low PLQE’s. At intermediate excitation densities, this charge trapping

saturates due to trap filling, enabling efficient electron / hole transfer. This transition to efficient
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charge transfer occurs for the bilayers studied at steady-state light fluxes of circa 0.01 Sun, or
a charge density of ~ 5 x 10'> cm™ from our pulsed laser measurements. As the excitation
intensity, and resulting charge density, is increased further, bimolecular recombination
accelerates and begins to compete with charge transfer for densities greater than circa. 3 x 107
cm™. Under 1 Sun irradiation, hole transfer in PEDOT:PSS/MAPI; bilayer remains efficient,
but the electron transfer efficiency in MAPI3/PCs BM bilayers drops to circa 50 %. At higher
excitation conditions, both hole and, particularly, electron transfer efficiency drops further as

bimolecular recombination accelerates.

From the TCSPC data shown in Figure 3.10, excitation density independent electron / hole
transfer lifetimes of circa 36 and 11 ns respectively can be estimated. These measured time
constants for electron and hole transfer may be limited by either charge transport to the bilayer
interfaces or by electron / hole transfer at these interfaces. In this regard, the faster time constant
for the PEDOT:PSS/MAPI; bilayer is consistent with the higher hole mobility reported for
MAPI; relative to its electron mobility, and with the higher PLQE, observed for this bilayer.[>"]
Literature data for these charge transfer times to PCs1BM and PEDOT:PSS are in the range of

[3d.26] 1t {5 not clear if

0.4 - 15 ns and of 6 — 90 ns for electron and hole transfer, respectively.
these variations reflects variations in sample preparation, measurement technique or excitation
density. Some of these measurements employed very low excitation conditions where
competition with charge trapping is likely to be critical. It should be noted that most studies
measured kinetics on films shortly after fabrication, where the subsequent evolution of film PL,
and therefore MAPI; photophysics, with storage and/or light exposure time may have

significant impact. Furthermore, the TCSPC measurements in Figure 3.8a at low excitation

densities indicate that charge trapping kinetics are not changed by the presence of PC¢1BM and
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PEDOT:PSS contact layers, indicating that neither contact layer generates a significant number

of surface defects/recombination centres.

As discussed above, the PLQE data in Figure 3.11b as a function of pulse energy indicate that
charge trapping no longer competes effectively with charge transfer for excitation densities of
~10' cm™. Indeed, increasing the excitation density to only 3 x 10'> cm™ already results in an
increase in PLQE, and therefore charge transfer efficiency, to 40% (Figure 11b). These data
suggest that these relatively low excitation densities are sufficient to result in enough trap

[27] These data, however, contrast with other assays of

filling to enable efficient charge transfer.
trap density in MAPI; films, based on for example analysis of ss-PL versus light flux, which
more typically yield trap densities of ~ 10! cm.['% 18] The origin of this apparent discrepancy
is not fully determined. However there is likely to be a distribution of trap depths in MAPI;
films, as this study and others have discussed elsewhere, ™ 1% 28] with charge trapping being
relatively irreversible for deeper traps, but more reversible (on the nanosecond timescale
relevant to charge transfer) for shallower trap states (sometimes referred to as ‘tail states’). It
appears reasonable that trapping into a relatively low density of deeper traps competes
effectively with charge transfer, whilst the presence of a higher density of shallow tail states,

whilst impacting upon PL density, has relatively little impact upon the efficiency of charge

transfer.

3.5.3. Steady and static state

The steady-state PLQE versus light flux plot in Figure 3.5b shows a drop in PLQE from ~84%
to 55% between 0.1 and 1% of 1 Sun for in MAPI3/PCs1BM bilayers. An equivalent drop in

PLQE is not observed in the low repetition rate pulsed PLQE measurements (Figure 3.11b).
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Whilst a quantitative comparison between steady-state and pulsed measurements is challenging,
it appears most likely that this drop in PLQE at modest steady-state light fluxes is associated
with charge accumulation in the PCs1BM layer impeding electron transfer in the steady-state
measurements. In the pulsed measurements, where the bilayers recover to their dark charge
densities between light pulses, such charge accumulation will have less impact. Such charge
accumulation is likely to be particularly important in complete devices under open circuit
conditions, and less critical at short circuit where charges are extracted to the external circuit.
However, study of such issues requires data on complete devices, beyond the scope of this

study.

3.5.4. Device current measurement
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Figure 3.2 Linearity of Jsc versus excitation light intensity (Int) for an
ITO/PEDOT:PSS/MAPI:/PCsiBM/LiF/Al device, shown in the inserts as direct dependencies for low
and high excitation densities as a function of light intensity, and as d(Jsc)/d(Int) versus Int in the main

figure.
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This section concludes with a brief discussion of the relevance of the data reported herein to
the operation of complete devices under steady-state irradiation. The current study is limited
to bilayers, and therefore cannot be directly compared to complete devices. However, at least
qualitatively, photocurrent generation in analogous complete devices can be expected to show
similar trends to those reported herein, with irreversible charge trapping limiting photocurrent
generation at very low light fluxes, and bimolecular recombination limiting photocurrent
generation at high light fluxes. Details of this behaviour will depend upon contact layer, MAPI;
layer thickness and processing, device operating condition and field distribution, amongst other
parameters. As an initial evaluation of this issue, Figure 3.16 presents a plot of d(Jsc)/d(Int) as
a function of 1 light intensity (/nt), where the Jsc is measured of a complete
Glass/ITO/PEDOT:PSS/MAPIL:/PCes1 BM/LiF/Al device. d(Jsc)/d(Int) values < 1 are a measure
of the presence of non-linear losses limiting photocurrent generation.?' It is striking that PLQE
and d(Jsc)/d(Int) show rather analogous dependencies on light intensity (compare Figures 3.5b
and 3.11b to Figure 3.16), indicating that the effects discussed on bilayers are directly relevant
to complete device performance, with the intensity dependence of interfacial charge transfer
impacting directly upon the intensity dependence of photocurrent generation. Currently more
quantitative analysis of this issue is being undertaken, including direct measurements of
transfer efficiencies in complete devices, to determine the detailed impact of these
dependencies upon device performance. In particular, it should be noted that the study herein
does not address the issue of whether charges transferred to the contact layers are efficiently
extracted to the external circuit (not present in the bilayer samples studied herein) or undergo

surface recombination losses, a key consideration for many MAPI; solar cells.
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3.6. Conclusion

The results in this chapter indicate that different experimental assays of charge transfer
efficiency in MAPI3/PC1BM and PEDOT:PSS/MAPI; films can yield very different results.
These differences are linked to the excitation conditions employed in terms of excitation
density and pulsed versus steady-state measurements. The results indicate that PLQE
measurements in a typical PL spectrometer can yield significantly higher transfer efficiencies
to those measured under 1 Sun irradiation. To ensure most relevance to device operation, it can
be concluded that such steady-state PLQE measurements should be done using irradiation
conditions similar to solar irradiation. It is apparent that typical TCSPC transient emission
studies and ultrafast transient absorption studies yield transfer efficiencies very different from
those observed under 1 Sun conditions due to the different excitation conditions typically
employed in such studies. Electron and hole transfer times to PCs1BM and PEDOT:PSS are
determined to be 36 and 11 ns respectively for the films studied. The slower transfer time for
electrons results in a stronger dependence of transfer efficiency upon excitation conditions.
From pulsed excitation measurements, it is found that excitation densities of ~ 5 x 10" cm™
are sufficient to reach the highest charge transfer efficiencies, indicating that the density of
traps in MAPI3 which compete directly with charge transfer is of this order of magnitude. At
higher excitation conditions, accelerating bimolecular recombination is observed to reduce
charge transfer efficiencies. The measured excitation density dependencies of charge transfer
efficiency in these bilayers are shown to correlate, at least qualitatively, with the linearity of
device photocurrent with light intensity, indicating the relevance of the charge carrier

dependent transfer process in operational devices.
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4.1. Abstract

In this chapter, the origin of the change of the PL of MAPI; perovskite films stored in nitrogen
in the dark is explored. The PL of MAPI; films was monitored for a month, together with other
optical measurements, including UV-vis spectroscopy, TAS and TCSPC. Crystallinity and
morphology changes were investigated by XRD and AFM, respectively. Our results indicate
that changes in PL intensity are caused by recrystallization processes correlated with reductions
in trap state density. Consistent with the higher crystallinity and fewer defects in a MAPI3 film
aged for three weeks, the MAPI3 device performance was found to be enhanced by 13% over

the storage period, leading to a PCE of 19.6%.
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4.2. Introduction

In chapter 3, the excitation density dependence of optical measurements, including PL, PLQE
and charge transfer efficiency, which relate to device performance, were successfully explained,
employing ‘stabilised’ MAPI; films aged for three weeks in nitrogen prior to optical analyses.
As explained in chapter 1, the MAPI; perovskite structure has an extremely low formation
energy from NH;" I” and Pbl4*~ via a solid-state reaction, proceeding without solvent at room
temperature.l!! This property is a double-edged sword: although it allows formation of highly
crystalline films via low-temperature solution-processing,'?! these films can be unstable, readily
decomposing into Pbl, and MALP! Simple modifications of the crystal structure and
morphology of such perovskite films can significantly change their electronic and optical
properties, and therefore the power conversion efficiency of the resultant photovoltaic

devices.[>®

In 2014, Stranks et al. reported on optical instability issues related to perovskite films,
especially concerning the PL.””) According to a so-called ‘curing’ effect of perovskite films,
the PL intensity has been reported to increase upon illumination for MAPIC (MAPbI3-xClx)
perovskite films. Stranks proposed that photogenerated electrons and chemical reactions driven
by light soaking change the ionic motion, stabilising the charge carrier trap states.® It has
been suggested that the evolution of PL intensity can be used as an indicator of trap densities,
and bulk and surface recombination properties, including interplay between radiative and non-
radiative recombination.!'” Measuring the evolution of PL intensity with various parameters is

widely used to determine the properties of other photovoltaic materials.!'!]
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The effect of oxygen and/or light irradiation on the evolution of perovskite PL intensity has
been intensively studied to determine the origin of its instability. Feng et al. (2016) proposed
that trap sites associated with non-radiative charge recombination can be deactivated by

[12

oxygen or H>O physisorption on the surface.l'?! Therefore, the PL enhancement could be

reversed by adjusting the excitation light (on or off) or switching the atmosphere between

12-13] DeQuilettes et al. (2016) also reported the irradiation intensity

oxygen and nitrogen.!
dependence of PL enhancement with respect to oxygen and light.['*l Moreover, Tian et al.
(2015) proposed a model in which a non-radiative trap state could be deactivated by oxygen
in a photochemical reaction.!”® In their study, for an excitation power density of 0.01-1 W
cm 2 in air, the PL intensity could be increased by three orders of magnitude. Time-resolved
luminescence microscopy was employed to study light-induced PL enhancement produced
by surface-deposited MAPI; perovskites, which increased the PL lifetime from several to

[ PL enhancement at depths exceeding 100 um in single

several hundred nanoseconds.
crystals has been interpreted as confirming the long-term stability of passivated oxygen
species in the absence of light irradiation.®®! However, according to a recent report by Feng
et al. (2017), Tian’s model of oxygen diffusion into crystal lattices may not be the main
factor in PL enhancement, since the bond dissociation energy for Oz can reach 5.15 eV
without catalysts.['5] As the energy barrier for the reaction can be as low as 0.45 eV, O> tends
to react with photoinduced free charge carriers in the crystal lattice.!'*» 16 A schematic of Feng’s

mechanism of PL enhancement in MAPbI; single crystals by light-soaking effects with and

without oxygen is shown in Figure 4.1.11%%
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Figure 4.1 Schematic of the degradation mechanisms of MAPI; perovskite proposed in a) vacuum and b) in
oxygen. (Figure source: J. Mater. Chem. 4, 2017, 5, 12048-12053) [13a]

Under vacuum, as shown in Figure 4.1a, it is generally accepted that activation energies
(E4) ,associated with the rate of ion migration , for MAPI3 single crystals can be as low as
0.1-0.9 eV,1'7] thus a significant migration of ions and, the associated formation of defects,
can be expected.['** Under steady-state conditions, accumulated photon-generated charge
carriers can cause ion migration to form methylammonium ions (MA™) and iodine vacancies
(Vi"), which may quench free carriers via ‘ion activation’.['8) However, in an oxygen
atmosphere, as shown in Figure 4.1b, photon-generated electrons could react with the

oxygen to yield high energy O%  superoxides that can be transformed into single oxygen

atoms within the lattice.
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Figure 4.2 Transitions of integrated PL intensity as a function of light-soaking time from vacuum to
oxygen and nitrogen to oxygen conditions. (Figure source: J. Mater. Chem. A, 2017, 5, 12048—12053,
Supporting Information Figure Slc and d) Y

Furthermore, Feng et al. show that the PL of a MAPI; single crystal could be enhanced by
nitrogen as well as oxygen environments!!>? (see Figure 4.2); however, the oxygen effect is
much greater than that of nitrogen. They proposed that the PL enhancement in a nitrogen
environment may be due to physical absorption (rather than reaction) on corresponding
defects in the MAPDI3 single crystals, causing a trap passivation effect, since the high
reaction energy barrier for N2 can reach 9.8—11.5 eV. Even in the absence of oxygen, light

[15a] «Self-curing’ has also reported to

illumination has been shown to influence PL intensity.
occur in the dark after illumination. It has been suggested that the energy gained during
illumination slowly decays in the dark, generating heat; using this released heat, perovskites

can heal their defects, increasing the PL intensity.['"]

The complex and unstable properties of perovskite materials alter optical measurements,
which may vary significantly depending on the materials used for the precursor solution and
its processing as a film (including solvent, fabrication process, storage conditions and device
structure). The sensitivity of PL to changes in the perovskite structure indicates that PL is a
suitable probe for investigating changes in the perovskite film. However, to do this, further

knowledge of the PL properties of MAPI; in an inert atmosphere is required, and how this may
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evolve with time even in the absence of light. Thus, in this chapter of my thesis, I present a
study on the origin of the PL intensity changes induced by storage in an inert atmosphere in
the dark, probing the underlying structural and optical changes in perovskite films via UV-vis,

tr-PL and TAS; crystallinity and surface morphology were also investigated by XRD and AFM.

4.3. Experimental methods

4.3.1. Sample preparation

4.3.1.1. MAPI; Perovskite layer

For this chapter, MAPI; films fabricated by the toluene and diethyl ether dripping methods,
explained in chapter 3 and chapter 5 respectively, were used. Diethyl ether dripped MAPI;

films were fabricated by Du Tian (Imperial College London).

4.3.2. Film characterization

XRD, UV-Vis spectroscopy, fs-TAS, TCSPC, ss-PL Spectroscopy were measured following

the conditions described in chapter 2. For the spectroscopy, toluene dripped MAPI; was used.

XRD was measured by Du Tian (Imperial College London).

4.3.2.1 AFM measurement
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A commercial AFM (Multimode 8, Bruker) was employed with an n-doped silicon tip (radius
<7 nm) (Nanosensors) in close contact (tapping) mode. AFM was measured by Dr Ching-Hong

Tan (Imperial College London).

4.3.2.2. Device fabrication and performance measurement

ITO/PTAA/MAPI/PCs1BM/LiF/Ag device fabrication and measurement was carried out
following the conditions described in chapter 5. Note that diethyl ether dripped MAPI3 is used
for device characterization. The devices were fabricated and JV characterisation was carried

out by Du Tian (Imperial College London).

4.4. Results

4.4.1. PL and UV-vis evolution in nitrogen and in the dark

The samples were encapsulated directly after fabrication (as detailed below), then stored in a
nitrogen-filled glove box (GB) in the dark at room temperature, with PL. measurements being
taken periodically for up to a month after fabrication. It is noteworthy that encapsulation is an
important step in this study, as the PL of perovskite is extremely sensitive to sample preparation
and measurement conditions, including oxygen, temperature and solvent. Thus, the samples
was encapsulated using Surlyn film under the experimental conditions described in chapter 2,
which are solvent free and low-temperature, as encapsulation at 80°C can avoid thermal and
solvent-induced changes in unstable perovskite films.!* 2! Secondly, we further sealed the
edges with epoxy to minimise potential oxygen diffusion while measuring and storing samples.

Additionally, steady state PL spectra were recorded rapidly employing low excitation fluence
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(about 1.5 mW cm 2) within about 30 seconds to minimise the exposure of the MAPI; film to

light to avoid light-soaking and self-curing effects.

Q

1.6E+05 r r Y r r . b) 100

1.4E+05 < Aday

1.2E+05 . 80
Tmaonth

1.0E+05 o 4

60 -
B.0E+04 o E

B.0E+04 - <
40 4

PL intensity(AU.)
Absorptance (%)

40E+04 o 4

2.0E+04 b

204
GLOE+00 4= — {rmnonth

-2 0E+04

L) L] L] L) L] T T T T T
700 720 740 780 780 800 820 840 400 500 00 700 800
Wavelength (nm) Wavelength{nm)

Figure 4.3 (a) PL and (b) absorptance spectra of MAPI; films measured 3, 7, and 30 days after
fabrication. The films were sealed and stored in a glove box in the dark.

MAPI; samples may be expected to be stable in the absence of oxygen, water and light;
however, the PL spectra displayed in Figure 4.3a indicate that the MAPI; films studied herein
showed significant changes in PL intensity during storage in the dark. The MAPI; PL intensity
increased spontaneously, even though the MAPI; samples were encapsulated and kept in an
oxygen-free GB in the dark. Figure 4.3b presents the absorptance spectra of the same MAPI;
film, which shows the usual strong absorptance in the visible range with an onset at 800 nm;
however, the absorptance also changes with time, increasing around 750 and 520 nm, although
much less significantly than the PL. It should be noted that while this trend of optical property
changes was found to be qualitatively reproducible over many measurements, quantitatively
the magnitude of the changes varied between films. Possible reasons for these quantitative

variations between films are explored further below.
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Figure 4.4 Normalised PL and absorptance spectra of MAPI3 films recorded for different aging times
in a glove box in the dark

Typically, for perovskite films, the peak of the PL spectrum is centred at the absorption onset
because of its direct band gap structure, as discussed in chapter 1.*!1 In Figure 4.4, the
normalised PL and absorptance spectra are plotted together to analyse the shift in the peak
position of the sample with storage time. The normalised PL values show the same peak
position at 764 nm; however, the midpoint of the absorptance is at 768, 766 and 764 nm for the
3 day, 7 day and 1 month samples, respectively. The only differences in the shapes of the PL

spectra are around 780 to 820 nm, where a weak PL shoulder increases in amplitude with

storage time.
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Figure 4.5 PL spectra of MAPI; films measured for various storage times at room temperature (a) and
at =5 °C (b). (c) the PL peak intensity plotted as a function of ageing.

Figure 4.5 shows the change in PL intensity of encapsulated MAPI; films stored in the dark at
room temperature and at —5°C. Figure 4.5b shows an increase in PL intensity at —5°C; however,
the relative increase is much less than for the sample kept at room temperature. The PL peak
intensity plots in Figure 4.5¢ shows a 24-fold increase in PL intensity over 10 days for the
MAPI; film stored at room temperature, while that stored at —5°C shows only a two-fold

increase in the intensity over the same period.

109



25E+07 1 1 1 1 | 1
_ 2.0E+07 - -
=
<C
~ 1.5E+07 - -
=
E7)
c
9 1.0E+07 -
L=
1 Stoichiometry(50s) 10min
o 5 0E+06 —0— Stoichiometry(20s) 10min|
' ——5% Pbl, exc. (20s) 10min
—— Stoichiometry(20s) 30min
: : T&—S% IPbl exc. (20s) 3(?min
0 2 4 6 8 10 12

Time (date)

Figure 4.6 PL peak intensity as a function of ageing for MAPI; films produced by various fabrication
conditions controlling the stoichiometry of the precursor solutions and their spin-coating time.

The PL evolution in Figure 4.5 shows different rates and saturation points depending on the
fabrication conditions and chemical composition of the films. Figure 4.6 shows the PL intensity
of toluene dripped MAPI3 measured over 11 days. The black line shows MAPI; fabricated
under the standard conditions detailed in chapter 3, with 1:1 stoichiometry and 50 s more
spinning after toluene dripping, followed by 10 mins annealing at 100°C. When the additional
spin time was changed from 50 s to 20 s, the initial and saturation intensities decreased but the
rate barely changed. Interestingly, increasing the annealing time to 30 min resulted in a similar

initial PL intensity; however, the saturation point at around the 11%

day showed a higher
intensity. MAPI; film with excess Pbl> shows a rapid PL enhancement over 5 days, reaching a

saturation point.
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4.4.2. XRD crystallography of samples stored in nitrogen and in dark
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Figure 4.7 (a) XRD spectra of MAPIs/PCs;BM films measured for various ageing times in a nitrogen-
filled GB and (b) the normalised data. (c) XRD spectra of MAPI3/PCs;BM films measured after various
ageing times in air with light and (d) the normalised data.

XRD measurements were performed to further investigate these changes in PL properties.
Figure 4.7a shows XRD patterns of a fresh MAPI3 film (black) and after storage in a dark GB
for two (red) and three weeks (blue). The XRD peak at 14.1°, assigned to the (110) plane of
MAPI; e 221 shows a two-fold increase in the peak intensity and a peak position shift of
approximately 0.03° to lower angles, suggesting continuous crystallisation of the film, even
though samples were kept in an inert environment (see Figure 4.7a and 4.7b, normalised XRD).
However, unlike the dark and oxygen effects, as shown in Figure 4.7c, the MAPI; film light-
soaked in air exhibits an additional peak at 12.7°, which is assigned to the Pbl, (001) secondary

phase.[??> 23] The intensity of the Pbl> peak increases with soaking time accompanied by a
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decrease in the MAPI; (110) peak. This trend is consistent with other studies.!?**! Note that the
light-soaking time during which considerable Pbl, forms is remarkably shorter than the ageing
time in the GB. Also, as shown in Figure 4.7d, the normalised XRD pattern, contrary to GB

ageing, shows the peak position shifting towards higher angles.

on PEDOT:PSS

(2) S

34nm

Figure 4.8 AFM images of fresh MAPI3 on PEDOT:PSS/Glass substrate (a) and after 7 days ageing in
the dark in a glove box (b)

The surface morphology of the MAPI; film was explored using AFM to correlate the PL and
crystallinity changes. The images shown in Figure 4.8 show the same MAPI; film on a
glass/PEDOT:PSS substrate stored in a GB for 1 day (Figure 4.8a) and 7 days (Figure 4.8b)
after fabrication. For MAPIz on PEDOT:PSS stored for 1 day, the image shows a relatively flat
perovskite surface.**! For the same sample stored for 7 days in the GB, there is no visible
difference compared with the image recorded after 1 day, indicating that the change in PL is

related to microscopic crystallinity but not surface morphology.

4.4.3. Device performance enhancement by ageing
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Figure 4.9 (a) 1V curves of MAPI; perovskite solar cells produced with different ageing times and (b)
the corresponding device performance parameters

Figure 4.9 shows the performance evolution of devices fabricated with MAPI; films aged in
the dark in a glove box. ITO/PTAA/MAPI:/PCsiBM/LiF/Ag structured devices show an
efficiency of ~17.2% when fabricated from freshly deposited perovskite films, as shown in
Figure 4.9a. The device performance is within the range of published figures for MAPI; devices
with this structure. To evaluate the effect of film aging, ITO/PTAA/MAPI; films were kept in
a GB in the dark with no PC1BM top coat. The top-layer deposition of ETL and the electrode
(PCs1BM/LiF/Au) were completed between 0 and 21 days later, after which the device
performance was measured. Unexpectedly, there was an increase in efficiency with time to
~19.6% together with increases in the Jsc and Voc and a slight increase in FF (see 4.9b),
indicating a reduction in recombination losses in the device. Interestingly, changes in the

parameters coincided with PL intensity changes.

4.4.4. Bulk charge carrier dynamics evolution of MAPI3 perovskite
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Figure 4.10 (a) tr-PL and (b) fs-TAS dynamics of MAPI; films measured after 1 and 15 day storage
times.

To achieve a more detailed understanding of this enhancement in device performance with film
aging, tr-PL and fs-TAS were measured with the same samples used for the reported in this
chapter optical study. Figure 4.10a shows the tr-PL of MAPI3; samples aged in a GB for
different times in log-log and semi-log break plots for 0.1-10 and 11-800 ns, respectively.
During ageing in a GB, the lifetime of the initial fast component continuously increases up to
15 days, which is likely due to trap passivation processes discussed in the introduction of this
chapter. The slow component of the life time also increase by time which is consistent with ss-
PL measurement in figure 4.3a. This phenomenon can also be observed in the fs-TAS decay
probed at750 nm, which is a MAPI; perovskite photobleaching signal assigned to free charge
carriers, as shown in Figure 4.10b. The charge carrier lifetime is only 7+0.1 ns when the sample
is fresh (fitted assuming a single exponential decay), but this increases over time and finally
saturates at > 100 ns at 15 days, consistent with the PL behaviour. Figure 4.11 shows the
normalised fs-TAS spectra at 1 ps after charge carrier cooling in the visible range, with the

peak shifting from 765 to 750 nm during the ageing time. This shift most probably results from
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an evolution of the MAPI; density of states, and specifically to a decrease of density of tail

[25]

defect states during aging.
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Figure 4.11 fs-TAS spectra at 1 ps of MAPI; films measured after various storage times.

4.5. Discussion

Knowledge of the ageing process of MAPI; in the absence of air and light in relation to PL
evolution is essential for understanding the fundamental properties of perovskite materials, not
only because this effect leads to device performance changes but also because this process
affects most optical measurements. The spectroscopy tools described in chapter 3 are key to
determining the working mechanism of a photovoltaic device. However, most studies on PL

o, 12-14, 191 wwhich is far from the commercial

evolution involve light soaking with oxygen,!
device encapsulated from the air. This study has focused on ageing in the dark in an inert
atmosphere, which is much less studied than oxygen ageing in the light. The study also aims

to clarify the need for specifying sample handling conditions to avoid reaching incorrect

conclusions. (For example, for how long should samples be stored after fabrication, and where?
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At what temperature? When samples are measured, are they encapsulated? Are the samples

exposed to air?)

The PL intensity measurements for MAPI; stored in dark and in GB reported in this chapter
show similar PL evolution behaviour to that reported previously for the oxygen with or without

o0, 12-14, T However, due

light soaking effect reported previously, although with different rates.!
to the absence of oxygen and water the aging process reported herein is different from the
processes induced by light, water and oxygen. The oxygen light-soaking enhancement effect
may be explained according to an oxygen and light degradation process which is suggested by
Sun et al.*®! In their study, films with a higher defect density were degraded faster under
oxygen and light. Counteracting this is surface state passivation by oxygen leading to an initial
rise in PL as observed in our study but in the absence of oxygen. [?®) Another possible reason
for a rise in PL is the passivation of defects by Pbl, formation. 2’281 In the current study,
similar increase in PL was observed, but for samples stored in the dark and without oxygen,
therefore, ruling out oxygen induced mechanisms. The XRD analysis shown in Figure 4.7
shows clearly there are significant differences between light soaking with oxygen and
nitrogen in the dark. Our results obtained for samples aged in the dark in an inert atmosphere
paint a different picture of the structural and optical evolution of MAPI; films. The increase in
the peak intensity of the XRD patterns shown in Figure 4.7a indicates that the crystallinity of
the MAPI; films is considerably enhanced by storing them in a dark inert atmosphere. The (110)
peak position also shifts towards lower angles, suggesting an increased distance between lattice
planes. Both observations indicate removal of amorphous parts of the polycrystalline
perovskite film by ageing, which could be correlated with the filling of vacant sites in the lattice.

This may result from incomplete conversion of precursors during the initial thermal annealing

of as-deposited films. Figure 4.7c suggests that light soaking in the air shows a different trend
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regarding the MAPI; (110) plain. In contrast with the dark GB ageing, Figure 4.7¢ highlights
that exposure to air and light considerably degrades the perovskite film and leads to the
appearance of the Pbl, peak otherwise absent in the samples stored in dark and under
nitrogen.”?d These data highlight that, over time, the proportion of MAPI; crystalline phase
spontaneously increases at room temperature. As mentioned earlier, the formation energy of
MAPI; is low enough to allow rearrangement of the perovskite framework without additional
energy. This process is affected by ambient conditions, including light, atmosphere and
temperature. During ageing in a GB, solid-state reactions may occur in the perovskite crystals,
including ion-exchange, topochemical reduction and dehydration, which can change the XRD

[29

patterns as well as the PL intensity.!*”! It has been suggested these reactions change the crystal

structure and/or remove defect sites in the perovskite film; thereby, the PL yield can be

changed.[>?]

The results shown in Figure 4.5 as a function of temperature and storage time show that the PL
intensity change decelerates at a lower temperature. This may indicate that the change in PL
involves a chemical reaction in which non-radiative defect sites are reduced or passivated.
MAPI; perovskite film fabricated by spin-coating have been suggested to form non-radiative
trap states with a density of around 5x10'® cm™ due to incomplete crystallisation.[**?! As
discussed in chapter 3, the presence of such trap states can significantly reduce PL intensity.
The ageing time in a GB without light may allow MAPI; crystals to form slowly via a solid-
state reaction with thermal energy at room temperature, as indicated by the XRD data in figure
4.7,2%°1 and then the non-radiative recombination rate associated with this trapping would

decrease, increasing the PL intensity.

117



Unlike the observed PL changes, the absorptance of the perovskite films remain relatively
constant with aging time. However, the shape of the spectra clearly change with time. As
described in chapter 1, the mismatch between the PL peak wavelength and the midpoint of the
onset of the absorption spectra of fresh samples might indicate the existence of a sub-band
energy structurel*’! (double conduction or valence band, or indirect band structure caused by
methyl ammonium rotation). This gap in the MAPI3 film probably reduces with time, resulting

in sharpening of the band edge absorption, which is also consistent with the XRD results.

To investigate PL evolution during ageing in nitrogen in the dark, transient PL and absorptance
measurements were performed. The TCSPC dynamics at low excitation fluence are limited by
monomolecular recombination associated with trap states, so that the PL provides information
about trap state properties.** 3!l The observed fast decay component corresponds to trapping
of free charge carriers, while the long lifetime component corresponds to delayed emission
from de-trapped charges. In Figure 4.10a, the samples kept in an inert atmosphere in the dark
show an increased PL lifetime, indicating reduction of the trap state density in the film,
consistent with the increased PL intensity and XRD results. However, further ageing reduces
the charge carrier lifetimes. This effect is expected to similarly manifest in the fs-TAS, as we
observe herein. The fs-TAS also shows bleach position shifts between samples measured at
different ageing times, which are consistent with such a model of shallow trap state passivation
due to crystallisation in the encapsulated films in the absence of oxygen, and the enhanced

device performance.

4.6. Conclusion

This study demonstrates the PL evolution of MAPI; stored without oxygen in the dark. Our
data shows that other optical properties, including UV-vis absorptance, TCSPC and fs-TAS,
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change over time together with the PL. The XRD study highlights the differences between
ageing in an inert atmosphere in the dark and oxygen and light-soaking effects, which both
improve the PL intensity. The origin of PL enhancement is determined. The data suggests that
aging in the dark under inert conditions reduces the number of non-radiative defect sites
increasing the PL intensity. With this knowledge, the PL intensity could be correlated with the
MAPI; perovskite device performance. Reducing the trap state density and improving the
crystallinity of the MAPI; film causes the device performance factors, Voc, Jsc and FF, to
increase concurrently, and this growth trend matched the PL intensity changes. Thus,
monitoring PL changes over a prolonged period provides information on both the optical
properties and the device performance. Additionally, as with the preparation conditions, the
sample storage conditions are critical with respect to the optical measurements and device

performance.
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Chapter 5. Excited state dynamics of perovskite / organic bulk hetero-
junction integrated devices.
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5.1. Abstract

In this chapter, the carrier dynamics in integrated perovskite / organic bulk-heterojunction
photovoltaic device are characterised using TAS. In this study fs-TAS is analysed with bi- and
multi-layer samples, as well as full devices in short circuit (SC) conditions. Our results
demonstrate that the measurement of full devices at SC conditions show a different charge-
carrier transfer behaviour to films alone. The work presented here was conducted in
collaboration with Dr. Hongkyu Kang of Gwangju Institute of Science and Technology, South

Korea. (GIST)
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5.2. Introduction

Photovoltaic cells integrating organic and inorganic perovskite semiconducting materials are a
promising photovoltaic technology under active research and development.l'! With a bandgap
of 1.6eV, MAPIz-based devices can produce remarkable performance, which has come close
to theoretical efficiency limits. The PV industry and relevant researchers are now expanding
their efforts into perovskite tandem devices to extend light harvesting to >850nm.?! Tin-halide-
based perovskites have been developed to extend light harvesting up to 1000 nm, but this has
been done via bandgap reduction and increased defects, causing an undesirably small Voc.l'®
31 Further drawbacks include very low stability, even compared to MAPI; devices, and PCE

3541 An alternative strategy is integrated perovskite/organic bulk

which are not competitive.!
heterojunction (BHJ) solar cells, which have shown a potential to approach higher device
performance, without a Voc loss, whilst increasing Jsc.[’! Such devices employ an organic BHJ
effectively to sensitise the perovskite layer, enhance near IR photoactivity, and thus differ from
conventional series connected tandem solar cells which employ a recombination layer between
two separate light absorbing and voltage generating devices. To-date, MAPIxCl;.x perovskite
films have been combined with PDTP-DFBT:PC¢BM 1:2 weight percent organic photovoltaic
(OPV) blend in an inverted structure capable of 15.8% PCE, which was improved from 14.2%
for the perovskite device alone. The improvement was mainly due to the increase of Jsc. The
external quantum efficiency (EQE) indicates that additional light absorption of the OPV layer
over 800 nm contributes to this improvement. Dong at el. provided data suggesting that quasi-
Fermi level pinning is the physical source of the Voc in integrated devices.!®) In this model, the
Voc is determined by quasi-Fermi level splitting of the double absorber system, which is

dominated (or fixed) by the perovskite cell, rather than the OPV cell. However, the detailed

function of these integrated perovskite/BHJ solar cells, which provide a higher Voc from the

124



perovskite layer whilst photocurrent generation from both the perovskite and organic devices,
remains poorly understood. The possibility to create such integrated devices without losing
either Voc or Jsc raises questions about the nature of electron and hole dynamics between
perovskite and OPV structures. Here, it will be presented a study of the excited state and carrier

recombination dynamics of perovskites/OPV integrated cells focused mostly on using fs-TAS.

5.3. Experimental detail

5.3.1. Sample preparation

For this chapter 5, MAI was purchased from Greatcell solar, and Pbl> was purchased from Alfa
Aesar. All solvent was purchased from Sigma-Aldrich. Poly(triaryl amine) (PTAA), Poly [(9,9-
bis(3'-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9—dioctylfluorene)] (PFN),

PC¢1BM and low band gap polymer DT-PDPP2T-TT (TT) were purchased from One materials.

5.3.1.1. Film and device fabrication

ITO were cleaned with a detergent, DI water, acetone and IPA in this sequence. PTAA (2mg/ml
in toluene) was spin-coated on ITO at 3000 rpm for 30 seconds. To resolve the wetting issue
of perovskite solution on PTAA, PFN (0.05 wt% in methanol) was spin-coated on PTAA to
modify surface wettability. The perovskite solution was prepared by dissolving 1.5M MAI and
Pbl, in DMF/DMSO (9:1.1) mix and then deposited onto substrates and spin-coated at 4000
rpm for 30 seconds. At the 7™ second of this spin-coating step, 400 pL diethyl ether was dripped
to form a transparent intermediate phase. The substrate was then annealed at 100°C for 10 min.

The organic polymer solution (TT:PC¢1BM:N2200 = 4 mg:12 mg:1mg mL™! in chloroform)
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was spin coated onto the perovskite substrates at 1500 rpm for 30 second. At last, 100 nm Ag
was evaporated on top of the stack as an electrode. For the devices analysed with TAS, a 20
nm thick Ag layer was deposited as an electrode to provide enough transparency for the

accurate measurement of absorption.

5.3.2. Characterization

5.3.2.1. Device characterization

The J-V characteristic of devices (active area=4.64 mm?) were scanned between 1.2V to 0.5V
in both reverse and forward directions in N filled glove box under AM 1.5G solar simulator
calibrated with certified silicon solar cell from the National Renewable Energy Laboratory.
The EQE spectra were obtained by an IPCE system (PV Measurements, Inc.). The
measurement scans were from 300 nm to 1000 nm range with the chopping frequency of 100
Hz. In this study, the film and devices were fabricated with J-V and EQE characterization by
Chieh Ting Lin (Imperial College London), Dr. Hongkyu Kang (GIST), and Dr. Jinho Lee

(GIST)

5.3.2.2. Spectroscopy

All Uv-Vis spectroscopy and fs-TAS measurements were carried out as described in chapter 2.

5.4. Results
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Figure 5.1 (a) Schematic of the perovskite-organic integrated solar cell structure and energy level
diagram used in this study, (b) absorption spectra of MAPI; (red line), TT (blue dot line), TT:PCsiBM
(purple line), and MAPI/TT:PCs;BM (dark cyan line) films, (c)J-V of the perovskite integrated solar
cell and (d) external quantum efficiency (EQE).

Figure 5.1a shows the integrated device structure using MAPI; and TT light-absorbers and a
conduction and valence band energy level diagram based on literature data.[>® > 71 The
structure is similar to the p-i-n inverted perovskite device structure, adding a
TT:PCs1BM:N2200 blended layer instead of a phenyl-Cei-butyric acid methyl ester (PCs1BM)
electron transport layer. PTAA is the hole transport layer, which has previously been shown to
exhibit a high efficiency with MAPI; devices.®! Zinc oxide (ZnO) is the electron-transfer and
hole-blocking layer. In the integrated cells, MAPI; interfaces with the BHJ film, resulting in
both MAPI3/PCs1BM and MAPI3/TT interfaces. It should be noted that the “/” and *“:” labels
denote a bilayer heterojunction and bulk heterojunction, respectively. In addition, N2200 is an

additive (~6% weight) to the BHJ film used to improve electron mobility in the OPV BHIJ layer,
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with the aim of balancing the rapid electron mobility of perovskites. Figure 5.1c indicates that
the integrated devices fabricated for this study have high as ~17 % PCE measured under a
reverse scan. Figure 5.1d displays the EQE spectrum of the integrated device, which clearly
has a TT contribution at the 780-900 nm range reaching ~20% and indicating TT absorption
contributes to the photocurrent. These device and film preparation conditions are therefore used
in the current laser spectroscopy study to resolve the exciton and charge dynamics in the

integrated devices.

In Figure 5.1b, MAPI; has a typical broad continuous absorption spectrum in the visible range
up to 785 nm, while the TT polymer’s absorption covers the range of 600 — 870 nm with a peak
absorption at 830 nm, making this material suitable for integrated Per/OPV devices with red-
shifted absorption. The MAPI3 / TT: PCs1BM film exhibits a broader absorption approximately
matching the sum of absorption of the composite materials. To study charge dynamics using
fs-TAS, the MAPI; and TT material were independently excited by using laser excitation
pulses with 550 nm to excite MAPI3 (called herein a perovskite mode) and 840 nm to excite
the BHJ film (called herein an OPV mode). It should be noted that the sample was excited from
the glass substrate direction, as would occur in an operational device, and as a result the 550
nm light is absorbed by the thick MAPI; perovskite film (absorbance of more than 2 (1%
transmittance)). Therefore, a negligible signal from the TT:PCs1BM blend was generated. The
830 nm pump excites only the TT:PCs1BM blend due to the transparency of MAPI; at this
wavelength. The following section, discusses the results from spectroscopy measurements in

the perovskite mode and the OPV mode.
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5.4.1. Perovskite mode visible range

a OE+00 ———— . : b
Prob.760nm exc.550nm _ Electron to PCg;BM
neat MAPI, Excite and probe @
8 —— MAPI/TT:PC,,BM MAPI, (1%
5 *¥"1 —MaPITT 1
S MAPI/PC,,BM Ry BHU
E’ =
2 e IT
/ o
12 3 ' 10 100 1000 Holeto TT
Time(ps)
C 0E+00 : e . : d
@'iﬁﬂ?ﬂjﬁfw""‘ Higher electron barrier for N2200

3 e
a —— MAPI,/TT:PC,BM O —
g $E01 4 —— MAPIL/N2200 ]
S —— MAPI,/TT:PC,,BM:N2200
E
ZO S1E+00 4 MAP

N220

Time(ps)

Figure 5.2 a) f5-TAS dynamics of neat MAPI; (red line), MAPI3/TT (purple line), MAPI3/PCs;BM (green
line), and MAPI3/TT:PCsi1BM (dark cyan line) films at 765 nm. Excitation wavelength used was 550
nm, b) schematic figure of possible charge-carrier transfer pathways from MAPIs to PCs;BM or TT; ¢)
f5-TAS dynamics of neat MAPIs (red line), MAPI;/TT:PCs;BM (dark cyan line), MAPI3/N2200 (orange
line), and MAPI/TT:PCs;BM:N2200 (pink line) were carried out using a probe wavelength of 765 nm
with an excitation wavelength of 550nm; d) schematic figure of possible charge-carrier transfer
pathways from MAPI; to PCs;BM with N2200.

Figure 5.2a presents the fs-TAS dynamics of the photo-bleaching signal of MAPI; at 765 nm
with an excitation energy density of ~1uJ/cm?. The photo-bleaching dynamic of pure MAPI3
(red line) has an ultrafast sub-ps decay corresponding to peak-shifting towards longer
wavelengths (due tocarrier cooling down to the bottom of the band) and a slower nanosecond

decay (1= 46 ns, assumed for simplicity to be a single exponential) corresponding to e-h
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recombination in MAPI;. The films with organic heterojunctions exhibit nearly identical bleach
recovery dynamics (PC¢1BM and TT, 1= 22 and 24 ns, respectively) which are shorter than the
recovery of the neat MAPI3 dynamics. This suggests that charge carriers from MAPI; are
transferred to each of the organic films deposited onto MAPI3. However, the overall bleach
recovery does not give insight into the exact timescales of the charge transfer processes which,
according to interfacial energetics, are expected to include electron transfer from MAPI; to
PCs1BM and hole transfer by TT to MAPI3. The presence of quenching in the MAPI3/ TT film
suggests the existence of hole transfer from MAPI; to TT (Figure 5.2b). The MAPI; bleach in
MAPIL/TT:PCs1BM exhibits a similar decay of t=20 ns compared with the rest of the films.
The impact of the addition of N2200 to the charge dynamics in the films was also investigated
and data presented in Figure 5.2c. The presence of N2200 (pink line t=25 ns) does not
significantly affect the bleach dynamics of MAPI3 and MAPI;/TT:PCs1BM, suggesting little
effect of this additive to early timescale electron-hole recombination dynamics. N2200 is a
well-performing non-fullerene accepter material, but in this system, it is only used as an

additive (6% weight) to increase the electron charge-carrier mobility.

5.4.2. Perovskite mode NIR range
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Figure 5.3 f5-TAS, 3D colour-filled plots of ultra-fast tramnsient absorption of a) neat MAPI;, b)
MAPI/PCs1BM, ¢) MAPI/TT, and d) MAPI/TT:PCsBM films were carried out using a probe
wavelength range of 800 to 1300 nm, with excitation wavelength of 550nm.

Figure 5.3 displays 3D colour-filled plots of fs-TAS in the NIR range with the excitation of
MAPI; using 550 nm laser. Figures 5.3a and 1b display the spectra of MAPI; and
MAPI3/PCs1BM, which have only a weak oscillation signal which may be caused by the light
reflectance coming from the different interfaces in the films and devices. In this study, this
signal is not considered because of its very low amplitude compared to the photoinduced
excitonic and polaron signal. As shown in Figure 5.3c, the addition of TT to the OPV blend
results in a strong negative signal at 840 nm and positive signal at 900 and 1100 nm. This
negative signal at 840 nm is assigned to GSB/SE signals of TT, and the positive signals to TT
polaron absorption, consistent with the corresponding data for neat TT and TT:PCs1BM films.

(see figure 5.8a and 5.8b below) Whilst these signals appear with the pump pulse in the
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MAPI/TT film, the same spectral signatures are formed in MAPI3/ TT:PCs1BM in Figure 5.3d
after ~100 ps, indicating population of TT on reduced timescales likely via delayed charge-

transfer processes.
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Figure 5.4 a) f5-TAS dynamics of MAPI3/TT (blue line), MAPI/TT:PCs;BM (dark cyan line) and
MAPIL/TT:PCsiBM:N2200 (green line) films measured with probe wavelength of 840 nm and excitation
wavelength of 550nm; b) MAPI/TT films probe at 840 nm excited using 550 (blue line) and 840 nm

(red line) wavelength with 5 pjcm™.

Figure 5.4a presents fs-TAS dynamics of the negative photobleaching signal at 840 nm
(probing TT GSB/SE) using an excitation fluence of ~5uJ/cm? following excitation of MAPI;
with 550 nm excitation. Since MAPI; perovskite does not exhibit any specific signal in the NIR
region, there is no signal for neat MAPI; and MAPI:/PCs1BM. However, there is a strong
negative TT photo-bleaching signal in the MAPI3/TT film, which has a rise-time constant of
0.6 ps. This signal may indicate the transfer of holes from MAPI3 to TT or could be an exciton
energy transfer from MAPI; interface. This signal then decays with a time constant of ~35 ps.
An additional long-lived signal at 6 ns, which is ~5% of the total TT signal, is also observed.
In addition, the MAPL/TT film was excited at 880 nm to test signal assignment and dynamics,
and the direct excitation transient signal of TT was identified in Figure 5.4b. This signal has

rise and decay times of 0.2 and 25 ps, respectively, which are faster than the TT signal observed
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upon MAPI; excitation. The long-lived signal left at 6 ns is just 2%, indicating clear
differrences between the measurements. The fast charge-carrier transfer properties between
organic donnor and MAPI; perovskite materials is consistent with the publication by Ke Gao
et al., which suggests ultrafast (<2 ps) population of the BHJ layer by the perovskite layer.!?!
Focusing back on Figure 5.4a, the addition of PCs1BM to the TT organic film completely
changes the observed signal dynamics. In addition to the fast rise of the TT signals
corresponding to hole-transfer from MAPIz to TT, there is a ns signal rise which indicates
delayed hole transfer kinetics. The hole signal and the rate of delayed population are enhanced
with the addition of N2200 to the system, suppressing the sub-2 ps hole-transfer from MAPI;
to TT. These results indicate that charge dynamics in the MAPIz/BHJ integrated device are

complex and involve each of the materials separately.
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Figure 5.5 the positive fs-TAS dynamics signal observed for the samples with TT using an excitation
fluence of ~51j/ cm’ of MAPI/TT (Blue line), MAPI;/PCs;BM (purple line), MAPL;/TT:PCs;BM (dark
cyan line), and MAPI3/TT:PCs;BM:N2200 (green line) films at 1000 nm. Excitation wavelength used
was 550 nm.

In Figure 5.5, the photo-induced absorption at 1000 nm is assigned to the hole polaron

absorption of TT polymer, as it appears only in the presence of TT. This signal does not appear
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in the spectra of neat TT films, further confirming signal assignment. Probing the TAS signal
from 1000 nm (assigned to polaron absorption, which extends from 900-1300nm) allows cavity
effects to be avoided after OPV deposition on the perovskite. In the TT/MAPI3 film, the
dynamics show hole injection into the TT on an early time scale and rapid recombination (=48
ps), consistent with the bleach dynamics of TT measured at 840 nm. The fast charge-transfer
may be related to the high efficiency of hole-mobility of perovskite films. In the films with
added PC¢1BM, the dynamics of hole formation are clearly delayed, as expected from the data
in Figure 5.6. The hole-transfer from MAPI; has two time constants (see Figure 5.6 for fit), a
fast constant which corresponds to instantaneous MAPI3-TT transfer, and a delayed constant
which may indicate heterogeneity in the MAPI:-TT interface or slower charge transport/

transfer processes. This slower transfer will be discussed in Figure 5.15 below in further detail.
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Figure 5.6 fs-TAS dynamics fitting with a bi-exponential function of MAPI3/TT:PCs;BM (dark cyan line)
films probed at 1000 nm excited at 550 nm. I*' decay component and 2" rising component with red and
blue dotted lines, respectively.
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Figure 5.7 fs-TAS dynamics of the excitation density dependence of the 550 nm excited TT photo bleach
of MAPI3/TT:PCs;BM:N2200 (green line) films at a) 840 nm and b) 1100nm.

In Figure 5.7, bleach signal at 840 and the positive polaron absorption at 1100 nm, both show
similar decay dynamics. These negative and positive 2nd rising components speed up with
increased charge density. The exact nature of this recombination cannot be confirmed, but it is
likely to be at the PCsi1BM:TT interface as similar time-constants are observed in TAS of

organic BHJ blends.”!
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5.4.3. OPV mode NIR range
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Figure 5.8 displays 3d colour-filled plots of fs-transient absorption spectra in the NIR range for direct
excitation of TT, using an 840 nm laser. a) neat MAPI;, b) MAPIs/PCsi1BM, c) MAPI3/TT, and d)

MAPIL/TT: PCs1BM films. Measurements were carried out using a probe wavelength range of 800 to
1300 nm, with an excitation wavelength of 840 nm.

The kinetics following direct excitation of TT (OPV mode) are now considered in more detail.
In Figure 5.8a, TT material displays a bleach signal at 840 nm and positive excited-state
absorption with a peak at 1200 nm. When TT is mixed with PC¢1BM (BHJ), the bleach lifetime
is prolonged, and the associated excited-state absorption signals changed in spectral shape and
lifetime. The positive excited-state absorption is from TT polarons. The positive signal at 900
nm also appears in the presence of the MAPI; junction, but the positive signal between from
around 920 to 1100 nm reduced, seems it is affected by interference effects due to the
oscillations. In MAPI:/TT:PC¢ BM (Figure 5.8d), the bleach and TT polaron signals are much

like in TT:PCs1BM (Figure 5.8b).
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Figure 5.9 a) f5-TAS dynamics of neat TT (red line), MAPI/TT (blue line), MAPI3/PCsiBM (purple line),
and MAPI;/TT: PCs;BM (dark cyan line). Measurements were carried out using a probe wavelength of
840 nm, with an excitation wavelength of 840nm, b) schematic drawing of exited hole of TT dynamics

To understand the operating mode of OPV excitation, the TT photo-bleaching at 840 nm after
840 nm excitation was plotted in Figure 5.9. Figure 5.9 illustrates the dynamics of neat TT (red
line), MAPL/TT (blue line), TT:PCs1BM (purple line), and MAPIz/TT:PCs1BM (dark cyan
line) excited using 840 nm at 5 puj cm™ excitation. The exciton formed in the neat TT film
relaxes to the ground state with t=40 ps. The intensity of the TT photo-bleaching is reduced by
the MAPI; layer junction, suggesting a fast electron-transfer from TT to MAPI;. Whilst the
data cannot distinguish between electron- or hole- transfer, the position of the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels of the
polymer, compared against MAPI3 conduction and valence band, would suggest hole-transfer
is enthalpically forbidden. Whilst the yield of long-lived TT bleach is low, contradicting the
conclusion for rapid electron transfer from TT to MAPI;, the analysis of the positive hole signal
of TT in Figure 5.10 indicates rapid formation of positive hole signal at 920 nm after excitation
of TT, which is consistent with assigned electron transfer from TT to MAPIz. The TT:PCs1BM

BHJ film has the typical decay dynamics for OPV material behaviour: excited-state absorption
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occurs with light absorption, followed by the formation of long lifetime (t=10 ns) polaron
signals, assigned to electron transfer from TT to PCs1BM. The signal left after exciton decay
at 200 ps is ~20% of the total photo-induced absorption, suggesting that the polaron generation
efficiency in this blend is 20%. Once a MAPI; layer is added, the PB intensity of TT is mostly
unchanged with a slightly lower initial TT bleach signal, which is likely to be due to quenching
by MAPI;. The ratio of the initial signal and that at 200 ps (expected to arise from photo-
generated polarons) is ~10% higher compared with TT:PC¢ BM, which indicates extra electron

transfer to MAPI; contributes to long-lived polaron yields.
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Figure 5.10 fs-TAS dynamics of neat TT (red line), MAPI3/TT (blue line), MAPI35/PCs;BM (purple
line), and MAPI;/TT:PCs1BM (dark cyan line). Measurements were carried out using a probe
wavelength of 920 nm with an excitation wavelength of 840nm.
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5.4.4. OPV mode visible range
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Figure 5.11 f5-TAS 2D spectra and spectra of neat TT excited at 840 nm (a and c), and neat MAPI;
excited at 550 nm (b and d), with the same excitation density of 5 ujcm™.

To study the visible range in TAS for OPV mode, together with MAPI3 perovskite, both TT
and MAPI; photo-bleaching are required to be considered since both materials show a negative
signal in this range. Note that the photo-bleaching of TT has a short lifetime, with a peak at
~750 nm and inset at ~700 nm, which is a wide signal with low intensity (Figure 5.11). MAPI;

has a relatively sharper and longer lifetime signal which starts at ~720 nm, and with a peak

139



intensity at ~760 nm. Thus, the negative signal probe at 760 nm is a photobleaching signal of

MAPI;, including a negative TT signal.
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Figure 5.12 f5-TAS dynamics of neat TT (purple line), MAPI3/TT (blue line), MAPI3/PCs;BM (red
line), and MAPIL:/TT:PCs1BM (green line). Measurements were carried out using a probe wavelength
of 760 nm, with an excitation wavelength of 840 nm.

Figure 5.12 displays the MAPI; and TT bleaching dynamics at 760 nm for the films of TT,
TT:PCs1BM, TT:PCs1BM:MAPI;, and TT:MAPI;. Neat TT exhibits similar dynamics as 840
nm PB signal, and together with PC¢1BM blend, the polaron signal can also be observed after
100 ps. Due to the relatively high proportion of MAPI3 PB signals, the TT/MAPI; bilayer
exhibits significantly different dynamics: from 1-1000 ps, the decay is similar to TT PB signals
at 840 nm, and subsequent decay looks like MAPI; free charge carrier. Therefore, at the early
timescale before the few ps, excitons may initially diffuse into the MAPI; and TT interface in
the TT film, and after 100 ns, the binding is dissociated and forms free charges, after which
they would recombine in the MAPI; film and the TT bulk film. However, in
MAPI;/TT:PCs1BM films, since the TT has an interface with MAPIz and PCs1BM, excitons
formed in the TT have dissociation competition between the PCs1BM interface and the MAPI3

interface, the intensity of the fast component is reduced.
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5.4.5. Full device measurement
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Figure 5.13 a) fs-TAS dynamics of neat MAPI; (red line)) MAPI3/PCsiBM (purple line),
MAPI/TT:PCsiBM:N2200  (green line), PTAA/MAPI/TT:PCsiBM:N2200 (pink line), ITO/
PTAA/MAPIL/TT:PCsiBM:N2200/Zn0 (dark green line), and the full device in short circuit condition
(blue line). Measurements were carried out using a probe wavelength of 840 nm with an excitation
wavelength of 550 nm; b) fs-TAS dynamics of neat MAPI; (red line), PTAA/MAPI/TT:PCs;BM (orange
line), MAPI;/TT:PCs;BM (green line), and the full device in short circuit condition (blue line).
Measurements were carried out using a probe wavelength of 760 nm with an excitation wavelength of
550 nm.

To investigate the carrier movement in the integrated cell, the TAS of the active layer was
measured with the hole and electron transport layers and the complete devices, presented in
Figure 5.13a. Our results show a strong negative hole signal from the
MAPL/TT/PCeiBM/N2200 film which is significantly reduced by the PTAA hole transport
layer, indicating a change in the charge dynamics in the presence of the hole extracting PTAA.
Likewise, the addition of ZnO film at the top of MAPI; hinders the hole extraction by the TT
material. This result is surprising considering the expectation that internal electric fields at high
carrier densities play a small role in photocurrent generation by perovskite devices.['” Such
however clearly arise in the presence of ZnO and PTAA in our integrated perovskite/OPV
devices. This result is significant in respect to device performance as hole transfer from MAPI;

to TT is expected to generate energy losses in the system due to TT’s mismatched HOMO level.
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Importantly, the full device under a SC condition shows similar lack of signal from hole
transfer as in PTAA/MAPIL/TT:PCs1BM:N2200/Zn0O. This is despite of that observed in the
NIR OPV mode (figure 5.13b) photo bleach signal of MAPI3 indicating charge-extraction rates
equivalent to the simpler MAPI3/TT:PCs1BM film. These results are discussed below in terms
of possible band-bending conditions leading to favourable photocurrent generation and

avoiding charge trapping in the TT HOMO in complete devices

5.5. Discussion

According to the fs-TAS results presented, the presence of multiple interfaces in these
integrated junctions and solar cells create a complex mix of charge-transfer processes on
different timescales and with different efficiencies. The perovskite device is known to have
current and voltage hysteresis, and light and electric field induced effects.['!! Thus the analysis
of the carrier dynamics on perovskite device in working condition is very difficult because of
the dynamics is easily affected by the film structure and the energy levels of contact materials
as well as band bending effects and fermi level shifts which will be modulated by irradiation

Ha. 121 T this regard, it is very complicated to study an integrated

in device operating condition.!
device which has two different absorber materials which have different properties; one is
organic the other is inorganic-organic hybrid. In particular bilayer films are generally used for
this type of study quantifying the charge transfer yield between the perovskite and electron or

hole transport material. However, as mentioned, under illumination the electric field in the

perovskite material is likely to be modulated with charge build-up impacting on band-bending
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at the MAPI; interfaces.['?® Furthermore charge generation in the organic BHJ could also be

dependent on electric fields.

Our spectroscopy results suggest electron transfer from TT to PCs1BM is ~20% (determined
from the ratio of decay constant (to/t)) both in the TT:PCs1BM and MAPI;/TT:PCs1BM
structures, which is in good agreement with the observed ~20% EQE at the TT absorption
maximum, likely indicating that most of the electron-hole pairs generated from electron
transfer from TT excitons contribute to photocurrent generation. This agreement of the TAS
and EQE results measured in open and short circuit condition, respectively, may suggest that

the OPV mode is significantly limited by exciton separation.
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Figure 5.14 Band diagram of an ideal perovskite solar cell (PSC) without ion migration (top) and afier
ion migration (bottom). (Figure source: Adv. Electron. Mater. 2018, 1800500)!'*“
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Figure 5.14 shows diagram depicting band bending in perovskite photovoltaic devices without
(top) and with (bottom) ion motion. Ion motion induced for example by irradiation at open
circuit can result in screening of the device bulk electric field, confining fields to interface

regions.[!%]

Excitation of MAPI; reveals a completely different picture, where hole transfer from MAPI;
to TT is possible but resulting charges have short lifetimes of tens of picoseconds, with only
5% long-lived charges. This can be expected to cause low photocurrent generation yields in
complete devices, however, this does not appear to be the case according to our EQE and JV
measurements. Instead, the presence of PCs1BM facilitates efficient hole-transfer dynamics on
the 200 ps timeframe which can be linked to charge accumulation at the MAPI3/TT interface,
possibly leading to favourable conditions for hole-transfer band-bending. This is discussed in
further detail within Figure 5.15. Clearly, the addition of PCs1BM to TT plays a significant role
in providing a pathway for charge transfer. The addition of N2200 also plays a role in the
charge-transfer processes, but whilst increasing hole transfer yields with ~10-20 %, N2200 has
little further impact on the charge-transfer dynamics. Therefore, it appears that N2200 plays a

role as an additive for optimising either or both the film morphology and energetics and leading

144



to increased photocurrent. Clearly, further experiments are required to analyse N2200’s effect

on carrier mobility.

5.5.1. Perovskite mode hole polaron in TT
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Figure 5.15 Schematic figure of the charge-carrier dynamics model suggested for MAPI; / organic
BHJ bilayers. MAPI; hole transfer to TT with and without PCsiBM. Strong additional hole transfer is
induced by transferred electron from MAPI; to PCs1BM

Figure 5.15 presents model energy-level diagrams, in open circuit condition, depicting charge-
transfer processes identified to take place at the interfaces in MAPI3 / organic BHJ bilayers. As
already discussed, hole transfer from MAPI; to TT alone is not efficient, whereas addition of
PCs1BM leads to significant electron-transfer from MAPI; to PCs1BM leading to a build-up of
holes in MAPI3 which are expected to accumulate at the MAPI3/TT: PCs1BM interface. This
may induce ion migration, which will in turn create band-bending in favour of hole transfer
from MAPI; to TT which is observed in our film measurements at short circuit.[® 12¢ 131 The

band-bending also obstructs the extraction of an electron by PC¢1BM.
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5.5.2. fs-TAS of complete devices

It is remarkable that the complete MAPI;/TT:PCs1BM device successfully works with high
Voc and FF, indicating no significant charge recombination losses between the organic and
inorganic interfaces. One hypothesis to explain this result is that the samples prepared for fs
TAS measurements are bilayer films rather than complete devices, meaning that carrier-
transfer yields are only measured at open circuit conditions different from the device operating
conditions. To address the issue, measurements under short circuit conditions might help to
identify recombination and charge-transfer mechanisms in the complete device. fs-TAS was
therefore performed with devices under short circuit. (see figure 5.13a) For this study, the
transparent top electrode was deposited with a smaller thickness to provide transparency for

TAS experiments.

Figure 5.16 Energy diagram of the full device in short circuit condition with excitation of MAPI3.

The strong negative photo-bleaching hole signal of fs-TAS shown in

MAPL/TT:PCs1BM:N2200 film in flat band condition of the under layer of MAPI; (that is the
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other side of the MAPIz and TT:PCs1BM:N2200 interface) is reduced by adding the PTAA.
This suggests that in such a structure, the injection of holes to TT is suppressed by changes in
the direction of hole movement and the reduction of hole accumulation at the MAPI3/TT:
PCs1BM interface which is otherwise expected to happen due to significantly faster hole
mobility of MAPI; than the organic film. Similarly, the addition of ZnO film on top of the
TT:PCs1BM:N2200 layer significantly removes charge-carrier accumulation and reduces hole
extraction by the TT material. (see Figure 5.16) It appears that the electrons collected by
PCs1BM, and expected to attract + ions from the MAPI; layer, are extracted by ZnO and further
reducing the band bending effects identified in films, equivalent to Voc conditions. In summary,
the device measurements under SC lead to a conclusion that the mechanisms of charge-
generation and movement are completely different from those at Voc due to band-bending and

internal electric field changes.

5.6. Conclusion

In this study, it is demonstrated that charge-carrier dynamics in integrated MAPI:/TT: PCs1BM
devices are strongly influenced by the conditions at which devices are measured, specifically
whether at SC conditions. Our spectroscopy data for films, equivalent to Voc reveal relatively
inefficient generation of charges by absorption by TT, but very efficient generation of charges
from MAPI;. The latter is facilitated by the presence of PCs1BM, which opens an electron-
transfer pathway from MAPI3 to PCs1BM. This, in turn induces band-bending at the MAPI3/TT
interface and forces efficient hole transfer from MAPIz to TT which is in an opposite direction
of the current flow in the device working condition. The measurement of complete devices at
SC conditions indicates very different charge dynamics that have significantly reduced hole

transfer from MAPI; to TT. This reduction is caused by hole extraction (from MAPI; by PTAA)
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and electron extraction (from PCs1BM by ZnO), reducing the band-bending noted at Voc and
therefore blocking undesirable hole transfer to TT. Our spectroscopy measurements of films
also indicate that electron transfer from TT to MAPI3 is possible but not particularly efficient.
This study, therefore, demonstrates that the analysis of perovskite-OPV integrated devices
requires a careful analysis of each of the constituent layers and interfaces, and also requires
consideration of the conditions whether at Voc or Jsc to build a more complete picture of the

device performance.
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Chapter 6. Summary and future study

The focus of this thesis is to understand the charge carrier dynamics in MAPI3 perovskite solar
cells using various transient optical tools. Chapter 3 describes the impact of perovskite
evolution on several optical and crystallographic measurements in other to measure more
accurate and reliable charge carrier dynamics. With this knowledge, the precise transient
optical measurements are allowed to be made. Chapter 4 demonstrates the excitation density
dependence of perovskite by using key optical measurements, PL, fs-TAS and tr-PL. Based on
the measurements, we now understand why the number of PLQE measured using conventional
PL could not refer the charge carrier transfer yield in perovskite system. In this study, I
introduced new LED PL measurement and showed the correlation between the PLQE and the
device performance. Now more complicated system which is perovskite/OPV integrated solar
cell can be studied. In chapter 5, the charge carrier dynamics of the perovskite/OPV integrated
system using fs-TAS is introduced, and the electronic field caused by BHJ blend layer can be

modified to change the charge carrier dynamics.

In further studies, not only the perovskite film has to be carefully prepared, but also the ageing
process need to be strictly controlled. This process changes the key information about the trap
density of the perovskite film, which has an impact on device performance. The stability issues
require to be studied along with degradation mechanisms. The enhancement of optical
properties through self-healing processes has been well studied, but the location of the defect
sites and the degradation process after the saturation of healing process has not been well
defined. Additionally, in order to improve device performance using self-healing processes and
stability, we need to know how to speed up the process and stop the process when it is fully

healed.
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Herein, the importance of the charge carrier density of the perovskite photovoltaic material is
emphasized by various measurements. Other parts might need to be considered when studying
perovskite device to test full device sample for the measurement. The 1 Sun LED PL
measurement requires to improve sensor sensitivity and resolution, and use the AM 1.5 beam
spectrum to test the effects of charge carrier accumulation caused by high carrier density and
unbalanced charge transfer under the device working condition. In addition, a comparison of
open circuit conditions and short circuit conditions is recommended to study, since the internal

filed changes the dynamics.

The TAS measurement herein are limited by a narrow time window, several ps to 6 ns. Due to
the long lifetime of perovskite, the dynamics is recommended to be checked using nanosecond
scale TAS system. Some perovskite films have an extremely long bimolecular recombination
lifetime in 1 sun which cannot be measured in this time window. With the bimolecular
recombination lifetime, it was difficult to accurately determine the charge transfer yield.
Likewise, for the integrated solar cell, much faster time scale needs to be checked, because the
process of exciton generation and transfer between polymer BHJ system and perovskite layer

is faster than the instrument response.
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