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Abstract

Since the first report, in 2009, on solar cells based on organic-inorganic metal halide perovskites
as the active light absorber, intensive research on performance improvement of these types of
solar cells has led to a dramatic rise in their power conversion efficiencies from 3-4% (in 2009)
to the recently certified efficiency of 22.1% for laboratory-scale devices. Researchers from
various fields of physics, chemistry, material science and engineering have been attempting to
understand the opto-electronic properties of these attractive crystalline semiconductors to (i)
improve and develop new fabrication techniques of the perovskite layer so as to optimise their
photovoltaic characteristics; (ii) develop stable and energetically appropriate charge carrier
selective contacts; (iii) understand the underlying reasons of the current-voltage hysteresis in
these solar cells; and (iv) overcome their long-term operational stability and to lessen the

toxicity issues of the perovskite layer.

In two separate sections, this thesis is dedicated to the understanding of both the optical
characteristics of most studied photovoltaic perovskite semiconductors, with the focus being on
the exciton binding energy influencing light absorption, and also to develop fast, reliable and
standard characterization technique for electrical examination of the corresponding solar cells
which is based on the luminescence properties of perovskites. An attempt has been made to
cover many of the reported binding energy values for polycrystalline perovskite thin films
(methylammonium lead triiodide and tribromide) and further, the methods employed in the
literature are discussed. The absorption spectrum of these materials with and without the
inclusion of excitonic effects is discussed in detail. The experimental values for the binding
energies extracted from temperature-dependent absorption spectra of high-quality thin films are
compared with theory. In the theory employed, the interaction of electrons and holes with an
effective optical phonon was considered for the first time in these semiconductors to better
estimate the theoretical values for the binding energy. Good agreement between theory and

experiments was shown to be achievable.



Performance characterization of perovskite solar cells was initiated in this thesis by exploration
of the generalized Planck’s radiation law for planar structured devices both under light- and
electrical-bias conditions (photoluminescence and electroluminescence, respectively). In
hysteresis affected devices, light-soaking was found to be an essential prerequisite in order to be
able to correlate luminescence intensity and the device internal voltage. Long-term behaviour of
planar solar cells with methylammonium lead triiodide active layer was investigated using full
device electroluminescence imaging and it was realized that interfacial deterioration even when
the device is stored in the dark under glovebox conditions (devices only used for light current-
voltage measurements) is the critical factor suppressing the fill factor. The shortcoming of using

titanium dioxide and Spiro-OMeTAD as electron and hole selective contacts was elucidated.

In the last section, using photoluminescence and electroluminescence imaging, the immediate
response and long-term electrical evolution of the perovskite bulk and titanium
dioxide/perovskite and perovskite/Spiro-OMeTAD interfaces after the initial short and
prolonged selective illumination of the device is elaborated. Perovskite structure buckling over
time resulting in the interfacial decoupling at the titanium dioxide/perovskite is demonstrated
and the associated mechanism is discussed in detail. The latter is explained by the intrinsic ion
migration feature of methylammonium lead triiodide perovskite which is influenced principally

due to the change in the internal electric field of the device.
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1 Introduction

As the world population grows larger, the concomitant provision of the preliminary needs, such
as food, healthcare and energy, gets larger; however, this has also become a great challenge.
The reliance of the energy section on non-renewable fossil fuels not only risks the energy
supply of the future generations but has been vastly debated that can also harm the existing
environment endangering humans’ health. The actuality of the risks posed by global warming
and in general climate change and its rising trend in addition to the new economic opportunities
provided by the transition to the clean-energy era drove many countries recently to reach the
unprecedented Paris Agreement in December 2015. As a consequence of this Agreement, the
major greenhouse gas producing countries are aiming to reduce their net greenhouse gas
emission by more than 25% by 2030 [1]. An alternative and/or complementary source of energy
is the freely and largely available solar energy hitting the earth surface with the theoretical

potential of this solar power being ~ 89,000 Tera-watts [2].

Solar photovoltaic (PV) is a promising approach to utilize the abundant solar energy, convert it
to electricity for transport, household electricity and industrial use. As an example of the
significance of PV, Green recently stated [3] that photovoltaics is predicted to account for 35%
of the additional electricity generation capacity installed globally by 2040, at a value of US$3.7

trillion.

Currently, silicon solar cells (in the form of multi-crystalline, crystalline and amorphous)
constitute about 90% of the PV market share. According to Green [3], the incremental
improvement in silicon solar cells performance and the reduction in their production cost (due
to increased manufacturing volume) over the past five years has made the entrance of the
emerging PV technologies more difficult, but not implausible. Interestingly, the largest portion
of the silicon solar cell modules prices is now from the solar cell encapsulation. The latter will

become even more crucial for highly oxygen and moisture sensitive technologies such as,

1
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organic PV, dye-sensitized solar cells and recently widely investigated perovskite solar cells

(PSCs) [3-7].

In the last six years, the photovoltaic research community has seen the emergence of an
astonishingly high performance, highly compositionally versatile, and easy to fabricate organic-
inorganic metal halide perovskite (OIMHP) semiconductor material [4, 8, 9] with promising
efficiencies achieved above 20% recently demonstrated [8, 10-12] for corresponding solar cells.
Although at the first glance the significance of perovskite technology is deemed to be due to the
low-deposition-cost of this solution-processed technique, it is in fact the high rate of yearly
efficiency improvement which has made the technology very appealing to researchers [3, 12] in

the PV community.

High efficiencies of commercial solar cell modules have been proposed to be the future of
photovoltaic technology [3] with the potential value being 35% in 2050. These power
conversion efficiencies are, however, achievable using multiple absorption threshold devices
such as tandem solar cell structures. In the context of the next-generation tandem solar cells,
OIMHPs are expected to have a great role to play due to their appropriate optical and electronic
characteristics [4, 7, 13, 14]. One important property of photovoltaic perovskites which makes
them a potential candidate for tandem solar cells is their bandgap tunability characteristic
through compositional engineering [10, 15, 16] and also crystal size manipulation [17, 18]. This
allows their application in multiple-junction perovskite-silicon tandem solar cells [3]. Recent
limiting efficiency calculations [19], when neglecting the optical losses, have highlighted the
maximum ideally attainable power conversion efficiency (PCE) of widely studied single-
junction methylammonium lead triiodie (CH3NH3Pbls) perovskite solar cells, with the optical
bandgap of ~1.55 eV for the active layer, to be more than 31%. Calculations, by the same group
[19], for the dual-junction perovskite/silicon tandem solar cells, excluding optical and resistive
losses, resulted in PCEs as high as 40% which drops to efficiencies up to 30% when the losses

are taken into account for various types of commercial silicon solar cells as the bottom cell.
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The unique opto-electronic properties of OIMHPs which have allowed their corresponding solar
cells to deliver high efficiencies include (but are not limited to): the reportedly low exciton
binding energy [20-23], long charge carrier diffusion lengths surpassing the perovskite layer
thickness in the device [24, 25], relatively high optical absorption coefficients on the order of
those in 1l1-V semiconductors [4, 26] and their high radiative recombination efficiencies
delivering high voltages [24, 27]. The chemical formula of OIMHPs is ABX; (see Figure 1.1 for
the high-temperature cubic structure of perovskites) [4], where A is a monovalent cation such as
methylammnium, CHs;NH;", formammidinium, HC(NH,),", or Caesium, Cs*; B is a divalent
heavy metal cation such as lead, Pb* or tin, Sn** and X is a monovalent halogen ion such as
iodide, I', bromide, Br or chloride, CI'. In addition to the perovskite structures consisting of
single ionic components stated above at their A, B, and X positions, the pioneering work by
Seok and colleagues [10], in which combination of organic cations and halogen ions used to
achieve high PCEs, initiated the successful deployment of various combinatory chemical

compositions for perovskite solar cells [28-30].

(o B d‘ _ ‘ 3
/,—%;,_)‘-\_)

_~

Figure 1.1 Perovskite crystal structure. A unit cell of the cubic perovskite crystal structure adapted at
temperatures higher than 330 K and 240 K for CHsNHsPbl; [20, 31, 32] and CH3NH3PbBr; [32, 33],

respectively. Within the temperature ranges of 160 to 330 K respective 150 to 240 K the two materials
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possess tetragonal structural phase whereas, orthorhombic phase is adapted at temperatures lower than

160 K and 150 K for CH;NHsPbl; and CH3NHsPbBr3; [32, 34], respectively.

To deploy these semiconductors to their maximum potential as the active layer in PSCs, a full
understanding of their fundamental properties and also issues associated with their long-term

operational implementation are necessary. This thesis is a step toward this goal.

1.1 Motivations and Significance

In this thesis we have performed insightful investigation on the optical and electronic properties
of methylammonium lead trihalide perovskites as both standalone polycrystalline thin films and

within a solar cell structure.

We believe that the article published in the Journal of Applied Physics Letters in association
with the first part of this thesis [20], aimed at calculating the theoretical and experimental
exciton binding energy in the organic-inorganic lead trihalide perovskite materials, was the first
to explore the effect of polarons upon this energy, giving an explanation for the observed values
intermediate between those previously calculated [35, 36]. The values calculated are in turn in
reasonable agreement with those we measured on good quality tribromide and triiodide samples.
Most polaronic theories treat the case with only one longitudinal optical (LO) phonon mode.
However, due to the multiple LO modes in these materials, we have rationally used the effective
LO energy theory of Hellwarth and Biaggio [37] to deduce this effective value from a fit to the
frequency dependent material permittivity over a large frequency range, including dipolar, ionic

(lattice displacement) and electronic contributions.

Secondly, we aimed to take the very first steps in developing the spatially-resolved
luminescence imaging technique for full device characterization of PSCs. For this purpose, the
application of PL and electroluminescence (EL) imaging techniques, which have been greatly
contributing to the silicon solar cell performance improvement both at research and industrial

scales [38], were reported for the first time in the paper published in the journal of Progress in
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Photovoltaics [39]. The validity of the generalized relationship between luminescence intensity
and device voltage was investigated. We then attempted to link the photovoltaic parameters of
the planar structured PSCs to their characteristic PL and EL images. The technique was further
used to explore the behaviour of the device performance over time when stored in benign
condition (the related study was published in ref. [20]). At last, by using this useful technique, a
detailed study was conducted to understand the evolution of the perovskite active layer and the

interfaces of the solar cell upon its very first relatively long light-exposure.

1.2 Thesis Outline

This thesis is divided into two main sections. In the first part, a fundamental physical parameter
of organic-inorganic lead halide perovskites, exciton binding energy, is investigated in detail.
The second part is devoted to the understanding of short- and long-term performance of PSCs

using spatially-resolved luminescence imaging technique.

1.2.1 Exciton Binding Energy

An appropriate knowledge of the exciton binding energy of a semiconductor — or the attractive
coulombic force binding the photo-generated electron and hole together — is important since it
can have remarkable influence on the shape and strength of the absorption spectrum and the
nature of the instantaneously photo-generated species (neutral versus charged free carriers) [4].
The latter would then affect the transport properties of the carriers in the corresponding solar
cell and consequently the optimum device design. Various methods have been employed to
measure/calculate this parameter (the description of the different techniques used is covered in
Chapter 2) with different degree of accuracy both for polycrystalline thin films [20, 22, 23, 36]
and single crystals [40, 41] of OIMHPs. The versatility of the fabrication methods used for these
materials, which allows the growth of films with wide range of morphologies, motivated
researchers to also investigate the influence of the molecular microstructure on the magnitude of

exciton binding energy [17].
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1.2.2 Performance of Perovskite Solar Cells

Amongst a variety of deposition techniques used for high performance PSCs [10, 42-45], the
majority of research groups employ solution-processed methods for active layer and/or selective
contact deposition [10, 15, 44, 46, 47]. However, solution-processing is prone to spatial
variations of both the electrical and optical properties of thin films, particularly within a large
area device [48]. While there has been an enormous effort to improve device performance and
understand the optoelectronic properties of the OIMHP materials [24, 49, 50], less work is
focussed on developing fast and reliable full device characterization methods which is required
for this technology to rapidly move forward for commercialization purposes. High-resolution
fluorescence mapping techniques [51, 52] are useful for analysing laboratory scale devices and
stand-alone perovskite films/single crystals but require long measurement time which is not
suitable for fast characterization of large-area devices. Therefore, fast characterization
techniques, which facilitate resolution of possible device non-uniformities across a large area,
are deemed necessary. Additionally, imaging techniques could also be used to analyse
performance changes of PSCs during their operational lifetime, in particular as PSCs are still
lacking sufficient long-term stability under environmental conditions [6, 53, 54]. Thus, fast
mapping techniques would be very useful to better understand the impact of local changes
within the device on its overall performance [55, 56]. Identifying the sources of performance
loss to improve device stability is of critical importance for the development of commercially

deployable PSCs [3].

Chapter 2 describes the concept of excitons in semiconductors. A literature survey on the
reported values of exciton binding energy for methylammonium lead trihalide perovskites
(CH3NH3PbX3; X = iodide, I, or bromide, Br’) is presented and the techniques used and the
reported values are briefly discussed. With regards to the contribution of this thesis, first, the
experimental method used to extract the exciton binding energy from the absorption spectrum of

polycrystalline thin films of perovskites is formulated. Then, the consistency of the measured
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values is checked with the theoretical calculation considering the electron-phonon cloud

interaction.

Chapter 3 evaluates the validity of Planck’s emission law for planar structured PSCs using both
PL and EL imaging methods. These techniques, in particular EL imaging, are used to correlate
the PV parameters obtained from light current-voltage measurements with the features observed
in the images. In the last part of this chapter the degradation of the planar solar cells upon

storage in dark and low-oxygen and -water (< 1 ppm) conditions is investigated.

Chapter 4 investigates the immediate and long-term response of the planar structured
CH3NH;Pbls-based PSCs to spatially selective illumination of the device. The evolution of the
bulk and interfaces are monitored after the initial illumination using EL and PL at open-circuit
and short-circuit (PLoc and PLsc, respectively) conditions. The shortcomings of CHsNHsPbls-
based PSCs, showing noticeable ion migration potential, using TiO, as the electron selective

contact are elaborated.

Finally, Chapter 5 summarizes the key results and conclusions of this thesis. It presents
suggestions for future studies which would allow extension of the results in this thesis to more

OIMHP materials and device architectures.



2 Polaronic-Exciton Binding Energy In
Methylammonium Lead Trihalide Polycrystalline

Thin Films

2.1 Background

2.1.1 Excitons

When an electron (or hole, which simply is a quasi-particle formed in the absence of electron in
the semiconductor valence band having an effective positive charge) moves in a semiconductor,
crystal electrostatic forces from other electrons and ions in addition to any external forces will
act on it. Forces from different ions are collectively defined as the crystal periodic potential
(with its eigenstates properly described through Bloch waves) resulting in an energy-momentum
(E-k) dispersion relation [57] for an electron. Therefore, the motion of an electrons (or hole) is
commonly considered as a wave packet under an external field in a periodic potential where in a
non-relativistic case the particle-like electron/hole would have an effective mass (meg; which is a

tensor depending on the direction the particle travels in the crystal):

1 _10E_1 0E .
mg h* ok*  n® okok;

Lj=XY,2Z (2.1)

In the vicinity of the band structure extrema in the semiconductor crystal, the dispersion relation
normally tends to be parabolic. The parabolicity assumption in this region (i.e. bottom of the
conduction band (CB) and top of the valence band (VB)), which is most important for the
optical and transport properties of a semiconductor, results in a constant effective mass
considering the second derivative of the E-k relationship. This forms the basis of the effective
mass approximation. As formulated in equation (2.1), smaller curvature of the band would

result in a larger effective mass.
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Upon photoexcitation of a semiconductor system, an optical transition occurs where an electron
from the VB is excited to the CB, leaving behind a hole, and bringing the system from ground
to the excited state (Figure 2.1a). This optical transition is a two-particle process which, in the
simplest form, is well defined by the effective mass approximation. This allows one to treat the
photo-excited two-particle system, with its quanta called exciton, as a hydrogen-like problem
where a Coulomb potential term can describe the interaction between the negatively-charged
electron (in CB) and positively-charged hole (in VB). Solving the Schrodinger equation for a
direct and parabolic band semiconductor, where the total motion of the exciton can be separated
into a centre-of-mass translational and electron-hole relative motion, the exciton dispersion

relation would become:

Ry, #*K?
E.(nK)=E ——2%+ : n=123,... 2.2
ex( ) g n2 2M ( )
R
At band centre, the energy of the exciton, Ey, is less than the bandgap, Eg, by # where
n
4
y73
Ry, =—5+—— 2.3
Yo 27’12(450‘9)2 (23)

is the effective Rydberg (i.e. exciton binding energy) of the electron-hole system having a

e

m_xm .
—hm0 (mo is the electron free mass, m, and m;, are the electron and

m, +m,

reduced mass of =

hole masses as a fraction of the my) and moving in a medium with dielectric constant of . n is

2 2
is

the principal quantum number, 7 the reduced Planck’s constant, e the unit charge and

the translational kinetic energy of the centre-of-mass (M = m, + m;) with wave vector of K =k,

+ K.
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Figure 2.1 Electron-hole photo-excitation illustration using parabolic energy bands. a) Optical
transition of an electron from VB to the CB by absorbing a photon having a minimum energy of Eg,
leaving a hole in VVB. b) The dispersion relation (E-K) of the quasi-particle exciton immediately after

photoexcitation. The first excitonic transition located below the bandgap by Ryg [57].

Another important parameter adapted from the hydrogen model is the Bohr radius. Excitonic

Bohr radius is defined as: a; =

h*(4 _ o _
(—ﬂf‘"g). Its importance lies in the fact that it acts as the

determining factor for the type of the exciton. If the excitonic Bohr radius is larger than the
lattice constant, the wavefunction of the exciton is distributed over several unit cells forming
weakly bonded Wannier-Mott excitons. If so, this would self-consistently confirm the
credibility of the initial effective mass approximation. Wannier excitons are commonly created
in I11-V and 11-VI inorganic semiconductors [58-62] and their exciton binding energy is defined
using equation (2.3). Wannier excitons have been shown to be created in organic-inorganic lead
halide perovskite as well [4, 20, 41]. In case of a confined wavefunction within the unit cell of
the crystal (Bohr radius is less than the lattice parameter), the exciton is called Frenkel exciton

(which are tightly bound), commonly formed in organic semiconductors due mainly to their
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very low dielectric constant [63] which is insufficient to screen the attractive Coulombic

interaction of the electron-hole system.

The excitonic Bohr radius has an additional critical role in the correct evaluation of the binding
energy of Wannier excitons which requires its comparison with the polaron radius. According to
Devreese [64], a CB electron (or VB hole) together with its self-induced lattice polarization in a
polar semiconductor such as OIMHPs (or an ionic crystal) creates a quasiparticle, called a

polaron.

In cases where lattice polarization can fully follow the motion of the electron and hole, the

attractive potential between the two is completely screened and therefore, the static dielectric
constant (&,) should be used in the Wannier model for binding energy calculation (equation

2.3). This occurs when the longitudinal optical (LO) phonon energy is larger than the exciton

binding energy (the carriers’ effective masses would then be replaced by their polaronic

masses). The polaronic effective mass for both electron and hole (me‘fh ) is defined in relation to

the effective rigid mass (m, ,, ) as [65]:
b a
me,h ~ me,h (1+ g) (24)

where the polaron coupling constant, &, encompasses the effects of LO frequency, o,,, optical

(&, ) and static dielectric constants, and is given by:

2 2m
R N enho (2.5)
£, & )2hm, h

o0

When the exciton binding energy is equal to or larger than the LO phonon energy, the lattice
polarization can only partially follow the electron-hole system in which case, an effective

dielectric constant falling in between the optical and static values should be employed (the

11
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carriers’ effective masses would also adopt values between the rigid and polaron ones). The

latter is the subject of this chapter.

Therefore, it is important that any spectroscopic characterization technique which allows direct

calculation of the Ryo, should ensure its self-consistency with the LO phonon energy.

2.1.2 Why Exciton Binding Energy is Important

An appropriate knowledge of the value of the exciton binding energy is essential since it can
determine the nature of the majority of the photo-generated species (i.e. free carriers versus
excitons) in a semiconductor. Even within the context of Wannier excitons, binding energies
greater than the probability of thermal dissociation at the working temperature (with thermal
energy of kyxT =~ 26 meV at room temperature) would require an additional mechanism for
exciton dissociation into free carriers through which they can readily contribute to the
photocurrent [66]. Where the binding energies are so low that their influence on the transport
mechanism of the charge carrier is negligible, the n- and p-type contacts in the heterojunction
structure of the solar cell (like in most perovskite solar cells) would only act as selective
contacts (blocking the undesirable carriers) for the photo-generated electrons and holes,
respectively. In extreme instances of m-conjugated polymers used in organic photovoltaics and
light-emitting diodes, the large binding energies in the order of few hundreds of milli-electron-
volts, would result in extra loss in the open-circuit voltage of the device (with respect to the
bandgap of the absorbing layer) due to the free energy required for the dissociation of the

Frenkel excitons [67, 68] in addition to a low illumination-induced current generation.

Most spectroscopy measurements (such as transient absorption spectroscopy [24, 69], photo-
induced terahertz conductivity [70, 71]) have so far shown the predominant concentration of
photo-generated free charge carriers and their bimolecular recombination nature in the
archetypical CHsNHsPbl; perovskites whereas, a considerable population of excitons is reported

for CH3NH3PbBr; containing bromide [69].
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2.2 Literature Review

2.2.1 Exciton binding Energy Values and Extraction Methods

2.2.1.1 Absorption Band-edge Modelling

One frequently used approach for excitonic binding energy determination in organic-inorganic
lead halide perovskites is to model the absorption spectrum band edge [20, 33, 72-77]. When
the correlated electron-hole Coulombic interaction is overlooked, an approach known as the
Tauc plot is often used to determine the bandgap for allowed transitions of direct bandgap
semiconductors (This is wrongly applied in semiconductors with excitonic effects and large

spectrum broadening):

a=2(E-E, ) (2.6)

o is the absorption coefficient, E, the photon energy and A is a relatively energy independent

term dependent on the semiconductor’s reduced optical mass and transition probabilities for
excitations from the valence to conduction band. The square of absorption coefficient (often
multiplied by the photon energy) is plotted as a function of energy and the intercept of a linear
fit to the absorption edge is found and identified as the bandgap. A more comprehensive
treatment by Elliott [78] taking electron-hole interaction into account produces a fundamentally
different result. The theory of Elliott is described in section 2.4.1 and only Ry, values reported

in the literature employing this approach are presented in this section.

The excitonic binding energy value reported by Even et al. [72] at both low-temperature (LT;
orthorhombic) and high-temperature (HT; tetragonal) phases, that being 15 meV and 5 meV,
respectively, and were extracted by fitting the published absorption spectra of Ishihara et al. (in
1994; cubic crystals of CHsNHsPbl; dispersed in poly(methylmetacrylate)) [79] with the theory

of Elliot. These were found to be relatively temperature-independent in both structural phase
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temperature ranges. Yamada and co-workers used the absorption band-edge modelling approach
to fit the absorption spectrum of CH;NH;Pbl; infiltrated into the mesoporous titanium dioxide
(mp-TiO,) [73] and obtained Ry, of 30 meV at 13 K and 6 meV at 300 K. This use of
mesoporous structured substrate prevented the resolution of the pronounced excitonic

resonances at the absorption onset [36].

Saba et al. [76] modified the theory of Elliot [78] to account for small deviations in the
conduction and valence band-edge parabolic dispersion. By introducing an extra parameter in
the fitting procedure as non-parabolocity constant, c,,, a modified optical joint-density of states

was derived from a newly defined electron-hole  dispersion relationship:
E(k)-E, =E,(k)+E, (k) — E, =7°k*/2u—c,k* (k is wavevector). Relatively high value

of Ryo, 25+3 meV, was measured at 170 K and 300 K, indicating its independency within the

HT phase of CH3NH;sPbl; as opposed to refs. [20, 73].

Sestu et al.[75] suspected that the discrepancy observed in the values extracted this way could
originate from the difference in the underlying mechanisms contributing to the absorption
spectrum line-shape broadening [66, 75]. In order to overcome this, the following approach was

proposed. Regardless of the degree of smearing, the normalised integral of the absorption
E

coefficient versus energy (i.e. Ia(E)dE/a(EZ)) is independent of the degree of smearing,
0

depending only on Ry, if the upper energy end, E,, is selected in a region where smearing is

ineffective (such as at energies several half-width at half maximum above bandgap in a

Gaussian broadened theoretical absorption spectrum, and somewhat further in a Lorentzian

broadened one). A temperature-independent binding energy was calculated in the orthorhombic

phase (34 meV), which dropped by 20% to 29 meV at the orthorhombic-to-tetragonal phase

transition temperature (~160 K) which remained constant in the tetragonal phase as well [75].

Modifications due to band non-parabolicity introduced by the same group in ref. [76] was also

adapted in their new formalism in ref. [75].
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To sum up this section, when the unmodified theory (or minimally modified as presented in the
Result and Discussion section — section 2.4.4) had been used to model the absorption onset of
the polycrystalline thin films of triiodide perovskite at room temperature (~298 K), binding

energies of 10+3 meV had been obtained [20, 77, 80].

2.2.1.2 Magneto-absorption Measurement

The continuous study on the experimental measurement of the exciton binding energy (Ry,) of
3D organic-inorganic lead halide perovskites was initiated by Hirasawa et al. [81] using the
diamagnetic shift characteristic of the 1S excitonic state (i.e. exciton state associated with the
first principle quantum number) in the absorption spectrum of CH3;NHsPbl; under magnetic
field at low temperature (4.2 K). They measured Ry, of 37 meV employing the optical dielectric
constant of 6.5 (which is the high frequency relative dielectric function in the near infra-red
region). Cubic crystals of CH3NH3Pbl; dispersed in poly(methylmetacrylate) were used in that
study. About ten years later, by applying similar method, Tanaka et al. [82] reported Ry, values
of 50 meV and 76 meV for CH3;NHsPbl; and CHsNHsPbBrs, respectively (optical dielectric
constants of 6.5 and 4.8 were used, respectively). In the latter study, the samples were
polycrystalline films deposited via single-step solution process. In both abovementioned studies,

the shift in energy of the pronounced excitonic feature in the polarized magneto-absorption
: . 1 2 L .
spectra were fitted using E = E, iE g, uB+c,B” (B is the magnetic field strength, E, is the

excitonic ground state energy at B = 0, g, is the effective g factor and c, the diamagnetic

coefficient). Knowing the diamagnetic coefficient, the exciton binding energy was calculated

for a 3D Wannier exciton through [81, 82]:

Ry 1 )
0 _ 27
Ry, [84(CO/CH)j &0

where Ryy and cy are the diamagnetic coefficient and Rydberg constants of hydrogen atom. In

2014, Meredith and co-workers reassessed the exciton binding energy of polycrystalline thin
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films of CH3NH3Pbl; using the measured diamagnetic coefficients in [81, 82] (at low
temperature), however, low frequency (20 Hz) dielectric constant of 70 (measured at room
temperature) was used instead (which includes the ionic conductivity contribution to dielectric
characteristic of perovskites). Ry, of 1.7-2.1 meV was calculated (values of this order and
slightly greater, however, could not model the absorption band-edge of CHsNH3Pbl; as depicted

in Figure 2.8 of Results and Discussion section).

Very recently, Nicholas and colleagues re-considered the use of magneto-absorption
spectroscopy of organic-inorganic lead halide perovskite polycrystalline thin films extending
the applied magnetic fields up to 150 T [21, 22]. At LT (2 K; orthorhombic phase), they
managed to resolve both 1S, excitonic ground state, and 2S, the first excitonic excited states
upon increasing the magnetic field. The ability to resolve the 2S state, as compared to old data
set, was mainly attributed to the better quality of the samples. At high enough fields, Landau
levels (quantized energy levels formed upon magnetic field perturbation of the continuum part
of the energy states) were also detected. Modelling the full data set, Ry, of 16 meV and 25 meV
were measured at LT phase (2 K) for CH3NH3Pbl; [21] and CHsNHsPbBr; [22], respectively.
Large spectrum thermal broadening prevented a credible similar analysis at high temperature
phase (although values of 10-12 meV were proposed for triiodide at 160 K and higher).
Importantly, it was realized that the exciton reduced mass only slightly change upon structural
phase transition which indicates the critical role that an appropriate choice of dielectric constant
plays in determination of the binding energy using Wannier-Mott model (equation 2.3).
Considering the temperature dependence of the dielectric function in methylammonium lead
halide perovskites [32, 83], the dependency of excitonic binding energy on temperature in both

triiodide and tribromide is expected [20].

Noticeably, Nicholas and colleagues observed a linear trend in the Landau levels over a
relatively large energy range, implying that a constant effective mass used in their modelling is

reasonable and therefore, the non-parabolicity effects are expected to be fairly small in the
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conduction and valence band [21]. This outcome, however, allows the application of the
absorption band-edge modelling using the Elliot theory (as employed in the studies discussed in

the previous section) up to fair amount of energy above the bandgap.

2.2.1.3 Temperature-dependent Photoluminescence Measurement

An alternative controversial approach [84] for the determination of exciton binding energy in

trihalide perovskites is to fit the temperature-dependence of the spectrally-integrated

1(0)

hotoluminescence intensity [85-88] using 1(T) =
P Y S E8using 1(1) = e (<, k)

(I'is the luminescence

intensity, T, temperature, 1(0), luminescence intensity at 0 K, A is a constant, E, and the exciton
binding energy (similar to Ryy)). Applying this technique, Wu et al. [87] calculated a large value
of Ry, = 62 meV for thin film of CH3;NH;Pbl;,Cl, when fitting to the tetragonal phase only
[87]. Exploring the full temperature range, values in the order of 19+3 meV has also been
reported for CHsNH3Pbl; thin films [88]. Performing the fitting from ~80 K to 300 K, Savenije
et al. obtained 32+5 meV for triiodide infiltrated into meso-porous Al,Os [86]. This method has
also been adapted for tribromide samples [85] with the reported values of 84+10 meV being 2-3
times greater than most of the literature [20, 22, 33]. The spread of the extracted values
implementing a similar technigque here, however, would not be surprising noting the following
notions forming the basis of this method. This method is based on the assumption that the
thermal dissociation of bound excitons, upon increase in temperature, into free carriers would
guench the luminescence intensity with an inherent supposition that non-radiative
recombination mechanism is temperature independent [84]. These have been recently
challenged [66, 84], where Laura Herz discussed [66] the temperature dependent nature of the
efficiency of various mechanisms associated with free carrier recombination in mixed organic-

inorganic lead halide perovskites [89].

Furthermore, being aware of the likely variation of the exciton biding energy with temperature

even within a specific phase (discussed above in section 2.2.1.1) the use of a global fit to the
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integrated photoluminescence intensities in a range of temperatures casts doubt on the
credibility of applying this approach to determine a single value for binding energy in a

temperature range.

2.2.2 Discussion about the Literature Values

The summary of the reported values in the literature is presented in Table 2.1. The topic of
exciton binding energy has been controversial in the field of mixed organic-inorganic metal
halide perovskites due to a range of values reported from different approaches with varying
degrees of validity. One additional reason for this discrepancy in the calculated/measured Ry,
values could be the crystal quality and also the degree of poly-crystallinity (i.e. impact of
microstructure) of the perovskite layer itself. The latter has been recently discussed by few
research groups [17, 90, 91]. Moreover, there is no consensus on whether Ry, remains
unchanged within a single structural phase of CHsNHsPbl; (decreasing in both tetragonal and
orthorhombic phases in references [20, 73] versus unchanged values reported in references [72,
75]) whereas, for CH;NHs;PbBr; no significant changes were identified so far [20]. When
relying on the simple Wannier-Mott model for binding energy calculation, the correct
knowledge of reduced mass, and dielectric constant, is important (equation 2.3). The linear
proportionality of the reduced mass in equation (2.3) and the experimental evidence that phase
transition would only influence this physical parameter slightly [21, 22] reveals the importance
of the dielectric constant which has an inverse squared relationship to Ry,. In the perovskites of
interest, ionic conductivity, molecular dipole (organic cation dipole), ionic permittivity (nucleus
vibrations) and charge carrier electronic effects contribute to the full spectrum dielectric
function. However, the static limit of the dielectric function for Ry, calculation in organic-
inorganic metal halide perovskites is not established yet. The dissimilar response of the relative
permittivity to temperature at different frequencies is also known [32, 83]. For instance, the
dielectric constant at 100 kHz [32] in the tetragonal phase (orthorhombic phase) reduces

(increases) with temperature dramatically (only slightly) whereas, at 90 GHz [83] the dielectric
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constant rises with temperature in the tetragonal phase (see Figure 2.2). This behaviour was
observed in both |- and Br-based perovskites. Recently, La-o-Vorakiat et al. conducted
temperature-dependent terahertz time-domain spectroscopy and detected four phonon modes in
the microwave frequency range (0.3-2.0 THz) at 20 K where the four modes merged into two
due to spectrum smearing as the temperature increased [92]. Importantly, the phonon resonance
energies increased as the temperature was ramped up. This trend in phonon modes in addition to
the increasing tendency of the dielectric constant in the microwave frequency range as opposed
to lower frequencies, however, carefully indicates that the static dielectric constant would most
likely include only the electronic and ionic displacement screening effects but not dipolar
contribution from the organic cation. This agrees very well with the very recent theoretical
study which concluded that the exciton binding energy in CH3NH;Pbl; is principally dependent
on the electronic structure of the Pbls inorganic cage [93].

We also note that considering the large vibrational modes merely associated with the liberal and
torsional motions of the dipolar CH;NH;" cation (mostly being greater than 100 cm™ or 212.4
meV) [94-96], and the correspondingly high relative dielectric constant values [14, 32], it is
unlikely that these modes directly contribute to the screening of the electron-hole Coulombic
interaction at room temperature. This would lead to very low binding energies that would be in
contrast to the recent observation of coexisting free carrier and exciton populations in
CH3NH;Pbl; at room temperature [69, 97] and also would not allow modeling of the sharp and
excitonic-enhanced absorption band-edge of these semiconductors (this will be elaborated

below; see Figure 2.9).
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Figure 2.2 Temperature-dependent variation of real part of the relative permittivity of CH3;NH3;PbBr; and
CH3NH;Pbls. The data at 100 kHz and 90 GHz are reproduced from ref. [32] and [83], respectively. Solid (hollow)
circle symbol represent triiodide data at 100 kHz (90 GHz) and solid (hollow) square symbol represent tribromide

data at 100 kHz (90 GHz).

Also, as elaborated above, there exists a fairly large discrepancy in the reported values for the
exciton binding energy of the methylammonium lead trihalide perovskites even when similar
method is used for its measurement and at a specific temperature. Difference in the sample
microstructure could be a potential explanation of the latter. In light of the recent study by
Grancini et al. [17], where the role of crystal size/quality on the instantaneous electron-hole
interaction (i.e. Ryo) was elucidated, the discrepancy between the extracted values from fitting
the absorption band-edge could be explained by the change in the perovskite microstructure. It
was concluded using theory and experiments that disordered organic cation dipole domains in
small, defective crystals with large portion of poly-crystallinity can create a large electrostatic
potential fluctuation which causes a substantial screening of the photo-generated excitons [17]
leading to very small Ry in the order of 2 meV [35] to 5 meV [72] as if the material behaves in
the non-excitonic regime whereas, large and defect-free crystals exhibit an order of magnitude
greater Ry [17, 36]. Importantly, a recent study has investigated the extent by which Ry, would

be affected by the disorder induced by the organic cation molecular dipole. Using interacting

20



Polaronic-Exciton Binding Energy in Methylammonium Lead Trihalide Polycrystalline Thin
Films

tight-binding model this effect was realized to be small and only ~10% [93]. Although very

interesting, the latter requires experimental proof.
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Table 2.1 Summary of the reported exciton binding energy in the literature. The perovskite composition,

temperature and method of measurement are included.

Method

Perovskite

Phase

Specifications

Temperature

(K)

Ryo
(meV)

Reference

Band-edge
modelling by
Elliot’s theory

CH3NH;Pbl

Orthorhombic

Cubic crystals
dispersed in
PMMA

<160

15

[72]

Band-edge
modelling by
Elliot’s theory

CH3NH;Pbl

Tetragonal

Cubic crystals
dispersed in
PMMA

>200

[72]

Band-edge
modelling by
Elliot’s theory

CH3NH;Pbl

Orthorhombic

Mesoscopic

13-150

30

[73]

Band-edge
modelling by
Elliot’s theory

CH3NH;Pblg

Tetragonal

Mesoscopic

160-300

[73]

Band-edge
modelling by
Elliot’s theory

CH3NH;Pblg

Tetragonal

Bulk

170, 300

[76]

Spectrally
integrated
normalized
absorption near
Band-edge

CH3NH;Pbl

Orthorhombic

Bulk

80-140

34+3

[75]

Spectrally
integrated
normalized
absorption near
Band-edge

CH3NH;Pbl

Tetragonal

Bulk

170-300

29

[75]

Spectrally
integrated
normalized
absorption near
Band-edge

CH;3NHPbBr;

Orthorhombic,
Tetragonal,
Cubic

Bulk

80-300

[78]

Band-edge
modelling by
Elliot’s theory

CHyNH;Pbl,

Tetragonal

Bulk

Room
Temperature

9+1

[80]

Band-edge
modelling by
Elliot’s theory

CHyNH3Pbl,

Tetragonal

Bulk

Room
Temperature

13.1+0.1

(7]

Band-edge
modelling by
Elliot’s theory

CH;3NHPbBr;

Cubic

Bulk

Room
Temperature

40.03+0.1

(7]

Diamagnetic shifts
in magneto-
absorption using
optical e

CHyNH3Pbl,

Orthorhombic

Cubic crystals
dispersed in
PMMA

4.2

37

[81]

Diamagnetic shifts
in magneto-
absorption using
optical e

CH5NH3Pbl,

Orthorhombic

Polycrystalline
film

4.2

50

(82]

Diamagnetic shifts
in magneto-
absorption using
optical e

CH;3NHPbBr;

Orthorhombic

Polycrystalline
film

4.2

76

[82]
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Diamagnetic shifts
in magneto-
ahsorption using CH;NH;Pbl, Tetragonal RT 17-21 [35]
static e (at 20 Hz)
Magneto-
absorption CH3NH3Pbl; | Orthorhombic Bulk 2 16 [21]
spectroscopy
Magneto-
absorption CH3NH3PbBr; | Orthorhombic Bulk 2 25 [22]
spectroscopy
Temperature-
dependent CHsNHaPbls. | Tetragonal, Bulk 160-320 | 62389 | [87]
. <Cly Cubic
Photoluminescence
Temperature- .
dependent CHaNHPbl, | Ortnorhombic, | scopic 80-300 3245 [86]
. Tetragonal
Photoluminescence
Temperature- Tetragonal
dependent CH3NH3PbBrs; g- ' Bulk 24-350 84+10 [85]
. Cubic
Photoluminescence
Temperature- .
horh
dependent CHyNHgPbl, | OTthorhombc, Bulk 2-300 19:3 [88]
. Tetragonal
Photoluminescence

2.3 Experimental Methods

2.3.1 Material Synthesis and Precursor Preparation

Unless specified otherwise, all materials were purchased from either Alfa Aesar or Sigma-
Aldrich and used as received. CH3;NH;l was synthesized by mixing 24 mL CH3;NH, (33% in
ethanol) and 10 mL HI (57% in water) in 100 mL ethanol. After stirring for 2 h, the solvent was
removed on a rotary evaporator. The white powder was then dried in a vacuum oven at 60 °C

for 24 h.

CH3NHsBr was synthesized following a previously reported method [98], by mixing
methylamine (33% in methanol, Sigma-Aldrich) with hydrobromic acid (48% in water, Sigma-
Aldrich) in a 1:1 molar ratio in a 250 ml round bottom flask under continuous stirring at 0 °C for
2 h. The precipitate was recovered by rotary evaporation at 60 °C, and then washed three times
with diethyl ether in an ultrasonic bath for 30 min. The final product was collected after

dehydration at 60 °C and placed in a vacuum chamber overnight.
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2.3.2 Sample Fabrication

CH3NH;Pbl; films were deposited on clean thin (1 mm) microscope or thick (3 mm) soda-lime
glass substrates using the gas-assisted technique [46]. In brief, 25 pL 45 wt% CH3NH;Pbl;
dimethylformamide (DMF) solution, prepared from Pbl, and CH3NH;l in a molar ratio of 1:1,
was spread on the substrate, then spun at 6500 rpm. After 2 sec a dry argon gas was blown on
the solution during the spinning. Finally, the film was annealed at 100°C for 10min to remove
the residue solvent and induce the crystallization. In order to control the thickness of the
CH3NH3Pbl;, different concentrations (45 wt% and 55 wt%) of the CH3NH;Pbls
dimethylformamide (DMF) solution were used. A thin layer of Poly(methyl methacrylate)
(PMMA, Sigma-Aldrich) was coated on the top of the CHsNH3Pbl; layer via spin coating at the
speed of 2000 rpm in order to preserve the samples against air and moisture in the low-

temperature measurements.

CH3NH3PbBr; films were deposited using the wvapour-assisted method [98]. Firstly,
PbBr,solution in DMF with a concentration of 1 M was spin-coated on to a thick (3 mm)
borosilicate glass substrate at 2500 rpm for 60 s. After annealing at 70 °C for 30min, the film
was treated by CH;NH;Br vapour at 150 °C for 10 min in a closed glass petri-dish with
CH3NH;Br powder surrounded on a hotplate in glovebox. In the final step, the film was rinsed

in isopropanol at room temperature. No additional PMMA layer is deposited.

2.3.3 Optical Measurement

For optical density (OD) measurements, samples were mounted, under vacuum, in an optical
cryostat (Hansen and Associates) equipped with front and rear sapphire windows. A closed-
cycle helium cryostat (CTI Cyrogenics) was used to control the temperature of the sample
between 10 K and 300 K. Light from a fibre-coupled halogen lamp (Mikropack) was used to
illuminate the sample from the backside and the transmitted light was collected using free space
optics and coupled to a 0.27 m scanning spectrometer (SPEX 270M) with a 600 gvs/mm grating

blazed at 750 nm. The spot size on the sample was estimated to be 300 um. Spectrally resolved
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transmitted light was detected using a thermo-electrically cooled photomultiplier with GaAs
photocathode (Hamamatsu). A lock-in amplifier and optical chopper (SRS Instruments) was
used to optimise the signal to noise and eliminate background light. Transmission data was
referenced against a blank substrate in order to correct for the spectral response of the system.
Room temperature absorption coefficient measurements were carried out using Varian Cary 500

Scan UV-Vis-NIR Spectrophotometer using an integrating sphere.

Optical density is a measure of the degree of the light intensity attenuation upon transmission
through an absorbing medium. To calculate the OD spectra, the common logarithm of the

corrected transmission spectra (T; the ratio of the transmitted over incident light intensity) were

evaluated using: OD =—log,,(T).

2.4 Results and Discussion

2.4.1 Elliot Theory for Exciton Binding Energy Measurement

2.4.1.1 Excitonic-enhanced Absorption Coefficient

Organic-inorganic lead halides of present interest [4, 99, 100] are generally considered direct
bandgap [72, 101] semiconductors. Strong spin-orbit coupling creates a split-off band in the
conduction, rather than the valence band and improves effective-mass approximations near
band-edges [72]. Excitons are expected at band critical points, with Elliott [78] calculating

excitonic-enhanced band-edge absorption coefficient « as:

_*1 ~ =] U n =5 E
@":Auifz’gﬁl = == @9

A is nominally energy-independent. A encompasses the semiconductor optical reduced masses,

transition matrix element and has an inverse relation with the medium refractive index where

the latter is presumably a slowly varying function of energy. « is plotted in Figure 2.3a with and
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without excitonic effects, with large differences even for above-bandgap, unbound absorption
range. The empirical approximation of equation (2.8) is derived, and presented in equation (2.9),
which has the advantage of being able to be convolved analytically with Gaussian and

Lorentzian distribution functions.

a = ARy'? 2Ryoz -

N S[E-E, +Ry,/n’]
+
n=1 n

E-E, +Ry,

ARyé’ZLUnitStep[E -E,] +( jUnitStep[E -E, - Ryo]/58] (2.9)

0
It is noted that the first term (top line) of equation 2.9 is the contribution from excitonic
transition whereas, the rest of the terms (bottom line) are associated with free carrier transition
affected by the exciton binding energy. It is important to note that this expression is accurate to
within 1% for 20Ry, above the bandgap. Homogeneous (convolution of equation 2.9 with a
Lorentzian distribution; equation 2.10) and inhomogeneous (convolution of equation 2.9 with a
Gaussian distribution; equation 2.11) broadening would smear «, with Figure 2.3b showing
Lorentzian broadening effects. Once broadening full width at half maximum (FWHM or 2TI)
exceeds ~3Ry,, excitonic peaks disappear (similarly for inhomogeneous broadening and

combined pseudo-Voigt profile composed of weighted sum of Lorentzian (L) and Gaussian (G)
profiles with a common FWHM [102] — 2I" = 2,/2In(2) o, where o is the Gaussian standard

deviation). Importantly, this implies that lack of an excitonic peak does not necessarily mean

that excitonic effects upon absorption are small in organic-inorganic lead halide perovskites.

: N 3 E-E
oL =R | 2RY, > L ————+| 0.5+ ArcTan S\ x
E 7 i1 (E-E,+Ry,/n°)"+T r

E-E,—R E-E,—-R — — E -E -R
ArcTan s R | ( o ~RYo) ArcTan(E En j (E-E,) +( n By “RYo)
r 587 Ry, r 587 Ry, 116Ry,

r n (E-E, —Ry,)*+TI?
116Ry, 7 (E-E,) +T?
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(2.10)

ARyE N e—(E—Eg-¢—Ry0/nz)2/20'2 E—-E
a*G = 0 J2R + |1+ Erf 9 2
E yo; n’\2z o \/2—0'

SRRt (E_E R E-E, -R
+2€ +( d yO){l+Erf( g yoj

5827 116 Ry, V2o

(2.11)

It is confirmed that a maximum of 100 discrete excitonic states (i.e. n=100) suffice, above

which changes in the theoretical spectrum are not apparent.

We further considered improving the fits to the experimental spectra by following Toyozawa’s
derivation of exciton absorption line-shape [103] in which the broadening associated with each
excitonic state in the hydrogen-like line series and that of the continuum absorption differ.
Commonly, an asymmetry parameter (<<1) accounting for exciton discrete states interaction
with the continuum of states is also introduced, which is not taken into account in the line-shape
modelling here. We considered scaling the half width at half maximum (HWHM) of the excited
excitonic states [58] through:

-y

" =T,
X C r]2

(2.12)

where T, T, T{"and n are the HWHM of the exciton ground state (i.e. n=1), continuum of

states and the excited excitonic states and the principle quantum number, respectively. Note that
the first two are independent free fitting parameters. It is noteworthy that this relationship
between the damping parameters of the states is an empirical one giving reasonable fits with
acceptable physical parameters for 111-V and 11-VI semiconductors [58, 59]. This formalism

indicates that the damping parameter increases with energy (i.e. quantum number) of the states.
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2.4.1.2 Absorption Band-edge Fitting Procedure

In order to apply a consistent approach to all the fittings to the experimental optical
density/absorption coefficient spectra and to lessen the effect of valence- and conduction-band
non-parabolicity expected in organic-inorganic perovskites [104], we have fitted the data within

one binding energy plus a multiple of I' (i.e. HWHM of the Lorentzian broadening function)

above the band gap or parametrically, E; +[Ry, + f xI']. However, assigning 1.0, 1.25 or 1.5

to f does not affect the extracted fitting parameters noticeably, in particular, the exciton

binding energy. As such, all the results presented in this chapter have been obtained using the

multiplier, f , equal to 1.0. Matlab R2012b software was used for all the fitting purposes. In

order to minimize the chance of trapping in any local minima we primarily covered the full
parameter space by using the multistart solver — as the global search function — with Isgcurvefit
as the local solver. The optimum parameters obtained in this way were used as input to the
nlinfit function, using Levenberg-Marquardt nonlinear least squares algorithm, to extract the

final optimum fitting parameters and the corresponding 95% confidence levels.

2.4.2 Assessment of the Excitonic Nature of the Absorption Band-edge

As for our measurements using good-quality bromide and iodide samples (Figures 2.3c and
2.3d; see Figure 2.4 for a top-view SEM image of the CH3NHsPbl; sample) the temperature
dependent absorption-edge measurements almost invariably resemble Figure 2.2b. The
excitonic origin of the common features requires confirmation if excitonic binding energies are
extracted by curve-fitting as in recent literature [72, 73, 76]. Apart from visual similarities, other
evidence is also compelling. Grancini et al. [17] observe room-temperature excitonic signatures
in recent pump-probe differential transmittivity measurements. Besides, a recent paper reporting
the first broadband ultrafast photomodulated spectroscopy on these perovskites unravelled the
coexistence of excitons and free carriers in CHsNH3Pbl; upon photoexcitation [69] (by
resolving the mid-IR band-like photo-induced absorption). Behaviour as material parameters

vary provides additional evidence. In layered perovskites, binding energy and oscillator strength
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increase as dimensionality reduces, with obvious 3D feature continuity [79, 105, 106].
Similarly, replacing | by Br reduces permittivity, enhancing excitonic features, as in Figure

2.3c.

Difficulty identifying alternative explanations provides further support, with high joint-density-
of-states required over narrow energy ranges. In good-quality crystals, Shi et al. [107] fail to
observe peaks (weak transmission through thick crystals possibly merging with a largely
wavelength-independent background, explaining the unexpected saturation of extracted values
at and above the absorption-edge). Attributing the lack of peaks to improved material [107]
lacks support from other data, suggesting instead that peaks strengthen as material improves.
D’Innocenzo et al. [36] report stronger peaks in better quality Cl-doped films than in pure
iodide (see Figure 2.5). Our peaks for pure iodide are in turn stronger than reported by
D’Innocenzo since prepared using techniques giving better crystal quality [46] (see Figure 2.4

and 2.5).

Although peaks suggest excitons can be generated rapidly at corresponding energies, this does
not mean excitonic concentrations are necessarily high, with these rather depending on the rates

of recombination and dissociation into unbound carriers [4].

=1

Abs. Coeff. (a.u.)

a, (w)
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Figure 2.3 Theoretical absorption coefficient and experimental temperature-dependent optical
density (OD) spectrum. (a) Solid black lines show the un-smeared theoretical absorption coefficient
spectrum of Elliot [78], illustrating the discrete hydrogen-like excitonic transitions (up to three states
shown) and the above bandgap correlated absorption. Red dash-dotted line depicts the corresponding
uncorrelated above bandgap absorption correctly scaled (i.e. by a factor of 1/2x at E-E¢~Ryj). The latter is
a simple square root dependence of joint density of states on energy. (b) Lorentzian-only smeared version
of Elliot’s theoretical spectrum, showing the effect of various ratios of the full width at half maximum
(FWHM or 2T') to the exciton binding energy (Ryp). (c) Optical density spectrum of good quality
CH3NH3PbBr; and (d) CH3NH3Pbl; perovskite samples, both measured from room temperature down to
7-8 K. The arrows illustrate the direction of the absorption edge displacement with temperature (jump

between 120-170 K for iodide is due to phase transition).
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Figure 2.4 CH3NH;3Pbl; film morphology. The top-view SEM image of a CH3NH3Pbl; film illustrating
distribution of grains with 300-500 nm in size.
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Figure 2.5 Material quality comparison with literature. Optical density spectrum at 40K of

CH3NHsPbl; (red) and CH3NHsPbl; «Cly (orange) reported by D’Innocenzo et al. [36] and CH3NH3Pbl;
(brown) used in this study are presented. The shifted spectrum of the CH3NH3Pbl;Cl, (purple) towards
lower energies is provided for clear comparison of its spectrum broadening with that of the CH3NH3Pbls.
The comparison shows the high quality of the CH3NH3Pbl; material used in this work with much smaller
spectrum broadening than that of CH3NH;Pbl; reported by D’Innocenzo in ref. [36] (i.e. indicative of its

higher crystallinity). The broadening observed for the CH3;NH;Pbl; material in this work is also
comparable to that of the CH3NHsPbl; xCly in ref. [36].

Additional support for excitonic origins would emerge if extracted binding energies agreed with
theory. Ab-initio excitonic calculations pose challenges [72, 101], limiting calculations largely
to hydrogenic, invoking effective masses and host medium permittivity. Wide-ranging literature

values [35, 36, 72, 99, 108] result from perovskite permittivity varying enormously from

microwave to optical frequencies as dipolar then ionic contributions wane [4, 108].

2.4.3 Carrier-phonon Interaction Consideration

More realistic calculations would include carrier-lattice interactions. Although not explored to
any depth in the existing literature (by the time the corresponding article was published),
carriers in these ionic perovskites will polarize the lattice. Carriers and induced polarization can

be treated as quasi-particulate polarons [109], with properties depending on phonon coupling,
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particularly with longitudinal optical (LO) phonons (involving positive and negative ions

vibrating out of phase, creating strongly interactive electric fields [110]).

The literature on both polarons and polaronic excitons [37, 109-111] is generally limited to
cases where the material hosts a single LO mode, while multiple external LO modes are
expected for these perovskites. Hellwarth and Biaggio [37] provide insight into how such
multiple LO modes might best be handled as an equivalent single mode, with these equivalent
values able to “be used with confidence in existing polaron theories that only consider one LO
mode”. They find that the equivalent LO mode coupling strength (W), in the related case of
determining electron mobility, is reasonably treated as an accumulation of coupling strengths
associated with all the LO modes (W;) but is weighted by the strongest (square of equivalent

coupling strength is equal to the sum of squares of individual coupling strengths):
m

W, =D W? (2.13)
i=1

However, the equivalent LO energy is biased towards the lower energy LO modes (one

suggested algorithm gives the inverse square of equivalent LO energy (@, o, ) equal to the sum

of the inverse squares of the actual LO energies (@, ;) weighted by the square of the associated

coupling strength, equation 2.14; another gives the inverse of the equivalent LO energy equal to
the sum of the inverses of the actual LO energies weighted by the square of the associated

coupling strength multiplied by a term depending on phonon occupancy, equation 2.15).

W & w?
7 =23 (2.14)
Oloe  i=1 Wig
2 m W.Z
¢ coth(p,/2) = coth(,/2) (2.15)
Loe i=1 @0

where S, =l o, /KT and B, =l o /KT .
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To calculate the binding energy of the 1S excitons created in a polar semiconductor in
interaction with a cloud of virtual phonons (i.e. polaronic exciton problem), the variational
functional approach of Kane [111] was adapted which is applicable to weak- and intermediate-
coupling modes. Kane’s formalism is a modified version of the Pollman-Bdttner [112]
perturbation theory method in which renormalization of the optical frequency dielectric constant
and bare effective masses for static dielectric constant and polaronic masses is accounted for,
respectively, in the weak-coupling regime whereas, Pollman-Buttner only considered the former

renormalization.

The critical fundamental physical parameters of the material influencing the generated excitonic
binding energy in such polar medium are the effective mass ratio of the charge carriers,

permittivity with and without ionic contributions (&,,and ¢, respectively) and relevant

longitudinal optical phonon energy. Due to the uncertainty associated with the
calculated/measured above-mentioned parameters in the literature (provided in Table 2.2),
regions of plausible exciton binding energy values are calculated instead. To calculate the
exciton binding energy and its corresponding single effective LO phonon energy, subsequent to
finding the appropriate electron to hole bare effective mass ratio in Table I of Kane’s seminal
paper, the unknown parameter in Eq. 47 [111] was calculated through which the binding
energies can be directly calculated using Eq. 46. Thereafter, the corresponding LO phonon

energies from Eq. 51 of ref. [111] was calculated.

Based on the polaronic exciton theory of Kane [111], giving reasonable experimental agreement
for other materials, Figure 2.6a shows calculated binding energies for CHsNHsPbl; and
CH;NH;PbBr; as a function of effective LO energy, band-edge bare (rigid) effective masses and
permittivity (both with and without ionic contributions). LO energies in these perovskites are
not yet well-established, even for better-studied [113] inorganic CsPbCls;. Despite larger
methylammonium (MA) ionic radius, the MA ion is lighter than Cs (molar mass 36.1 versus

132.9). For external lattice phonon modes, where the MA ion vibrates as a unit, higher
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frequencies would be expected than for corresponding Cs compounds. Additionally, MA ions

introduce internal modes at frequencies greater than 280 cm™ [114], related to vibrational modes

of isolated ions [115].
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Figure 2.6 Exciton-polaron interactions, fit to the relative permittivity and decomposition of the

absorption band-edge fit. (a) The exciton binding energy ranges depicted for CH3NH3Pbl; (brown

backward hatched area between short-dashed curves) and CH;NHsPbBr; (orange forward hatched area

between dash-dotted curves) are due to the uncertainty associated with literature values of the

calculated/measured carrier bare effective masses and dielectric constants. Further details on the

references from which the basic physical parameters are extracted are provided in Table 2.2. (b)

Experimental real (open dark blue squares covering the range from 10 kHz to 100 THz; filled purple

squares illustrate optical frequency range including near-infrared (NIR) range (800-2500 nm) with
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permittivity of ., ~ 5.1) and imaginary (open blue circles covering the range from 10 kHz to 100 THz;
filled violet circles show optical frequency range) components of the relative permittivity at 298 K fitted
by equation 2.17 of the text. Solid black and red lines are the real and imaginary parts of the fit by LST
theory, respectively. (c) Optical density spectrum band-edge decomposition of CH;NHsPbBr; at room
temperature. The actual Elliot theory is homogeneously broadened with pseudo-Voigt profile (black solid
line) with its decomposed discrete and continuum components illustrated. The FWHM is 2" = 73.6
meV. Blue solid line is the theory convolved with pseudo-Voigt profile and further modified using scaled

broadening of the states via equation (2.12). The optimum FWHM values for the excitonic ground state
and continuum of states — as the free parameters — are 2I'\) = 742 meV and 2, = 65.2 meV,

respectively. The exciton binding energy obtained using the modified theory is Ryy = 42.9 + 3.4 meV.

84 —O—Exp.
T'heory
= = +Ground State

———n=2

64 —-=-no«x
=== Continuum of States
—— Modified Theory

Abs. Coeff. (x10* cm")

Energy (eV)

Figure 2.7 CH3;NH;PbBr; room temperature absorption coefficient spectrum band-edge
decomposition and fit assessment. The actual theory is homogeneously broadened with p-Voigt profile

(black solid line) with its decomposed discrete states and continuum of states components illustrated. The

effective exciton binding energy, FWHM and band gap are Ry, = 37.2 meV, 2I'= 72.0 meV and Eg =

2396.2 + 1.4 meV. Blue solid line is the theory convolved with p-Voigt profile and further modified using

scaled broadening of the states as explained in equation (2.12). The optimum FWHM values for the
ground excitonic and continuum of states — as the free parameters — are ZFS) =66.9 meV and 2, =

50.1 meV, respectively. Effective exciton binding energy and electronic band gap are Ry, = 39.6 meV and

E, =2397.5+ 1.4 meV, respectively.
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Table 2.2 References to the physical parameters used in the theoretical Ry, calculation presented in

Figure 2.6a.
g:x) 8ion mz and mi:
Upper Bound Theory [116] Experiment [117] Theory [118]
CH3NH;Pbl; .
Lower Bound Experiment Experiment [83] Theory [104]
[35, 81]
Upper Bound Theory [108] Experiment [83] Theory [108]
Scaled
according to
CHaNHPbBT, lower bo?md
Lower Bound Experiment [81] Experiment [83] .
of carrier
mass ratio of
triiodide

The number of external and internal normal modes can be derived from combined symmetries
of lattice and molecular groups [115], at least in orthorhombic phases, with this number
decreasing as temperature and structural symmetry increase. The ideal high temperature cubic
structure (Space group 221), assumed by room temperature CH3NH3PbBr;, has no Raman-
active external modes but three triply-degenerate infrared-active external modes [119], each
splitting into a doubly-degenerate TO and an LO mode in polar material. In reduced symmetry
phases, both atoms/unit cell and phonon modes increase, similar to a zone-folding effect. The
likely room temperature CH3sNHsPbl; phase (Space group 140, rather than its subgroup 108) has

8 triply degenerate infrared-active and 7 Raman external modes [119].

Since translational symmetry is destroyed when MA ions distribute randomly between allowed
orientations, evaluating phononic properties from high-temperature Raman and infrared
measurements poses difficulties (as was also recently identified by Walsh’s group [114]).

Selection rules are invalidated as demonstrated for CH3;NH3PbCl; where distinctive Raman
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peaks in the orthorhombic phase disappear in the tetragonal [120]. Phonons from the entire
Brillouin zone can contribute to Raman signals, nullifying strong resonances. Evidence for
CH3NH;Pbl; dissociating under high-intensity Raman illumination creates further uncertainties,

with Raman features attributed to by-products [121], specifically Pbl,.

Permittivity provides an alternative path to deducing LO energies. In ionic materials, the
generalized Lyddane-Sachs-Teller (LST) relationship [122] links low and high frequency

permittivity (&,) through radial frequencies of infrared-active LO and TO phonons (@ o; and

oroi, respectively, with broadenings of I'; andI7; ):

i 2 H 2
' (a) i —lal’| 5 —w )
2

g(a)) =g (2.16)

o0

2 -
(a) Toi —lol Ty — @

Chaves and Porto [122] maintain that the formal basis of equation (2.16) evaporates when
internal motion defying description by independent damped oscillators is present, such as
internal molecular rotations. They derive a more general relationship encompassing dipolar,

ionic and electronic components of present interest:

£(o) D, +o (@) + /2] —iely -’

o iy + wH (a’TOi )2 +(FTOi /2)2 —lolg — o’

(2.17)

where I', and I3, are the relaxation frequencies associated with order-disorder kind of

mechanisms (similarly described by Debye relaxation) occurring in the microwave range or
lower frequencies of ferroelectrics [122]. This factorized model capable of describing
asymmetric modes requires I',>I7, (see Table 2.3). CH3NH;Pbl; permittivity has been
measured from 20 Hz to 1 PHz [4, 35, 117], with data well described by this formula (Figure
2.6Db), at least when contributions below 10 kHz from ion migration are excluded [35, 123]. Two
phonons were detected in THz measurements [117], although best fit to the wider data range

arises if 4 TO-LO pairs are considered, with fitting parameters in Table 2.3. From this fit, LO
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phonon energies and coupling strengths can be determined (= o, ;- @rq; ), giving an effective

polaronic LO energy of 33.1 + 11.3 cm™ (4.1 + 1.4 meV) from both earlier algorithms
(uncertainty is estimated from 3 and 5 phonon fits to these data). For CHs;NHsPbBr3, effective
LO energies are higher since Br is lighter (experimentally supported value 1.45 times higher
[121]). The effective LO energy calculated here is consistent with the values very recently
reported (after the article corresponding to this chapter was published [20]) by Diab et. al for
CH3NH3Pbl; single crystals [40] and by Kumar et al. for CH3NHzPbBr; polycrystalline thin
films [124] measured from fittings to the temperature-dependent photoluminescence spectra

line-width broadening.

Table 2.3 Optimum fitting parameters in equation (2.17) used to fit the experimental permittivity data

presented in Figure 2.6b (the figures are in THz).

Modes Do Wroi L I Iy Iy
1 0.9054 0.0035 2.5645 2.4438
2 1.0476 0.9969 0.2412 0.2768
0.0722 0.0275
3 1.2066 1.0476 2.0538 0.8349
4 1.2950 1.2066 1.1620 0.7028

2.4.4 Comparison of Theory with Experiment

To complete comparison with theory, experimental binding energies were deduced simply by
fitting equation (2.8), including pseudo-Voigt broadening [102], to optical densities of Figures
2.3c and 2.3d. Figure 2.6c¢ illustrates the good fits obtained over the selected fitting range,
showing small but systematic deviations near excited exciton state energies (see Figure 2.7 for

fit to the absorption coefficient spectrum of CH;NH;PbBr;). These could be due to non-

38




Polaronic-Exciton Binding Energy in Methylammonium Lead Trihalide Polycrystalline Thin
Films

hydrogenic excited states arising from anisotropic effective masses, different broadening for
different states, or additional unmodeled absorption, such as from LO phonon replicas of
excitonic features. Although introducing additional parameters improves fits, the minimal
parameter model of equation (2.9) was retained since there was insufficient physical basis for
refinement and also the impact upon the extracted binding energy was relatively small. The only
fitting parameters are bandgap E4, ground state binding energy Ry,, broadening FWHM (2I)
and the pseudo-Voigt Lorentzian fraction. Values so extracted for Ry,, FWHM and E, are

shown in Figures 2.8a to 2.8d, with pseudo-Voigt fraction in Figure 2.11.
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Figure 2.8 Temperature-dependent variation of exciton binding energy, broadening and bandgap

of CH3NH3PbBr; and CH3NHsPbls. (a and ¢) Parameters are obtained by fitting the band-edge of
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experimental OD spectrum in Figure 2.1c. (a) Brown circles and orange squares show FWHM and
effective Rydberg values, respectively. The violet triangle indicates the exciton binding energy value
from the absorption coefficient spectrum by the non-modified theory (corresponding to Figure 7). (c)
Variation of the bandgap with temperature from 7 K to 298 K, with a linear function used to fit the
temperature range above 140 K (encompassing tetragonal and cubic phases). Error bars reflect 95%
confidence intervals of fitting parameters of the nonlinear least-square fit, rather than total measurement
uncertainty. (b and d) Parameters are obtained by fitting the band-edge of experimental OD spectrum in
Figure 2.2d. (b) Violet pentagons and purple rhomboids show FWHM and effective Rydberg values,
respectively. The pink circle symbol indicates the exciton binding energy value from the fit to the
absorption coefficient spectrum (see Figure 2.9). The star symbol is the mean value obtained from a
collection of RT data presented in Figure 2.12. (d) Variation of the band gap with temperature in the
orthorhombic and tetragonal phases is shown with the latter phase fitted by a linear function. The
numbers depicted in (c) and (d) are, respectively, the bandgaps of CHsNHsPbBr; and CH3NH3Pbls,

obtained by fitting the absorption spectrum at RT.
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Figure 2.9 CH3NHsPbl; Absorption coefficient spectrum band-edge fit assessment at room
temperature. (a) Absorption coefficient of CHs;NHsPbl; (grey open square) was measured using
spectroscopy ellipsometry at room temperature. Black solid line shows the actual fit to the band-edge
with effective Rydberg of 11.1 + 0.1 meV. Blue short dash and the orange dash-dot dot lines illustrate
force-fitted theoretical spectrum by Ry, of 5.0 meV and 24.0 meV, respectively. These values are half and
double that of the optimum effective exciton binding energy. The FWHM and band gap are set as free

parameters in the force-fits.
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Figure 2.10 shows the effect of sample storage in a nitrogen purged glovebox upon the extracted
exciton binding energy values. Also demonstrated is the insensitivity to use of absolute

absorption coefficient values or optical density data.
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Figure 2.10 Temperature-dependent exciton binding energy of CH;NHsPbl; thin films measured on
different substrates and at various times after fabrication. The exciton binding energies are obtained
from optical density at various temperatures and from absorption coefficient only at room temperature.
The perovskite film was deposited on two different types of glasses namely, soda-lime and normal
microscope glass. In addition, exciton binding energies were collected at various times after sample

deposition. The RT mean value is presented by red star symbol and the 95% confidence interval is

calculated via student’s t-test.
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Figure 2.11 Lorentzian contribution to the pseudo-Voigt broadening of the absorption spectrum.
The increasing contribution of the Lorentzian broadening profile — or the corresponding deceasing
contribution of the Gaussian broadening — with temperature to the pseudo-Voigt profile by which the
theoretical spectrum is smeared is illustrated for CH;NHsPbl; and CH;NH3PBrs; perovskites. The data are
presented for the room temperature tetragonal phase of CH3NH3Pbl; and tetragonal and cubic phases’

temperature range (=£140°C) of CH3NH3PbBrs;.

For CH3NHsPbBr3, extracted binding energies are largely temperature independent with room
temperature value of 35.0 = 5.6 meV. This is in accordance with the recent finding that the
excitons are present even at room temperature for single crystals of tribromide perovskite [125].
For CH3NH3Pbls, binding energy of 25.4 + 2.8 meV is deduced for the low temperature
orthorhombic phase, reducing to 12.3 + 2.6 meV at room temperature, consistent with the recent
work by Nicholas and co-workers [21]. FWHM is large even at low temperatures, as previously
noted for these perovskites [126]. MA ions are ordered at such temperatures, necessitating
explanations not involving changing orientation or translational symmetry violation, with strong
LO phonon interaction one possibility [126, 127]. The distribution of grains with large defect
density among the dominant high-quality crystals with the former resulting in apparent red-shift
and broadening of the corresponding localized photoluminescence spectrum with noticeably
lower carrier lifetime is supportive of the large spectrum bulk broadening [128]. These large
broadening parameters prevent the appearance of the peaks associated with the exciton 2S state
in steady state absorption measurement, with a relevant example of ZnS versus ZnSe, where the
first excitonic excited state of the latter is clearly detected in its low-temperature absorption
spectrum although having lower binding energy compared to the former, mainly due to the
larger spectrum broadening of ZnS [59]. FWHM increases with increasing temperature, well
described by a thermally-activated component with activation energy 57.9 meV for bromide and
24.1 meV for iodide (see Figure 2.12), an energy variously equated to exciton binding energy

[36] and LO phonon energy. However, these values are apparently too high in the present case
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for either. As shown in Figure 2.6a, experimental exciton binding energies are consistent with

polaronic calculations, taking into account the effective LO phonon energy previously deduced.

3.5
3.45
a
_ 3.0 3304
g8 ~
= g
| 2.5 =315
=} |
RS 3
= < 3.00
= 2.0 =7
E = 671.6xk x1E3/e = 57.9 meV 2854 E=280.2xk x1E3/e =24.1 meV
1.5
]
T T T 2.?“ T T T L T
0.003 0.004 0.005 0.006 0.0030  0.0035 0.0040 0.0045 00050 0.0055 0.0060
-1
/T (K™ UT (K™

Figure 2.12 Thermally activated component of the absorption spectrum broadening. Linear fit to the
natural logarithm of the difference between the absorption spectrum broadening (%) at a temperature and
the intrinsic broadening at 7.5 K (%wy) with respect to the temperature inverse for triiodide (a) and

tribromide (b) polycrystalline thin films.

Unlike tetrahedrally-coordinated semiconductors, bandgaps of both perovskites increase with
temperature with this counterbalanced, for the iodide, by sudden reduction at the orthorhombic
to tetragonal phase transition. In tetragonal and cubic phases, resulting bandgaps are (Eqin meV,

T in Kelvin):

E,(Br)=2299+0.2994xT ; E,(1)=1577+0.2273xT (2.18)

Absorption thresholds, as often inappropriately determined by Tauc plots [4], lie at lower

energies, since both binding energy and broadening contributions must be subtracted.

In summary, the results of this chapter show that polaronic effects are likely to play a major role
in determining excitonic properties in organic-inorganic lead halide perovskites. Evaluating an
effective LO phonon energy to describe these effects results in higher exciton binding energies

than if only the highest energy LO phonons are considered. By including the polaronic effects
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theoretical binding energy values which fall intermediate between the extremes of previous
calculations, consistent with experimental values deduced from the present high quality

CH3NH3PbBr; and CH3NH3Pbl; samples, are obtained.
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3 Electro- and photo-luminescence Imaging of

Perovskite Solar Cells

3.1 Background

Light absorption, upon illumination of a solar cell, is the first step towards its operation. The
absorption spectrum and its coefficient are important factors in the determination of the extent
of light which can be trapped in the active semiconductor layer creating extractable charge
carriers. An important fundamental physical parameter which directly affects the strength of
light absorption and would influence the fraction of the free carriers in the photo-generated
species is the semiconductor exciton binding energy. The latter was elaborated for CH3NH3Pbls

and its tribromide counterpart in the previous Chapter.

Also relevant to the band-to-band absorption coefficient, is the spontaneous emission (i.e.
luminescence) radiated out of a semiconductor. There is a linear proportionality correlation
between the two [129, 130] (the theory is presented and discussed in section 3.3 of the current
Chapter). Analysis of photoluminescence (PL) intensity, emission caused by radiative
recombination of the photo-generated charge carriers (created upon illumination), is an
important technique that provides insight into the active layer quality and also the implied open-
circuit of a solar cell. Spatial investigation of the luminescence intensity would then be useful to
characterize full devices both for performance improvement and for long-term operational

assessment.

Photoluminescence and Electroluminescence (EL) imaging characterization techniques have
been widely used to spatially investigate the efficiency limiting factors of partially and fully
processed solar cells [38, 131, 132]. By exploring the charge carrier radiative recombination
properties, detailed information about the distribution of non-radiative recombination centres,

resistive and optical losses in solar cells can be obtained [39, 131-133]. However, the
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application of these techniques in understanding the electrical properties of PSCs is still being

developed [39, 133-135].

Photoluminescence measurements are based on the detection of photons generated by radiative
recombination of the photo-generated electron-hole pairs, the majority of them being in the form
of free carriers in the CH3;NHsPbl; layer [20]. The parallel competitor mechanism for radiative
recombination is non-radiative carrier recombination such as: Shockley-Read-Hall
recombination (SRH) [136-138], surface recombination at the interface between the perovskite
and the charge carrier selective contacts [139], and higher order excitation density dependent

Auger recombination [140].

Electroluminescence is based on the detection of photons generated from radiatively
recombined charge carriers which are electrically injected into the active layer (i.e.,
CH3NH;Pbls) of the solar cell upon applying voltage bias to the contacts. Imaging of the spatial
distribution of EL intensity provides combined information regarding carrier recombination and
series resistance (R;). EL imaging has been used as a robust stand-alone characterization tool
[141] for characterization of a wide range of thin film solar cells such as copper indium gallium

selenide (CIGS) [132] and organic solar cells [142].

3.2 Experimental Methods

3.2.1 Materials

Chemicals were purchased from Alfa Aesar (lead iodide, 99.999%), Sigma-Aldrich
(methylamine  solution,  hydriodic  acid  solution,  4-tert-butylpyridine, lithium
bis(trifluoromethlysulfonyl)imide (LiTFSI)) and Luminescence Technology Corporation
(2,2',7,7'-tetrakis-(N,N-di-4-methoxyphenylamino)-9,9’-spirobifluorene (Spiro-OMeTAD)) and
used as received. FTO glass (3.2 mm thick, 8 Q sq ' sheet resistance) was purchased from
Dyesol. Ultraviolet-curable resin (XNR5516ZB1) was purchased from Nagase ChemteX

Corporation. CHsNHzl was synthesized by mixing solutions of CHsNH, (20 mL, 0.23 mol, 40
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wt% in water) and HI (10 mL, 76 mmol, 57 wt% in water) in water (100 mL). After stirring for
1 h, all volatiles were removed on a rotary evaporator at 60 °C. The product was dried in high

vacuum (107 bar) at 60 °C for 24 h.

3.2.2 Solar Cell Preparation

Device fabrication was performed according to a published procedure by Huang et al. [46] in
which the CH3NH3PbI3 layer of the solar cells was deposited via a gas-assisted fast
crystallisation technique. Briefly, a dense titanium dioxide (c-TiO,) blocking layer was
deposited on a clean fluorine-doped tin oxide (FTO) glass by spray pyrolysis of a
Ti(acac),(PrO),  (bis(isopropoxide)bis(acetylacetonato)  titanium(IV))  solution  (1:9
Ti(acac),('PrO),:isopropanol) at 475 °C. After cooling down to room temperature, a perovskite
film was formed by spin coating a solution of CH3;NHsPbl; in dimethylformamide (45 wt%,
prepared from Pbl, and CH3NH;l in a molar ratio of 1:1) at 6000 rpm for 30 s with the
assistance of a nitrogen flow (60 psi) after 2.5 s. The substrate was then annealed at 100 C on a
hotplate for 10 min. After cooling down to room temperature, a Spiro-OMeTAD solution in
chlorobenzene (containing 40.8 mg Spiro-OMeTAD, 3.25mg lithium
bis(trifluoromethylsulphonyl)imide in 7.8 pL acetonitrile and 16.8 pL 4-tert-butylpyridine in
500 pL chlorobenzene) was spin coated on the perovskite film, followed by thermal deposition
of 80 nm of gold. The device was then encapsulated by a cover glass with ultraviolet-curable
adhesive inside a nitrogen filled glove box according to a procedure of Han et al. [143]. We
note that all the devices used in this Chapter and the following Chapter were fabricated using
the abovementioned method and were encapsulated so as to minimize the impact of oxidation

and moisture on the measurements.

3.2.3 J-V Characterization

The current density-voltage (J-V) measurements were performed under AM1.5G illumination
(100 mW-cm™) using an Oriel solar simulator (model 94023A) and Keithley 2400 source meter.

The J-V measurements were made on a defined area using a 0.16 cm? mask with a circular
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aperture (4.5 mm in diameter). In all measurements the voltage was swept between 1.2 and —0.1

V with a scan rate of 30 mV s .

3.2.4 Steady-state Spectral Photoluminescence Measurement

Steady-state (time-integrated) photoluminescence (SSPL) was used to characterize the PL peak
position and spectra broadening. SSPL measurements were performed with a 405 nm, 60 mW,
1.5 mm-diameter excitation beam and a Si CCD camera. A 442 nm long-pass filter was used to

remove the excitation beam from detection.

3.2.5 Electroluminescence and Photoluminescence Imaging

For photoluminescence and electroluminescence imaging measurements, a commercial 1-mega-
pixel silicon charge-coupled device (CCD) camera (Princeton Instruments, Trenton, NJ, USA)
was used to detect the luminescence signal. A 750-850 nm bandpass filter was used prior to the
camera collection lens to exclusively detect the emission from the perovskite active layer. A 630
nm red LED was used as the excitation light source for photoluminescence measurements with
low irradiance at the device surface, up to 0.1 Sun-equivalent illumination intensity. The voltage
bias was controlled by a Source Measurement Unit, Agilent Technologies, controlled via

computer software. The whole imaging setup was located inside a light-blocking box.

3.3 Evaluating the Generalized Planck’s Emission Law in

Planar Structured Perovskite Solar Cells

Luminescence emission by direct and indirect transitions can be described by the generalised
Planck’s emission law [129, 144]. This generalisation is valid for optical transitions occurring
between two bands of energy states that are separated by an energy gap and occupied according
to separate thermal distributions, each characterised by separate quasi-Fermi energies [129,
145]. It has been derived theoretically and validated experimentally for direct [146] and for

indirect [147] semiconductors. According to this emission law, the rate of spontaneous emission
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drem(ficw) of photons with energy between 7w and Ao + dhiw into a solid angle Q is given by the

absorption coefficient a(w) and the difference of the quasi-Fermi energies An [145, 148]:

dr, (ho) = a(ho) ;;iyfn d(ho) (3.1)
EXp (?) -1
b

where c, is the velocity of the photons in an emitting medium with a refractive index n (c, =
Co/n, where ¢, is the speed of light in vacuum), D, is the density of states per solid angle for

photons in the medium, k, is Boltzmann’s constant and T is the temperature in kelvin. In the
case where (iw — An)>> k,T, such as in this study, Boltzmann approximation is valid and
equation (3.1) can be written in a simpler form:

dr. (1) = a(ho)exp (#)07 Derxp(kA—Z)d (ho). (32)

b

The detected luminescence Ry can be determined by integrating equation 3.2 (or equally
equation 3.1) and taking into account multiple reflections from both surfaces and the quantum

efficiency of the detection system.

The value of A7 in the absorber of a solar cell upon illumination represents a fundamental
upper limit for the open circuit voltage of the device. For silicon solar cells the exponential
relationship between PL intensity and A7 has been used to extract quantitative implied

voltages from partially processed cells. An exponential relationship of the form
qVv V
R, cexp(—) =exp(— 3.3
det Xp( ka ) Xp (Vth ) ( )

is expected between Ry and the device terminal voltage V (where Vy, = kT/q is the thermal
voltage), for the cases where there is no voltage drop over a series resistance. This relationship

was experimentally demonstrated for silicon [147], amorphous silicon, CIGS and dye sensitized
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[145] solar cells. We investigate the validation of this formalism for PSCs using both PL and EL

imaging measurements in the following subsections.

3.3.1 Required Corrections to the Images

In the following the corrections needed in order to obtain reliable quantitative intensities for the
measured PL and EL data are explained. Figure 3.1a presents luminescence spectra of a
representative perovskite solar cell used in this study (see Figure 3.1b for the device structure).
Both PL and EL spectra are shown; the PL measurement was performed with an incident photon
flux of 2.2x10' em?.s™, corresponding to an electrical current density of 3.5 mA.cm™ (about
0.1 suns), while the EL measurement was carried out using a forward bias voltage of 1.4 V. In
order to compare between the two spectra, the EL peak intensity was scaled to match the PL
peak intensity. Both emissions have a similar full-width at half maximum and a similar location
of the peak intensity (783 nm); the peak position is in the range reported by others [149, 150].
Significant deviations between the spectra can be observed in the short (< 750 nm) and long (>
810 nm) wavelength ranges. To clarify this observation, the PL spectra of a test sample
containing only an FTO and a compact titanium dioxide (c-TiO,) layer was measured under the
same light intensity. The relatively constant PL emission of this test structure in the wavelength
range 735-810 nm and the long tail in the wavelength range above 810 nm explain the deviation
between the PL and EL, since the FTO-TiO, structure emits luminescence only under
illumination and not under forward bias voltage. As the quantitative analysis methods described
in the paper rely on the luminescence from the active absorber of the solar cell, the optical filters
set of the measurement system was designed to restrict the detected signal to the spectral range
750 nm to 850 nm in order to minimise the contribution of the FTO and c-TiO; to the total
measured PL signal. In addition, for the signal detected in the 735-810 nm range, the
contribution from the FTO-TiO, structure was subtracted at all the illumination intensities in

this study.
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Figure 3.1 Spectral PL and device architecture. a) Luminescence spectra (EL and PL) of a completed
perovskite solar cell and of the FTO-TiO, test structure. b) Schematic of the planar structured PSCs used
in this chapter with glass/FTO/c-TiO,/CH3NHsPbl3/Spiro-OMeTAD/Au. The arrows show the direction

of the incident light on the device.

3.3.2 Photoluminescence Measurement

To verify this relationship for perovskite-based solar cells, PL imaging measurements were
performed and the average PL count (representing the detected PL intensity) from a fully
processed cell was recorded together with the measured terminal voltage, while varying the
illumination intensity between 0.1 and 0.02 suns. Details regarding the fabrication process of
the solar cells and regarding the measurement system is given in the Experimental Methods
section (section 3.2). Before the measurement, the solar cell was light soaked for approximately
20 min under 0.1 suns. Figure 3.2 plots the PL counts in arbitrary units (a.u.) on a semi-
logarithmic scale together with a best fit to an exponential function (as expected from equation
3.3). The obtained good fit (open triangles and dashed line) verifies the exponential relationship
between the PL and the terminal voltage. However, a larger exponential factor was calculated
from the slope (1.13xVy, instead of the predicted Vy,). Spurious PL emission from non-active
layers in the device (such as FTO and TiO,) partly explains these deviations. In order to

separate the PL of the active layers from the non-active layers, the PL emission of a FTO-TiO,
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test sample (i.e. an otherwise identical sample but with no active absorber) was measured at the
same light intensities. The PL from the active layers was then determined by subtraction of the
PL from the non-active layers (FTO-TiO,) from the PL emitted by the perovskite solar cell. The
good fit to an exponential function (filled symbols and solid lines in Figure 3.2) and the
exponential factors in the range 1.05xVy — 1.07xVy, verify the relationship between
luminescence and voltage as predicted by equation (3.3). Note that although a small hysteresis
was observed when performing the measurement from low to high intensity, a similar
exponential factor was detected. This is the first time that this fundamental relationship is
demonstrated for perovskite-based solar cells and the associated work was published in ref.

[39]; this finding enables the use of the wide range of EL- and PL-based analysis techniques to

perovskite cells.

-
=
<
~—
3
=1
=
Q
Q
= 4
o, ]
Vi1.057 )
PLce = =
£ PL (high to low, without correction)
4 PL (high to low, corrected)
® PL (low to high, corrected)
<> PL (low to high, corrected, no light soaking)
107 T T T T
0.800 0.825 0.850 0.875 0.900

Terminal voltage (V)

Figure 3.2 Photoluminescence versus internal voltage. PL counts as a function of terminal voltage for
measurements: (open triangle) from high to low intensity (including the PL emission from the FTO and
TiO,); (filled triangle) from high intensity to low intensity after light-soaking the device; (filled circles)
from low to high intensity after light-soaking the device; and (open diamond) from low to high intensity

without a light soaking. For corrected values, the PL emission from the FTO and TiO, was removed.

The small deviation from the expected unity exponential factor can be related to insufficient

light soaking. To highlight the remarkable effect that light soaking has on the determined factor
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the measurement was repeated; however, this time no light soaking was performed. The FTO—
TiO, corrected curve for the corresponding measurement is also included in Figure 3.2 (open
diamonds). The relatively poor fit (dotted line) and the large exponential factor indicate that
before light soaking the relationship between the luminescence and voltage departs from
equation (3.3) in planar structured PSC. This can be explained by changes of the electrical field
within the device [151, 152]. It can also be related to modification of material properties, such
as bulk doping, due to illumination [136] and by light-induced electrical processes [153], such
as previously proposed trap filling [136, 154] and ion migration [155-157]. Note that the
measurements were done at light intensities below 0.1 suns so as to minimise temperature

variations of the device.

3.3.3 Electroluminescence Measurement

Electroluminescence measurements with an applied forward bias in the dark were also
performed on the same solar cell. The relationship between the average EL intensity and the
applied forward bias voltage is shown on a semi-logarithmic scale in the insert of Figure 3.3 for
a device without being light-soaked prior to EL measurements. The values substantially deviate
from the straight line expected from equation (3.3). In a simplified equivalent circuit, a solar cell
is described as a series connection of a diode representing the cell and a resistor, representing
the finite series resistance Rs associated with current transport from the terminals to the
absorber. The current | associated with a forward bias causes a voltage drop Rs x | across the
series resistance and a corresponding deviation between the terminal voltage and the
electrochemical potential difference at the absorber. Such series resistance effects can be
compensated by plotting the measured luminescence intensity over the Rs-corrected forward
voltage Veor [i-€. Veor = Vioward — (Rs X 1)]. Here Ry is used as a variable parameter; for this cell,
the expected exponential relationship was found for Rs = 19.2 Q, which is within the range of R
values determined from the current-voltage measurements. A similar exponential factor (1.06)

as reported above for the PL data was determined. With this simple correction the exponential
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dependence is confirmed and in addition the ability to extract quantitative series resistance
information from luminescence data is demonstrated, an ability, which can be exploited further

for spatially resolved Ry imaging of perovskite solar cells.
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Figure 3.3 Electroluminescence versus internal voltage. EL counts as a function of the series
resistance-corrected forward bias voltage [Veorr = Viorwara — (Rs X 1), where | is the measured current and Ry

= 19.2 Q for this solar cell]. The device was not light-soaked prior to the voltage biasing for EL

measurements.

3.4 Luminescence Imaging as Fast Screening Technique of

Layer Uniformity

In the previous section we confirmed the validity of the generalised Planck’s emission law
(equation 3.1) for PSCs using EL and PL imaging [39]. The generalised Planck’s law describes
the exponential correlation between the quasi-Fermi energy splitting and the luminescence
intensity [39, 158]. According to the reciprocity theorem [159]:

-
o (E.F) = EQE.,, (E.F)i (E) e qk‘g) -1 4
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where the EL intensity, ¢em(E, F), at any position across the solar cell, ¥, and for photon
energy, E, is proportional to the photovoltaic external quantum efficiency, EQEPV(EaF),

spectral photon density of a black body, ¢Db(E), and the internal junction voltage Vj (F) .gis

the unit charge. According to Planck’s law, a constant junction voltage results in a constant EL
intensity (for specific E). However, the time-dependent behaviour of PL and EL in PSCs in the
order of tens of seconds and longer [160-164], requires primary device stabilization (i.e.,
preconditioning) via poling (i.e., forward biasing) or light-soaking (LS) for this correlation to
hold [39]. These imaging techniques have been also recently used to understand the influence of
CH3;NH;Pbl; crystal size on device performance in mesoporous structure PSC [133]. A very
recent study by Weber and colleagues [165] attempted to address the underlying reasons of
hysteresis in planar and mesoporous structured PSCs using the full area photoluminescence

imaging technique.

In this section, we have exemplified the application of EL/PL imaging techniques for the
detailed analysis of PSC performance by connecting the device electrical parameters to the
features visualized in the corresponding spatially-resolved luminescence images [166]. Planar
structure PSCs with glass/FTO/c-TiO,/CHsNHsPbls/Spiro-OMeTAD/Au architecture (see
Figure 3.1b) were chosen for two reasons: (1) the interpretation of EL/PL images was expected
to be less complex than for devices with a mesoporous structure having light scattering layer;
and (2) the degradation of planar structures has been less intensely investigated in the literature
[167]. Using this system, in the next section, we have further demonstrated the usefulness of
EL/PL imaging for investigating the long-term performance of PSCs as the evolution of the

solar cell electrical parameters is clearly reflected in the EL image.

We first investigated EL imaging as an independent and fast (equal or less than one second
exposure times per image) technique to understand the underlying reasons for variation of the

electrical properties between identically fabricated perovskite devices. Considering equation
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(3.4), in polycrystalline semiconductors [132] such as organic-inorganic lead halide perovskites,
where there is a grain-to-grain optoelectronic variation [51, 52], EQEp, incorporates the

variation of carrier recombination and optical losses on a micrometer length scale. The resistive

losses integrated into the junction voltage are also spatially variable (V; =V, — R, x | where V,

is the applied voltage at the terminals, R is total series resistance and | is the dark injected
current). Luminescence emission detected within a pixel in these imaging techniques is
performed on macroscopic scales and commonly averaged over small fraction of few
millimetres square, which ideally allows the assumption of the spatial independency of EQEgy.
As such, the exponential dependence of EL emission on voltage junction dominates the detected
EL signal, implying the importance of voltage drop over resistive losses [132]. Here, a
comparison between two arbitrarily chosen devices in the same batch, demonstrates the
application of the spatially-resolved EL imaging in linking the extracted electrical parameters

from J-V measurements to features observed in their luminescence maps.

Figure 3.4a shows the relative difference in the electrical parameters of Cell 2 with respect to
Cell 1 measured under forward and reverse voltage sweep directions. While the short-circuit
current density (Jsc) of the two devices is very similar, indicating comparable active layer
thickness and carrier collection efficiency, the fill factor (FF) shows the biggest relative
difference among the electrical parameters with Cell 2 having an approximately 7% higher FF
than Cell 1. Moreover, the FF of both devices is rather low compared to non-encapsulated
devices with the same architecture and fabrication procedure. A decrease in FF upon
encapsulation is generally observed and subject of ongoing investigations. In view of the slopes
of the J-V curves of the two devices around open-circuit voltage (Voc) and Jsc (provided in
Figure 3.5) the major contribution to this difference originates from R as shown in Figure 3.4a.
To gain insights into the causes for the difference in solar cell performance, EL and PL images

of both devices are investigated in detail.
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Figure 3.4 Solar cells photovoltaic parameter, relative EL EQE and EL and PL image comparison.
a) Relative difference in percent of the photovoltaic parameters of Cell 2 with respect to (WRT) Cell 1
measured under Voc — Jsc (FR) and Jsc — Voc (RF) scan directions at a scan rate of 30 mV/s. The series
resistance is obtained from the slope of J-V curve near Voc. For absolute values of the device electrical
parameters see Table 3.1. b and d) EL images under forward voltage bias of 1.05 V for devices 1 and 2,
respectively. ¢ and e) PL images obtained under 0.04 Suns-equivalent light intensity (= 8010* cm?
carrier density) at open-circuit condition for Cells 1 and 2, respectively. The intensity of all images is
normalized to the maximum intensity. f) Full-device averaged EL intensity evolution with voltage for
Cells 1 and 2 (black line-circle and purple line-square curves, respectively), calculated from the images
captured after 30 sec of biasing initiation; Purple dashed curve shows the evolution of EL intensity for
Cell 2 with images captured after 10 sec. The inset depicts the relative quantum yield of the two devices
with respect to their relative dark current density. *Using the linear fit approach to the J-V curve near the
Jsc to extract the Ry, value for the FR scan direction, the calculated slope for both Cell 1 and Cell 2

showed very large error, thus the data were not included in the plot.
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Cell — oweeP S‘EVrf]fl/OlsF?f;te E;of) (\r;O\C/) - AJ-SCCm'Z) (FO /f) Condition
1 Voo dy 30 1009 9811 21.31 4827  Fresh
1 oV 30 786 9744 21.13 3817  Fresh
2 Vy—dg 30 1099 9917 21.59 5133 Fresh
2 Ve 30 861 9771 21.42 4114 Fresh
2 Vo Jg 30 979  1004.1 21.00 46.42 2 months
2 IV 30 816 10015 20.83 39.10 2 months
3 Voo 30 1081 10045 20.55 5238 Fresh
4 Voo 30 1029  978.0 20.75 5073 Fresh

Table 3.1 Device electrical parameters extracted from the J-V curves of solar cells 1, 2, 3 and 4.

Figures 3.4b and 3.4c present EL image of Cell 1 under 1.05 V forward voltage bias and PL at
open-circuit condition (PLoc), respectively. Figures 3.4d and 3.4e show the corresponding
images of Cell 2. The spatial variation in PLoc intensity commonly reflects the effective (i.e.,
bulk and surface) charge carrier recombination properties of the active layer material (i.e.,
CH3NH3Pbl3); a lower defect density results in a higher local voltage and brighter
luminescence. As mentioned above, the EL signal is affected by the perovskite quality, shunting
(e.g., when c-TiO, is in direct contact with the HTM), and also Rs. We note that severe shunting

can also reduce the PL emission.

The more obvious, larger features are described first followed by the smaller features later in
this section. The feature appearing as a dark strip at the bottom of the EL images of Cells 1 and
2 in Figures 3.4b and 3.4d, are near the isolation trench formed on the FTO-glass using laser
scribe. The FTO layer is likely to be absent in this region and the underlying glass has
experienced heat-induced damage before c-TiO, spray deposition [46], leading to a highly

resistive region. These strips appear as an indistinguishably bright region under low-injection

58



Electro- and photo-luminescence Imaging of Perovskite Solar Cells

PL measurement (see Figure 3.4c and 3.4e) demonstrating a negligible contribution from the
perovskite layer to the feature. Photoluminescence images measured at short-circuit condition
showed that these regions appear brighter than the rest of the device, supporting the notion that

higher contact resistance in these regions has increased the local voltage (see Figure 3.5).

Figure 3.5 PL at short-circuit condition. Photoluminescence image of solar cell 2 measured at short-

circuit condition. The intensity is in arbitrary units.

While the EL image of Cell 2 appears quite uniform (Figure 3.4d), prominent features (dark
colour) can be seen in EL image of Cell 1 (see Figure 3.4b). As shown by Rau et al. [132] on
large scale Cu(In,Ga)Se, solar cells, features in EL images are predominately due to resistive
losses, both series and shunt resistances, whereas abrupt drops in EL intensity are usually
related to pronounced local shunting [132, 168] which is dependent on the injection-level. The
circular (top left area indicated with white arrow) and the fissure-like smeared dark regions
appearing in the EL image (Figure 3.4b) of Cell 1 suggest that a highly resistive interlayer
contact may exist which affects the EL but not the PL. We note that these features are likely to
be a result of solution-based deposition of Spiro-OMeTAD rather than c-TiO,. More
information can be deduced from the plot of EL quantum yield versus injected dark current
density. The initial part of such a plot, in a semi-logarithmic form, which shows steep slope in
perovskite solar cells [133], as illustrated in the inset of Figure 3.4f, is mainly dominated by the
SRH recombination and shunting processes. We note that because the active area (i.e., deposited

gold area) of the two devices are obtained from their EL images in equivalent resolution (i.e.,
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pixel area), the current densities used in the inset of Figure 3.4f, and thus EL quantum vyields,
are presented in relative form by dividing the device-averaged EL counts by the corresponding
relative current densities. No divergence between the curves associated with the two devices
was found, in particular at low current injection levels. Therefore, the attribution of the features
in the EL images of Cell 1 (Figure 3.4b) to shunting can be thoughtfully ruled out. In addition, if
severe shunting existed, the abovementioned dark features would be observed in the PLoc image
(Figure 3.4c). A possible explanation for the large dark features in the EL image of Cell 1 is that
they are regions with anomalously thin Spiro-OMeTAD layer, resulting in anomalously high
sheet resistance, contributing to the total FF loss due to R of the device. The marginal
difference in the relative EL quantum yield of the two devices, within the photovoltaic voltage

working regime, corresponds well with the very similar V¢ of both devices (see Figure 3.4a).

The dark scratch-like feature appearing at bottom-left side in both PLoc and EL images of Cell 1
(indicated with black oval in Figures 3.4b and 3.4c, respectively) most likely represents a region
with damaged perovskite layer which in turn reduces the photo and electro-injected charge

carriers concentration (i.e. reduces internal voltage).

The outcome of the EL mapping of the two solar cells is consistent with the results from J-V
characterisation where the difference between the two devices mostly originates from the higher
R, of Cell 1 compared to Cell 2. This demonstrates the strength of the EL imaging technique in
obtaining a comprehensive understanding of the performance limitations of PSCs within short
time. To support the interpretations of Figure 3.4, similar analysis using the information
extractable from EL imaging is provided in Figure 3.6 for two other solar cells fabricated

following identical procedure but from a different batch of precursors.
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Figure 3.6 Solar cells photovoltaic parameter, relative EL EQE and EL and PL image comparison.
Similar data analysis as in Figure 1 of the main text for two different CH3;NHsPbl; planar solar cells (i.e.,
Cell 3 and 4) fabricated following identical technique as Cell 1 and 2, using different batch of precursors.
a) Relative difference in percent of the photovoltaic parameters of Cell 3 with respect to Cell 4 for Voc —
Jsc (FR) scan directions measured with scan rate of 30 mV/s. The series resistance is obtained from the
slope of J-V curve near Voc. For absolute values of the device electrical parameters see Table 3.1. b and
¢) EL images under forward voltage bias of 1.05 V for devices 3 and 4, respectively. f) Full-device
averaged EL intensity evolution with voltage for Cells 3 and Cell 4 (grey square symbol and brown circle
symbol, respectively), calculated from the images captured after 30 sec of biasing initiation; The inset

depicts the relative quantum yield of the two devices with respect to their relative dark current density.

As an important side note, when comparing the EL intensity of different devices it is essential to
collect the images after a fixed time of voltage bias initiation. For example, the images collected

after 10 sec for Cell 2 (dashed purple curve in Figure 3.4f) should not be compared to the image

61



Chapter 3

after 30 sec for Cell 1 (black curve in Figure 3.4f) as the EL intensity strongly increases with

time.

3.5 Luminescence Imaging as Fast Screening Technique of

Device Degradation in the Dark

Cell 2 was further used for investigating possible long-term changes in the EL/PL intensity
upon storage in nitrogen atmosphere in the dark for two months. Figure 3.7a shows the J-V
curves for Cell 2, fresh and aged. A summary of the changes in the electrical parameters of the
device for the Voc — Jsc (i.e. forward to reverse, FR) sweep direction is included in the inset
table of Figure 3.7a. J-V measurements were done following identical procedure for the fresh
and aged sample in order to exclude any undesirable effect caused by preconditioning of the
solar cell [169, 170]. The least variation was observed in Voc after two months suggesting a
minimal change to the bulk properties of the perovskite layer. This is consistent with the
unchanged peak position at ~773 nm and full-width at half maximum of the spectral PL of the
fresh and aged device (see Figure 3.7f). The largest contribution to the power conversion
efficiency reduction originates from the decrease in FF by ~10%. To establish whether the
change in device performance had an effect on the luminescence, EL images were collected at
1.05 V forward voltage bias (Figure 3.7b and 3.7c) and PL images at open-circuit (Figure 3.7¢).
By comparing the EL intensities of Figure 3.7b and 3.7c several findings are obvious: The small
dark spots identified in Figure 3.7b which are ascribed to pinholes — confirmed by the optical
microscope image shown in Figure 3.8 — have grown over time as evident from the EL image of
the aged device in Figure 3.7c. As a result, some new spots became visible within the resolution
of the EL image upon aging. Importantly, not only are the pinholes growing in size but it also
seems that the surrounding CH3NH3Pbl; degrades over time. This is exemplified in the zoomed-
in PLoc images (Figure 3.7e) of the spot identified with a rectangle in Figure 3.7b and 3.7c. The

PL images also confirm the growth of the same pinhole discussed above. Although the
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underlying mechanism of the pinhole growth and its surrounding degradation is not clear yet, its
contribution to device performance is expected to be more likely a reduction in shunt resistance
or an increase in ideality factor rather than influencing series resistance. However, since the Voc
does not degrade over time, the increased shunting effect is minimal and only observed as a
reduced FF. Nevertheless, these findings highlight the importance of fabricating pinhole-free
perovskite layers [171]. Another intriguing observation is that in addition to the inhomogeneous
aging of the planar PSC, some regions of the device, for instance the top-left side, show
improved EL intensity over time. A clearer picture is obtained by subtraction of the EL image of
the fresh device from that of aged, shown in Figure 3.7d. A possible explanation for the EL
enhancement in some parts of the device could be the shift in the current flow from the
surrounding regions with higher local series resistance towards these more accessible regions.
This explanation implies that it is unnecessary to invoke a change in the bulk material quality in
the brighter EL regions, and this is consistent with the unchanged Voc (see the Table inset in
Figure 3.7a). It is evident from the subtracted image that the major part of the EL image has
downgraded in intensity over time. By comparing this finding with the data obtained from J-V
measurements (i.e. FF), it can be concluded that the EL images are dominated by resistance
losses; suggesting that the performance loss upon aging mainly originates from changes of the
perovskite/HTL and/or perovskite/c-TiO, interfaces affecting the Rs. Several studies have been
dedicated to the understanding of the degradation mechanisms of neat CH3sNHsPbl; films and its
corresponding solar cells and the device stability improvement under different conditions [143,
160, 172-176]. Although the devices were stored in the dark in nitrogen-environment of a
glovebox with a very low levels of O, (= 1 ppm) and H,O (< 1 ppm), partial degradation of the
perovskite layer from trace amounts cannot be fully excluded. The decrease in device
performance may also be initiated by the very first J-V measurements and/or the forward biasing
of the solar cell for EL imaging measurements. In both cases, the device experiences an electric
field which was recently reported by Carrillo et al. to affect the charge carrier selective contact

layers [177]. Although no long-term study was conducted in their work, it was proposed that
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under electric-field the mobile ions in CH3NH;Pbl; (i.e. mainly iodine ion [155, 177]) move
towards the charge carrier selective contacts [156] and react reversibly with TiO, and
irreversibly with Spiro-OMeTAD [177]. The latter permanent reaction was suggested to
progressively deteriorate the conductivity of the HTL and affect the solar cell long-term

performance, which is consistent with our observation of the FF degradation.

Notably, the subtracted EL image in Figure 3.7d reveals another feature: A dark circular area,
4.5 mm in diameter, which corresponds to the region where the device was illuminated during
J-V characterisation using a round 0.16 cm? shadow mask. This fingerprint left after the J-V
scan is to a large extent reversible, fading away after several hours [39], whereas the image in
Figure 3.7b was collected six hours after the J-V measurement on the device. The mechanism
behind the reversible illumination induced change in luminescence intensity, visible even
several hours after light exposure, is unclear at this stage but it is further studied in the next

Chapter.
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spectral PL comparison. a) J-V characteristic curves of the fresh and two-months aged Cell 2 (stored in
dark in glovebox); the inset table shows the change in the electrical parameters in percentage for the FR
sweep direction. b and c) are the corresponding EL images of fresh and two-months aged device,
respectively, both voltage biased at 1.05 V. Images are collected after 30 sec of bias initiation; the
calibration bar shows the actual intensities. The inset () displays the normalized PLoc images of the spot
enclosed in a rectangle in part 3.2b and 3.2c. d) Subtracted image of the fresh device from the aged

device. f) Normalized spectral PL of the fresh and aged solar cell.
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Figure 3.8 Optical microscope image of Cell 2. Optical microscope image of part of the Cell 2, showing
the pinholes in the CH3NH3Pbl; perovskite film; the scale bar is 100 um. The square identifies the pinhole

enclosed in a rectangle in Figure 3.7b and 3.7c. The image was taken from the two months aged device.

In summary, the application of fast and spatially resolved PL and EL full-device imaging
techniques to perovskite solar cells which is in its developing stage is demonstrated in this
chapter. It was shown that for CHsNH3Pbls-based planar perovskite solar cells the Planck’s
emission law with radiative ideality factor close to one can be achieved only when the device is
pre-conditioned by light-soaking — due possibly to suppressing trap-mediated non-radiative
recombination — and when luminescence from other layers of the device is taken into account.
Detailed analyses of the luminescence images of planar solar cells were also performed to link
the electrical parameters obtained from common current density-voltage measurements to the
features observed in the spatially resolved luminescence images, in particular, EL images. Using
EL imaging, it was further shown that pinholes are likely to act as a source of increased
degradation over time even when devices were stored in a dry glovebox environment, pointing
to the importance of developing pinhole free solar cells. Moreover, EL imaging is revealed to be
a suitable technique to investigate the effect of reversible illumination induced changes in the

device.

66



4 Illumination-induced Immediate Response and
Long-term Evolution of CHs;NHs;Pbl; Planar

Perovskite Solar Cells

4.1 Background

The ease of fabrication, compositional versatility and astonishingly high power conversion
efficiency (PCE) of perovskite solar cells (PSCs) has attracted the attention of many researchers
worldwide [10, 178]. However, the main obstacle for PSCs field implementation is their long-
term operational stability [3]. A large numbers of studies have investigated the underlying
mechanisms of degradation in perovskite thin films and PSCs under various environmental
conditions [6, 179]. However, there is no consensus on a complete description of these

mechanisms. A few key findings from earlier works are outlined below.

Very recently it was proposed that the simultaneous presence of oxygen and photo-generated or
electrically injected charge carriers is essential for a description of degradation in both
perovskite thin films [180] and solar cells [175]. It was shown that humidity, in the absence of
either oxygen or light, has a lesser impact on the degradation [175]. Non-encapsulated PSC
architecture employing mesoporous aluminium oxide (mp-Al,Qs), acting as the scaffold for
perovskite deposition, on top of a thin compact TiO, (c-TiO,), as the electron transport layer
(ETL), was shown to increase the degradation rate compared to devices using c-TiO, and
mesoporous TiO, (mp-TiO,) as the ETL. This was attributed to an increase in the accumulation
of free charge carriers in the perovskite layer and the formation of the degradation catalyst
superoxide (O,) [175, 180]. However, these findings are contrary to the mechanism proposed
by Leijtens et al. [181] who concluded that mp-Al,Os-based PSCs would have a more stable

performance than mp-TiO,-based devices as a result of a lower ultra-violet (UV) light
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absorption in the Al,O;. This was expected to reduce deep trap formation in mp-Al,O; which
occurs through the reaction of desorbed oxygen (which is accelerated by absorption of UV
photons) and photo-generated holes in mp-TiO,. Moreover, Leijtens et al. [181] suggested that
TiO, trap passivation by oxygen is the major reason for the better long-term performance of
non-encapsulated PSCs than encapsulated ones under solar illumination, including UV light. It
has also been speculated that the migration of ions to the perovskite surface and their possible
interaction with the hole transport layer (HTL) additives could form unprecedented trap states

which cause the instability of the planar PSC in the long-term [177, 182].

Recently, it has been shown that Spiro-OMeTAD (either un-doped or doped with Li-TFSI) and
methylammonium lead triiodide (CH3NH3Pbls) are vulnerable to moisture-induced degradation,
however, only at very high humidity [183]. In addition, it has been proposed that the ability of
ions to transport through the perovskite polycrystalline thin film can be a source of intrinsic

instability of the perovskite absorbers [177, 184, 185].

Photoluminescence (PL) and electroluminescence (EL) imaging techniques have proved
extremely valuable in the silicon-based photovoltaic (PV) research and development [38, 186-
188] for process optimization, efficiency improvements and degradation exploration. In
addition, the short acquisition time of this method allows for its use for high throughput in-line

inspection of wafers, solar cells and PV modules [132, 189].

Although employed and described in Chapter 3, since this technique, except for a few examples
[39, 133, 135, 166, 190], is not widely used in the perovskite community we briefly outline it
here. A PL image depends upon the spatial distribution of the charge carrier concentrations in a
solar cell [191]. Assuming a relatively uniform absorbance across the perovskite absorber layer,
the PLoc image intensity (image taken under open-circuit condition) correlates with the
variation of the photo-excited charge carrier effective lifetime since this determines the carrier
concentrations. The effective lifetime is a measure of the impact of both the charge carrier bulk

lifetime (the bulk perovskite) and the surface recombination rates of charge carriers (e.g. at the
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perovskite/HTL or ETL/perovskite interfaces). In EL imaging, an external bias is used to inject
charge carriers into the active layer via the selective contacts. These carriers pass through the
contact barriers before recombining in the perovskite layer or at the interfaces. Therefore, the
combined contribution of the transporting contact layer and interfacial contact resistance losses,

in addition to the bulk recombination, is integrated into the EL signal.

Interfacial contact resistance has been recently shown to play a major role in limiting the fill
factor (FF) of both conventional (illumination from ETL) and inverted (illumination from HTL)
architectures [135, 166]. EL and PLoc spatial intensity images at low charge carrier injection
levels can also reveal the local shunt resistance. Change in the interfacial contact resistance (e.g.
its reduction) results in an inverse response of EL (increase) and PL at short-circuit condition
(PLsc; decrease) intensities. Changes in shunt resistance, non-radiative bulk and surface

recombination rates affect the EL and PLoc signals in the same way.

4.2 Introduction

In the previous chapter we demonstrated the usefulness of EL imaging in resolving
illumination-induced reversible phenomena in planar PSCs [166]. In the present chapter,
luminescence imaging is used to track the fate of a selectively illuminated region, either under
open-circuit condition or by sequential J-V measurements, on a planar structured PSC (see
Figure 4.1a; the photo of a typical device used is shown in Figure 4.1b). This structure was
chosen in light of the ongoing improvement of devices employing c-TiO, and Spiro-OMeTAD
as the ETL and HTL, respectively [15, 192-198]. Further, the degradation of this PSC device
architecture has been previously investigated [143, 199]. While PSCs employing organic
selective contacts (i.e. PCBM, Cg and PEDOT:PSS) can be used, they are known to undergo
chemical reactions with the perovskite absorber layer when slow voltage sweep rates (such as
during J-V measurements) are used and to be prone to degradation under relatively long light

exposure durations [167, 169, 200, 201]. Firstly the changes in the spatial EL and PL intensity

69



Chapter 4

maps immediately after their first exposure to illumination during J-V characterization are
discussed. The evolution of the bulk absorber and interfaces are monitored over several days,
while stored in a dark, oxygen- and moisture-free (both < 1 ppm) environment, are then

discussed.

We demonstrate for the first time, the impact of light-induced changes using spatially-selective
illumination, on the long term evolution of the perovskite layer and interfaces within
encapsulated PSCs [202]. Spatially inhomogeneous deterioration at the c-TiO, interface is
visualised by spatially resolved electro- and photoluminescence imaging and high-resolution
focused ion beam-transmission electron microscopy (FIB-TEM) is applied to investigate

structural changes.
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<—— Au (80 nm)

- Glass Encapsulant

Figure 4.1 Device architecture. a) 3D schematic cross-section of the planar structure PSCs used in this
study, also illustrating the edge-sealed encapsulation of the devices. The arrows show the direction of
illumination. The layer thicknesses are provided in the brackets. The drawn layer thicknesses are not to
the scale. In the following, all the images are oriented so that the isolation line close to the positive
contact (gold; Au) indicated in this schematic is located at the bottom of the images. b) Image of an
example device used in this study. Note the isolation line at the right hand side of the device near the

positive contact. The schematic of this structure is drawn in (a) of the main text.
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4.3 Experimental Methods

4.3.1 Materials

Chemicals were purchased from Alfa Aesar (lead iodide, 99.999%), Sigma-Aldrich
(methylamine  solution,  hydriodic  acid  solution,  4-tert-butylpyridine, lithium
bis(trifluoromethlysulfonyl)imide (LiTFSI)) and Luminescence Technology Corporation
(2,2',7,7'-tetrakis-(N,N-di-4-methoxyphenylamino)-9,9'-spirobifluorene (Spiro-OMeTAD)) and
used as received. FTO glass (3.2 mm thick, 8 Q sq ' sheet resistance) was purchased from
Dyesol. Ultraviolet-curable resin (XNR5516ZB1) was purchased from Nagase ChemteX
Corporation. CH3zNH;zl was synthesized by mixing solutions of CH;NH, (20 mL, 0.23 mol, 40
wt% in water) and HI (10 mL, 76 mmol, 57 wt% in water) in water (100 mL). After stirring for
1 h, all volatiles were removed on a rotary evaporator at 60 °C. The product was dried in high

vacuum (107° bar) at 60 °C for 24 h.

4.3.2 Solar Cell Preparation

Device fabrication was performed according to Section 3.2.2.

4.3.3 J-V characterization

The current density-voltage (J-V) measurements were performed under AM1.5G illumination
(100 mW-cm™) using an Oriel solar simulator (model 94023A) and Keithley 2400 source meter.
The J-V measurements were made on a defined area using a 0.16 cm? mask with a circular
aperture (4.5 mm in diameter). In all measurements the voltage was swept between 1.2 and —0.1

V with a scan rate of 30 mV s .

4.3.4 Electro- and photoluminescence Imaging

Photoluminescence imaging measurements were performed at 1 mW cm™ excitation intensity
using a red LED array with central wavelength of 635 nm (i.e. ~2.1x10" cm™ photo-excited

charge carries density). Unless otherwise stated, all the images were collected after 40 sec of
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photo- (PL) or electro-excitation (EL), with very short exposure times of 1 sec (for EL) or less

(for PL).

4.3.5 Transmission Microscopy Measurement

The TEM samples were prepared using the XP200 FIB to make a cross-sectional Lamella. The
Lamella was then extracted using an ex-situ micromanipulator and deposited on continuous-

carbon copper TEM grid so that we could perform TEM measurements (using Philips CM200).

4.4 Regular Measurement Conditions and Procedures

The following points are general instructions applicable to all the measurements performed in

this study and provided here in order to avoid repetition throughout this chapter:

o All the devices used in this study were encapsulated according to Han et al. [143] so as to
minimize the impact of oxidation and moisture on the prolonged device storage and
measurements.

o All the solar cells used in this study if not being used for characterization, have been stored
in dark, oxygen-free (< 1 ppm) and moisture-free (< 1 ppm) environment of standard
glovebox.

e Aperture area of the mask used for selective illumination of the device, either during open-
circuit light-soaking or J-V measurement is ~ 0.16 cm? (i.e. diameter of 4.5 mm).

e The PL and EL images stated as the “immediately after” J-V measurements or LS were
performed after about 10 minutes from the time J-V measurement or LS was completed.

e For the PL imaging purpose the excitation wavelength was 635 nm with illumination
intensity of 1 mW cm™,

o Photo-excitation respective electro-excitation during PL and EL imaging measurements

were only performed for one minute at each and every stage of device monitoring.
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o All the EL and PL images were collected after 40 seconds from the voltage biasing and

illumination initiation, respectively.

In this study, we have minimized the impact of preconditioning (i.e. accumulative effect of
photo-induced or voltage bias-induced E-field creation across the device) on the image response

of the solar cells by using individual cells for EL and for PL imaging investigations.

4.5 Results and Discussion

In the following we adopt a simple notation to clarify the results. The ratio between the

luminescence intensity at a time, t, and the intensity of a pristine device is denoted as

Rm (t) = |(t)/| (0) where m indicates the luminescence technique (m = PLoc, EL or PLgc) and

I is the luminescence intensity.

4.5.1 Initial Effect of Light Current-Voltage Measurements

45.1.1 Cell 1: Comparison of EL and PLsc after J-V measurements

Upon performing several J-V scans on Cell 1 (see Figure 4.2 for the related curves and electrical
parameters), it was realized that the area associated with the circular aperture of the mask (4.5
mm in diameter, ~ 16 mm? area) used to illuminate a defined area (henceforth named the
aperture affected area; AA) of the device by AM1.5G (100 mW-cm™) illumination is brighter
than its surroundings in the EL image, as illustrated in Figure 4.3a. This phenomenon occurs
irrespective of the measurement procedure (i.e. scan direction or stabilized current measurement
at maximum power point voltage). As the first step in understanding this behaviour, a PL image
of Cell 1 under short-circuit conditions was collected and is presented in Figure 4.3b. The AA
appears darker than the surrounding regions. Figure 4.3c presents the intensity profile of the line

scan shown in Figures 4.3a and 4.3b.
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Note that, due to the good conductivity of the FTO layer, the non-illuminated areas experience
similar cyclic voltage variations as the illuminated areas, so changes are due to either the effect

of illumination or the slightly different voltages seen by the two regions.
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Figure 4.2 Photovoltaic parameters of Cell 1. a) J-V curves of four consequence Jsc—Voc (-0.1 V to
1.2 V) scans of Cell 1. Corresponding electrical parameters extracted from the J-V scans, FF and PCE in

(b) and Jsc and V¢ in (c).

The origin of the brighter EL of AA could be twofold [166]: (i) decrease in the interfacial
contact and/or bulk resistance; (ii) increase in the external quantum efficiency at long
wavelengths (note equation 4.1). The latter, generally, reflects the active layer material
(CH3NHg3Pbls) quality condition; encompassing information about the carrier diffusion length

and the charge carrier recombination rates in the bulk and rear contact. The reduced PLsc
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intensity of AA in Figure 4.3b implies a lower series resistance or an increase in bulk and/or

rear non-radiative recombination rates.

More insight can be obtained by considering the following formalism for the EL intensity
dem(E), for photon energy E, with this intensity proportional to the photovoltaic external
quantum efficiency, EQEpy(E), spectral photon density of a black body, #,w(E), and the internal
junction voltage V; (g, ke and T are unit charge, Boltzmann constant and absolute temperature in

Kelvin, respectively) [166]:

qv,

¢em(E) = EQEPV (E)¢bb(E) exp ﬁ

-1 (4.1)
This equation is expected to hold in situations where EQEp(E) is not strongly dependent on
bias light intensity. The contrasting luminescence behaviour of EL and PLsc spatial intensity
images is suggested to be mainly due to a reduced vertical interfacial contact series resistance in
the AA [39] (which affects V; exponentially impacting EL intensity). The increase is also
consistent with reduced bulk non-radiative recombination due to defect annihilation [153, 156],
increasing EQEp\(E) at the long wavelengths where the highest intensity EL emission occurs.
However, this would tend to increase PL, in conflict with experimental data, unless overridden

by decreased series R or increased rear surface recombination.

The reduced series resistance is explained by the decreased ionic contribution to the interfacial
junction band-bending during illumination (as depicted later in Figure 4.23c) mainly at the c-
TiO,/CH3NH3Pbl; contact [203, 204]. The reduced field at the interface increases the
concentration of those carriers in the interfacial region that need to cross the interface, reducing
the series resistance (see below the Mechanistic Interpretation section for complete description).
This agrees well with the major enhancement in the fill factor (FF) rather than with the short-

circuit current density (Jsc) or the open-circuit voltage (Voc) of the devices upon consecutive J-
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V measurements (see Figures 4.2, 4.5 and 4.9 for three planar PSCs prepared from different

batches of precursor solutions).

EL1.05V

Pixel

Figure 4.3 Effect of light exposure on the immediate EL and PLc response of PSC. a) EL image of
Cell 1 measured after four times RF (Jsc—Voc) J-V scans from -0.1 to 1.2 V taken at 1.05 V and b) PLgc
image of the same cell. PL measurement was performed with a red excitation light source having a 635
nm central wavelength. The scale bars are 1 mm. c) PLsc (blue circle data points) and EL*®V (gold
square data points) intensity along the line scan shown in Figures 4.3a and 4.3b. The feature appearing as
a dark strip at the bottom of the EL image in (a) is near the isolation trench formed on the FTO-glass
using laser scribing. The FTO layer is likely to be absent in this region and the underlying glass has
experienced heat-induced damage before c-TiO, spray deposition [46] leading to a highly resistive region
[166]. PLsc image in (b) shows that this region appears brighter than the rest of the device, supporting the

notion that higher contact resistance in these regions has increased local voltage.

45.1.2 Cell 2: Comparison of EL and PL ¢ after J-V measurements

To further explore changes in the bulk of the CH3NH3Pbl; active layer, upon illumination, the J-
V characteristics of pristine Cell 2 was measured over several scans in the FR (Voc—Jsc)
direction with the data presented in Figure 4.4a (see Figure 4.5 for the extracted photovoltaic
parameters). As explained above, regardless of the J-V measurement procedure, the EL intensity
associated with the light-exposed region is enhanced compared to the surroundings. This is

115V
L

clearly demonstrated by plotting the ratio of the spatial E image of the J-V measured

(Figure 4.4c) to that of the pristine (Figure 4.4b) device in Figure 4.4d. The PLoc image of the
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same device was recorded prior to and immediately after (Figures 4.4e and 4.4f) performing

consecutive J-V scans.
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Figure 4.4 Effect of light exposure on the EL and PLoc immediate response of PSC. a) Sequential J-

V curves of Cell 2 measured for eight times in FR (Voc—Jsc) direction from 1.2 to -0.1 V with scan rate
of 30 mV s, EL intensity images of the same device under forward voltage bias of 1.15 V collected
before (b) and immediately after (c) the consecutive J-V scans. Only the circular region (i.e. AA) was
illuminated during J-V measurements while the rest of the device was masked. The corresponding ratio of
the EL images of the measured device to the fresh device is shown in (d). PLoc intensity images of the
same device collected before (e) and immediately after (f) the consecutive J-V scans; together with the
ratio image in (g). PL measurements were performed with a red excitation light source having a 635 nm

central wavelength. The scale bar in (b) is 1 mm and applies to all the images in this figure.

Interestingly, when measured under open-circuit conditions, the corresponding spatially-
resolved PL related to the AA appears darker than the rest of the device (see Figure 4.4f). This
is more clearly observed in Figure 4.4g which shows the ratio image of Figures 4.4e and 4.4f.
This behaviour indicates that the effective lifetime of the photo-excited charge carriers is
reduced in the illuminated region. We suggest that the AA yields a quenched PLoc intensity due

to the increased interfacial non-radiative recombination of the minority carriers at the front
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contact (c-TiOy/perovskite interface according to Figure 4.1a) as will be shown in the next
section. This would increase dark saturation current and would most likely reduce the EQEpy, in
the short wavelength range of the spectrum for which charge carriers generation rate is
concentrated near the c-TiO,/MAPbI; interface. It is noteworthy that this increase in dark
saturation current is small enough not to offset the increase in EL in this region, again attributed
to reduced series resistance or the total photocurrent. The unfavourably increased surface
recombination rate could arise from the newly formed non-radiative recombination centres
during the illumination. One possibility is that defects are created within the several topmost
layers of MAPDI; (close to the ETL) possibly facilitating the collapse of the perovskite structure
into non-perovskite ones [205] (this probably cannot be detected by XRD measurement). The
distorted perovskite structure is possibly the consequence of larger number of MA™ cations
migrating from the cuboctahedral spaces in the illuminated region than the masked area, during
J-V measurement (this will be further discussed in the Mechanistic Interpretation section). The
persistence of the features observed in EL, PLoc, PLsc for several minutes (i.e. for at least 10
minutes after the end of the J-V measurement) allows us to rule out a recent mechanism
postulating the formation of metastable trap states within the perovskite bandgap in the bulk
perovskite upon light-soaking (LS) which recover at fast timescales [201], as a possible cause of

the decrease in luminescence intensity.
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Figure 4.5 Photovoltaic parameters of Cell 2. Photovoltaic parameters extracted from the eight

consecutive FR (Voc—Jsc) J-V scans for Cell 2; FF and PCE in (a) and Jsc and Vo in (b).
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45.1.3 Carrier Selective Contact/CH3NH3Pbls Bilayers after Light-Soaking

We tested the above hypothesis by fabricating and studying the PL images of planar c-
TiO,/CH3NH3Pbl; and CHs;NHsPbls/Spiro-OMeTAD structures on standard FTO glass. A
pristine FTO/CH3NH3Pbls/Spiro-OMeTAD structure was illuminated for 30 minutes and the
spatial PLoc image was collected immediately after LS (see Figure 4.6). The luminescence
intensity of the AA region showed an evident increase, likely due to reduced trap density in the
CH3NHsPbl; layer [156], enhancing the charge carrier effective lifetime. However, when
measured after one day, the brightened AA region completely disappeared, which allowed us to
visualize the complete reversibility of the LS effect [206] in the perovskite layer even when
only in contact with Spiro-OMeTAD. As a result, structural damage at the Spiro-OMeTAD can

be cautiously ruled out as the mechanism for PL quenching in Cell 2.

It is important to note that although at the excitation wavelength of 635 nm most part of the
light is absorbed at the front surface and also the bulk of the perovskite layer (but not the back
surface which can suppress the radiative recombination), the low PL intensity in the associated
images of the FTO/CH3;NH3Pbla/Spiro-OMeTAD structure as compared to glass/CH3NH;Pbl;
(see Figure 4.17) is likely due to a substantial non-radiative electron-hole recombination at the
FTO/CH;NHsPbl; interface in the former because of the metal-like conductive characteristics of

FTO.
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Figure 4.6 PLoc images of FTO/CH3NHsPbl3/Spiro-OMeTAD structure, excited and detected from the
perovskite side, measured on the as-fabricated (a), 30 minutes light-soaked with AM1.5G illumination

(100 mW-cm™) (b) and after one day (c). d) Intensity profiles of the dotted line scans drawn in parts a-c.

After exposure of the FTO/c-TiO,/CH3NH3Pbl; sample to simulated solar light for 30 minutes
(from the TiO, side), a similar PL quenching of the AA was observed (see Figure 4.7).
Therefore, the observed changes in the spatial PL in Cell 2 after light-exposure (Figure 4.4f) are
attributed to the c-TiO,/CH3NH;Pbl; interface. This is further elucidated by the results of FIB-
TEM (the reliability of this technique for perovskites has been demonstrated in ref. [207]) and
elemental analysis using energy-dispersive spectroscopy (EDS) mapping. It is noteworthy that
the PL quenching in the c-TiO,/CH3NH3Pbl; structure was not found completely reversible as in
CH;3NH;Pbla/Spiro-OMeTAD bilayer supporting the possibility of creation of relatively long-
lasting defective distorted perovskite structure layers close to the ¢-TiO, interface during the

prolonged illumination.
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Figure 4.7 PLoc images of FTO/c-TiO,/CH3NH;Pbl; structure, excited and detected from the TiO, side,

measured on the as-fabricated (a), 30 minutes light-soaked (b) and after two days (c).

4.5.2 Long-term Impact of Light Current-Voltage Measurements

45.2.1 EL measurements of Cell 3

We now investigate the impact of illumination during several slow voltage sweep rate scans (30
mV s™) on the evolution of planar PSCs. Figure 4.8a shows the progress of the J-V curves for a
new device, Cell 3. As observed for the previous two devices (Cell 1 and Cell 2) the
performance increased gradually; the corresponding photovoltaic parameters are provided in
Figure 4.9. The evolution of the EL*? images from the pristine device up to 15 days after the J-
V measurements are illustrated in Figures 4.8b to 4.8g. It can be seen that the AA experiences a
dynamic intensity evolution within the time period monitored. It is noteworthy that the higher
EL intensity of the illuminated region persists even after 24 hours of measurement, pointing to
very long timescale of the underlying dynamics (see Figure 4.10). This could be a result of the
slow scan rates used here which fall within the non-capacitive current regime with concomitant
prolonged solar cell polarization [200]. The relaxation timescale observed here complies more
with the lifetimes associated with vacancy- and/or interstitial-mediated ionic transport and its
associated phenomena [155, 156, 204, 208-211]. This is more likely dominated by the slower
moving ionic species whose migration requires larger activation energies, namely negatively

charged MA" vacancies (Vua; and its associated positively charged interstitials; MA;) [185,
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209, 212-214] than positively charged vacancies generated by the movement of I" (V,; and its
associated negatively charged interstitials; 1)) [156, 209, 210]. Effects merely from interfacial
electronic charge accumulation and trapping have been proposed to occur at c-TiO,/perovskite

layer [164, 197] which excluded any short- or long-range ion transport in the device.

Over the long-term, once recovered, the illuminated region suffers from an intensified EL
emission deterioration. The EL intensity ratio of the AA immediately after light exposure is
Re =2.03, but this degrades to Rg =0.65 after 15 days. Conversely, the surrounding area which
was not exposed to light and is only influenced by the cyclic voltage changes, showed an
increase to Rg =1.38 immediately after J-V measurement and a slower degradation to Rg =0.75

after 15 days.

The time evolution of a different set of sampled regions is provided in Figure 4.11 to
demonstrate the reproducibility of our results. In order to explain these results, we suggest that
the dramatic improvement in EL intensity (R=2.03) in the illuminated region eventually leads to
faster interfacial contact degradation which reduces the EL intensity (R=0.65). The latter would
depreciate the interfacial series resistance. The latter would depreciate the interfacial series
resistance and thus, reduces FF, which can explain previous observations on the suppressed FF

of devices stored in dark after prolonged illumination [215].
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Figure 4.8 Effect of light exposure on long-term performance of the EL of PSC. a) Sequences of FR

J-V scans on Cell 3 which develops dramatically after several intermittent measurements at scan rate of

30 mV s™. The evolution of EL*?Y images at different stages before (b) and after (c-g) J-V measurements

up to 15 days stored in dark, oxygen- and moisture-free environment in between the imaging; all images

have similar intensity calibration bar as in (b). The scale bar in (b) is 1 mm and applies to all the images

in this figure. h) Evolution of the area-averaged EL intensity ratio of the AA (dashed-line enclosed area

indicated in 4.8c) and Surr. (dotted-line enclosed area indicated in 4.8c) regions and the entire device.

Day “0” indicates the intensity ratio right after illumination. The arrows are guides to the eye for the

changes measured in area-averaged EL intensity ratio over time.
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Figure 4.9 Photovoltaic parameters of Cell 3. Photovoltaic parameters extracted from twelve

consecutive FR (Voc—Jsc) J-V scans on Cell 3; FF and PCE in (a) and Jsc and Vo in (b).
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Figure 4.10 a) EL image obtained by subtracting the as-fabricated Cell 3 image from the image collected

after one day storage in the dark and oxygen- and moisture-free environment. b) EL intensity profile of

the dotted line scan shown in Figure 4.10a;
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Figure 4.11 a) The EL™?" image of Cell 3 taken right after the consecutive J-V measurements. b)
Evolution of the area-averaged EL intensity ratio (Rg,) of different regions; the AA (dashed-line enclosed

area in 4.11a) and Surr. (dotted-line enclosed area in 4.11a) regions and the entire device.

Effective charge carrier recombination in the CH3NH3Pbl; layer and its associated interfaces in
the same device (Cell 3) was examined by imaging its PL intensity. The EL*? and PLoc images
of the device aged for 17 days in an oxygen- and moisture-free (<1 ppm), dark environment, are
provided in Figures 4.12a and 4.12b, respectively. An inverse correlation between EL and PL
intensity spatial profiles is found, exemplified by the intensity profile of the line scan shown in
Figure 4.12c, which resembles the reverse behaviour observed in the images collected
immediately after J-V measurement (see description of Figure 4.3). We tentatively attribute this
to the electrical/physical interfacial decoupling occurring at the c-TiO, and CHs;NH3Pbl;
interface over time; further evidence for this proposal will be discussed in the following
sections. In Figures 4.12a and 4.12b, this proposed decoupling has respectively led to increased
interfacial series resistance, suppressing EL intensity, and improved charge carrier effective

lifetime, increasing PL intensity.
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Figure 4.12 Comparison of EL and PLoc response of the aged PSC upon illumination. a) EL*?"

image of Cell 3 and its corresponding PLoc image after 17 days in dark, oxygen- and moisture-free (< 1
ppm) environment (b); The scale bars are 1 mm. ¢) Luminescence intensity profiles of the dotted line

scans presented in images (a) and (b) which clearly shows the inverse intensities of EL and PL ¢ images.

45.2.2 PL measurements of Cell 2

PLoc images of Cell 2 recorded immediately after J-V measurements and after six days are
illustrated in Figures 4.13a and 4.13b, respectively. Intriguingly, upon leaving the device in the
dark, the PL intensity ratio observed immediately after the J-V scans in the AA (RpL0c=0.93),
which is lower than the ratio of the rest of the device (RpLoc=1.01) implying reduced carrier
effective lifetime, was reversed and, as time evolves, increases in relative intensity (Rp 0c=0.95
compared to Rp oc=0.89 of the surrounding area). This behaviour was sustained for more than
six weeks (see Figure 4.14 for the complete set of data). This spatial PL intensity contrast
between AA and the surrounding non-illuminated regions of the aged device is consistent with
the results of the previous section where the device was only used for monitoring the EL

evolution (Figure 4.12b).
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Figure 4.13 Effect of light exposure on long-term performance of the PLoc of PSC. Spatially-
resolved PLoc images of Cell 2 measured immediately after J-V scans (a) and one collected after six days
storage in dark nitrogen-environment condition (b). Both images have identical intensity scale. The
sections of the images, which include the dashed line scans, are presented in different intensity than the
main device images providing appropriate contrast between AA and Surr. regions. The scale bars are 1
mm. ¢) Area-averaged PLqc intensity ratio (Rp oc) of the AA (right-hand hatched column) and Surr. (left-

hand hatched column) regions on the line scans drawn on the selected areas of the images in (a) and (b).
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Figure 4.14 Time evolution of PLoc images of Cell 2. a-e) illustrate the PLoc images measured for Cell
2 over 44 days. f-h) show the corresponding intensity profiles of the line scans drawn in a-e images for
the selected areas encompassing both ligh-exposed regions and its surrounding. The black solid lines and
the error bars in (f-h) present the mean ans standard deviation of the data points in the AAs and the

surrounding regions of the line scans.

4.5.3 Impact of Light-Soaking at Open-circuit Condition

Finally, a pristine device after 30 minutes of LS was tested in order to disentangle the effect of

L images of Cell 4 in

electrical bias in J-V measurement from the light-induced effects. The E
a pristine state and immediately after LS are shown in Figures 4.15a and 4.15b, respectively.
Interestingly, the EL intensity of the AA decreases significantly after one day of storage in a
dark nitrogen-environment. Two rationalizations for the latter observation are: (i) the perovskite
layer is fully damaged upon prolonged 1-sun AM1.5G simulated solar illumination; or (ii) there

is a substantial degradation of the perovskite interface with the selective contact, dramatically
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increasing the series resistance (see Figure 4.15c). Explanation (i), however, would be in
contrary to the enhanced EL intensity realized immediately after LS (Figure 4.15b). To clearly
differentiate between these two possibilities, the PLoc image of the one-day old device was
measured (see Figure 4.15d). The histogram presenting the distribution of the occurrence
frequencies of the spatial EL and PL intensities in Figures 4.15c¢ and 4.15d are given in Figure
4.16. Two distinct luminescence intensity regions are obvious from the associated PLoc image
(Figure 4.15d). The clear inverse response of spatially-resolved EL and PLoc images after one
day of storage allows us to rule out (i). That is, the light-exposed region has a severely
deteriorated interface (higher PL intensity in Figure 4.15d) when compared to the surrounding
area where physical/electrical contact was maintained (suppressed PL intensity in Figure 4.15d).
This is consistent with PL quenching which occurs in the neat CH3NH;Pbl; film when forming
a flat junction with c-TiO, (see Figure 4.17), due to the presence of greater interfacial defects
(e.g. ionic vacancies [209]) and thus, enhanced non-radiative recombination at the c-
TiO,/CH3NH;Pbl; interface. We excluded any major irreversible changes of the perovskite layer
(decomposition), possibly induced by the combination of light and moisture [197] during J-V
measurements or LS in ambient condition or during device storage in dark nitrogen-
environment in the glovebox, as origin for the observed EL and PL changes. X-ray diffraction
(XRD) data of a 30 minutes light-soaked device measured after 50 days from light-exposure did
not show any diffraction pattern of Pbl,, which would be the typical degradation product of
CH3NH;Pbl3, and is consistent with a fresh non light-soaked device (see Figure 4.18 for the

XRD results).

Our assertion that physical detachment occurs at the c-TiO,/CH3NH3Pbl; interface rather than
the CH3NH;Pbls/Spiro-OMeTAD interface was supported by an observation made during FIB-
TEM sample preparation for TEM imaging of Cell 4. During the lift-out of a FIB-TEM cross-
section of the 30 minutes light-soaked planar structure PSC (Cell 4) the layers separated close to
the c-TiO,/CH3NH3Pbl; interface whereas the CH3;NH3Pblz/Spiro-OMeTAD connection

remained intact (see Figure 4.19 for the cross-sectional TEM image).
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EL12V EL12V

After LS After 1 Day d . After 1 Day

Figure 4.15 Effect of light-soaking under open-circuit conditions on EL and PLoc behaviour of
PSC. Luminescence images illustrating the impact of 30 minutes light-soaking, at 1-sun simulated solar
irradiance, on the EL performance of Cell 4 at 1.2 V forward bias for fresh (a), immediately after J-V (b)
and after one day (c); the PLoc image of the same device after one day storage in dark is presented in (d).
The scale bar in (a) is 1 mm and applies to all the images in this figure. Luminescence intensity of all the

images in (a-d) is in normalized form.
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Figure 4.16 Intensity distributions of EL and PL images of Cell 4. Histograms showing the occurrence

L*? and PLoc images presented in

frequency of the intensity distribution of the spatially-resolved E
Figures 4.15c and 4.15d of the main text. Occurrences, as the y-axis, represent the number of pixels

associated with a specific intensity bin.
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Figure 4.17 PL images and intensity distribution histograms of perovskite incorporated into
various structures. PLoc images of CH3NH3Pbl; layer deposited on different substrates forming a flat
junction; glass/CH3;NH3Pbl; (a), glass/FTO/c-TiO,/CHsNH;Pbl; (b), and
glass/FTO/CH3NH;3Pbl,/Spiro-OMeTAD (c). Histogram showing the occurrence frequency of the
intensity distribution of the spatially-resolved PLoc images of the structures presented in (a-c) in addition
to a completed device. All the samples have been excited from the glass side with an LED with central

wavelength of 635 nm at 1 mW cm excitation intensity.
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Figure 4.18 XRD pattern of an aged light-soaked and fresh non light-soaked device. XRD pattern
measured on an encapsulated 50 days aged device which was light-soaked at open-circuit condition for 30
minutes in ambient condition. No signature from the residual Pbl, left during fabrication procedure or
moisture-induced degradation formed Pbl, was detected at 12.5 degree which is comparable to a fresh

device without any light-soaking.

Platinum

Figure 4.19 High-resolution cross-sectional TEM images of the changes in the light-exposed regions
of Cell 4. Cross-sectional TEM image of Cell 4 after being light soaked for 30 minutes under simulated
AM1.5G illumination of 100 mW-cm? irradiance. The separation at c-TiO,/CH3sNH3Pbl; interface
occurred during FIB lift-out preparation step due to the already weakened interface while the

CH;3NH3Pbl3/Spiro-OMeTAD interface remained intact.
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45.4 Cross-sectional TEM and EDS

In order to investigate any induced chemical and structural changes in the device in the light-
exposed region, in particular at the interfaces, cross-sectional TEM measurements were
performed at the central AA region of Cell 3 (cf. Figure 4.8) and are shown in Figure 4.20. The
TEM images of two distinctly affected regions, mildly and severely influenced regions, are
presented in Figures 4.20a and 4.20b, respectively. The corresponding elemental analysis EDS
maps of similarly influenced regions are provided in Figure 4.21. Importantly, the
CH3NH;Pbls/Spiro-OMeTAD interface remained virtually intact in both images and no change
in the perovskite layer thickness can be detected from the TEM images. A clear interfacial
detachment, close to the ETL interface, is evident in Figure 4.20b. This interfacial delamination
matches well with the above mentioned tentative interpretation of the EL and PL reciprocal
intensity relationship in the aged devices. Noticeably, some of the perovskite layer has been left
on TiO, in the detached region. While lead, iodine, carbon and nitrogen are uniformly
distributed within the perovskite layer in the less influenced section (Figure 4.21 panel a), an
elemental gap is observed in the TEM image of the severely affected region (Figure 4.21 panel
b). The main elements with partial residues left on the TiO, surface at the detached interface are
Pb and I (see Figure 4.20b). This correlates with the EDS line scans collected from the less- and

severely-affected regions provided in Figure 4.22.

a Less Affected Region

Spiro-OMeTAD -
= ——
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b Severely Affected Region

Figure 4.20 High-resolution cross-sectional TEM images of the changes in the light-exposed regions
of Cell 3. a) Shows an interface which is affected less during light-exposure and b) a region severely
affected and delaminated upon illumination. The overall exposure to the full spectrum light of the solar

simulator is about 10 min. The scale bars are 200 nm.

a Less Affected Itrf ace
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b Severely Affected Interface
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Figure 4.21 Cross-sectional EDS maps. Cross-sectional TEM images (far left columns) and EDS

elemental maps of two entirely different interfaces; less affected (panel a) and severely influenced (i.e.
delaminated) by the external field (panel b) collected form Cell 3. The unexpected detection of iodine
within the substrate region is considered as artefact possibly due to the close L-series with Sn (tin). For
closer look at the elemental signals check EDS line scans in Figure 4.22. The white oval in panel (a)
indicates a small region of the interface supposedly suffering from detachment. The arrow in panel (b)

points at a clear fraction of CH3;NH3Pbl; remained on the ¢-TiO, surface.
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Figure 4.22 EDS line scans. EDS line scans of a region less affected (a) and severely affected (b) by

light exposure during the J-V characterization of Cell 3.

4.6 Mechanistic Interpretation

The dynamic evolution of the relative changes in the luminescence intensity of the illuminated
region with respect to its intact state (i.e. prior to light-exposure) or relatedly with respect to its
surrounding area (which is only affected by the cyclic voltage changes during J-V measurement)
for the PLoc, EL and PLgc intensity images right after the illumination and upon storage in dark
(oxygen- and moisture-free atmosphere) for several days is graphically summarized in Figure
4.23a. In the following, the speculated mechanism underlying the evidenced dynamics is

elaborated.

4.6.1 Perovskite Degradation Assessment

The stability of c-TiO, based planar PSCs, under prolonged continuous monochromatic UV-
light (365 nm) irradiation, was recently investigated by Li et al. [216]. Decomposition of the

perovskite layer into Pbl, was observed at the interface between the CH;NH;Pbl;Cly and the n-
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type ETL. As stated by the authors, however, harsh conditions had been applied in that study.
The light intensity used was about 110 suns equivalent with respect to the intensity of the <400
nm spectra of the simulated solar irradiance and the potential impact of moisture and oxygen
[175, 197] on the light-induced degradation was not disentangled in the non-encapsulated solar
cells. Moreover, a statistically significant device performance degradation could not be detected
within the first 5 minutes of the high intensity UV-light exposure, a time period similar to the
intermittent sequential J-V measurements conducted in this study (under AM1.5G simulated
solar irradiance). For these reasons interfacial Pbl, formation, mediated by the photocatalytic

effect of TiO, under UV-light, might not be relevant to the results presented here.

The enhancement in the EL intensity of the illuminated region was shown to be remarkable and
to recover completely only several hours after the light exposure. Besides, the nature of the
decomposition reaction of CH3;NH;Pbl; into I + Pbl, + MA" was recently shown to be
endothermic, being inefficient at room temperature [217]. By measuring the J-V of Cell 2 after
45 days it was realized that Voc, which reflects the CHsNHsPbl; bulk condition, remained
unchanged over this time whereas the FF reduced dramatically with an expected consequential
decrease in Jsc (see Figure 4.24; note that the aperture was located almost at the same position
for J-V measurement on both the fresh and aged device; compare Figure 4.4c and Figure 4.24d).
Moreover, it seems contradictory to consider the partial decomposition of MAPbI; to Pbl,
during illumination as the origin of delamination at the ¢c-TiO,/CH3NH3Pbl; interface while PL
in the AA shows higher intensities than the regions where the interface is less influenced upon
resting the device (e.g. see Figure 4.15d). These, however, together with other experimental
evidences provided by the XRD, TEM and EDS results make the detrimental effect of bulk
perovskite degradation/decomposition less likely as a key underlying mechanism of intrinsic

device performance degradation upon very first light-exposure or relatedly J-V characterization.
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4.6.2 lonic Species Involved

The relatively long timescales (at least 10 minutes) associated with the above presented PL and
EL observations allows us to link these transient behaviours with ion migration commonly used
to interpret the hysteretic effect in PSCs [155, 204, 208, 211]. It has been reported that the
activation energies associated with the iodine vacancies (V,) and interstitials (l;), which fall
within 0.1-0.2 eV range are too small to be able to merely explain the photocurrent transient
behaviour and J-V hysteresis in PSCs and therefore, the migration of methylammonium
vacancies (Vya) was also highlighted [209]. Richardson et al. recently argued that these low
energies and their corresponding high diffusion coefficients enable fast iodine defect movement
which can negate the device’s internal E-field prior to any MA™ associated transport [204]. Thus
it was concluded that, if iodine related defects contribute to the PSC hysteresis, activation
energies in excess of 0.1-0.2 eV might be more relevant for V, migration (these activation
energies include the breaking of the Pb-1 bonds). However, recent experiments [156] and
theoretical calculations [210] have shown that the low activation energies of I" associated
transport is plausible. In fact, the activation energies of about 0.5-0.6 eV associated with V, in
ref. [155] employed for device modelling in ref. [204] is indeed in the range of Vya related
values [209] and suggest that V. migration also contributes to the hysteresis commonly
observed in PSCs [185]. Due to the very large activation energies associated with migration of
the lead (Pb) vacancies (x1 eV) [155, 209] in the following Ve, is excluded from contributing to
triggering the structural distortion and possible CHsNHsPbl; break-down. The latter phenomena
are attributed to the combined movement of mainly Vua [185, 209, 213, 218] and/or its
associated MA" interstitials (MA;) [184, 185] and V, and its correlated I; [156, 184, 219]. These
ionic motions occur more readily at the grain boundaries, as recently demonstrated by our group
[213] and Huang and co-workers [218]. As such, by performing slow scan rate J-V
measurements, we expect both anionic and cationic species to have sufficient time to diffuse
through in the active layer and, in particular, near the selective contacts. Employing DFT

calculations, Azpiroz et al. proposed that Vi and/or I; may be dominantly located at the TiO,
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interface under equilibrium conditions, while the positively charged ionic defects would be
more uniformly dispersed throughout the perovskite film [209]. The accumulation of the
relevant ionic defects at the TiO, interface [203, 209] upon perovskite film deposition can
induce inherent deformation and rearrangement of the soft structure of the perovskite layer even

prior to light exposure.

4.6.3 Mechanism Description

Assuming that the mobile charged ionic species are absent, at equilibrium condition, the free
charge carriers in the active layer of a PSC would distribute at their corresponding interfaces
(electrons (holes) concentrate at the ¢c-TiO, (Spiro-OMeTAD)) upon formation of the contacts.
The field in a fresh device in dark is highest at the interfaces and its integration over the Debye
length (decay length associated with the surface E-field close to the contacts) gives its
contribution to the electrostatic potential. However, being aware of the possible ionic defect
movement in the organic-inorganic lead halide perovskites as reported in several studies [156,
220-224], and in particular in the CH3NHsPbl; composition, the built-in E-field (Ey;; this is
generally formed due to the difference in the work functions of ETL and HTL [225]) in a
CH3;NH;Pbls-based PSC at equilibrium condition when stored in the dark would induce the
transport of these ions toward the interfaces. The negatively-charged (Vwa and/or I;,) and
positively-charged (MA; and/or V|) ions move towards the surface regions and accumulate
within the perovskite lattice in the narrow Debye layer near the ETL and HTL surfaces,
respectively. The field created by the ions would then oppose the Ey;, partially reducing the
effective built-in potential across the device [204, 222]. While this ion movement occurs,
ideally the overall concentration of the free electrons and holes concentration at the surfaces
remains unchanged in the dark and thus, leading to narrowing of the Debye layers.
Consequently, the interfacial band-bending strengthens [226, 227] and the middle part of the
device becomes almost field free [223, 228] (see the energy band diagram in Figure 4.23b). It is

worth mentioning that it has been recently shown that the ionic accumulation at the interfaces
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has a greater impact on the hysteresis than capacitive current especially at low scan rate

measurements [223].

Immediately after illumination, the E-field in the centre of the device would have negative slope
[228] because of insufficient time for the ions to move away from the contacts so as to relieve
the strong surface field contributions (see Figure 4.23c). As the device is illuminated for longer
time, the photo-voltage induced by the photo-generated free charge carriers opposes the
polarization induced by ion concentration at the contacts. This will force the ions to diffuse
away from the interfacial regions during the prolonged illumination which will mitigate the
strength of the interfacial band-bending (see Figure 4.23d), reducing the surface E-field and
therefore, influencing the Debye layers width especially at the TiO, interface [204]. It is also
recently shown that light itself might have an impact on reducing the ionic transport activation
energy in perovskites [208, 214] which probably allows more ions to move in the illuminated
region than the surrounding masked area influenced only by external bias during J-V scans.
Sweeping the voltage bias, from high to low, at scan rates comparable to the ionic response
times in the order of hundreds of seconds would assist the dispersion of the ions away from the
surface regions in favour of the illumination effect; the latter induces an electric field through
the created photo-voltage which moves the ionic defects away from the perovskite/contact
interfaces towards the bulk of the active layer. Right after the light is switched off, the electron
concentration at the surface region is expected to be similar to the initial dark condition of the
fresh device; however, importantly the lower field at the contact region and hence, the number
of appropriate carriers in the vicinity of the contact, is likely to reduce the contact resistance
resulting in the observed EL enhancement. Considering a larger concentration of ionic
vacancies and also interstitials [209] and a greater potential variation at the c-TiO,/CH;NH3Pbl;
interface [204], it can be speculated that under illumination the bond breakage and structural
collapse due to ion transport (see Figures 4.23e and 4.23f) — particularly the large MA" cation
associated vacancies — is accelerated near the c-TiO,/CH3NH;Pbl; interface compared to the

CH;3NH;Pbl:/Spiro-OMeTAD interface.
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We speculate that, after the removal of the photo- and/or electro-induced E-field, over the long
term in the dark, the device attempts to retrieve its equilibrium condition through the slow
redistribution of the ionic species, to their pseudo-equilibrium initial positions within the
perovskite structure. This is consequent to a precedent structural changes during illumination,
which might have already damaged the soft structure of CHs;NH;Pbl; [184, 205] (Figure 4.23¢),
resulting in a gradual electrical decoupling and in some instances leading to severe physical
decoupling of the perovskite and the TiO, layer. This would consequently suppress EL signal.
The proposed mechanism here complies well with a recent study on CH3NH3Pbl; nanowires in
which ion migration, particularly MA®, was shown to induce structural distortion through a
structural swell-shrink mechanism [185] with the possible consequence of accelerated aging of
the perovskite film. It is noteworthy that there is some residual CH3;NH3Pbl; left on the TiO,
layer clearly shown in Figures 4.19 and 4.20. Therefore, this structural weakening which could
facilitate the structural detachment at the c-TiO,/CH3NH3Pbl; interface — during FIB-TEM
sample preparation — does not necessarily occur precisely at the c-TiO,/CHsNH3Pbl; interface,
but very close to it. No obvious reduction in the thickness of the CH3NH3Pbl; active layer could
be detected in the TEM images in Figure 4.20, even in the severely delaminated interface. This
is, consistent with the very thin Debye layer within which diffusion of large concentration of
ions occurs [204, 209, 211] due to the internal E-field variation across the device. The origin of
delamination is proposed to be near or this thin Debye region. Finally, the severity of this
interfacial delamination can largely vary across the TiO,/perovskite interface in the illuminated
region. This is due to the inhomogeneous ionic defect density distribution among the grains of a
polycrystalline thin film as well as grain size variation within a thin film [51, 156], both of

which having an impact on the local concentration of mobile ions near the interfaces.
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Figure 4.23 Graphical description of the EL, PLoc and PLsc evolution of the light-exposed region
and the associated modifications to the perovskite layer energy band alignment and its three-
dimensional structure. a) The diagram shows the dynamic evolution of the ratio of the luminescence
intensity of the illuminated region with respect to its fresh state in planar PSCs for PLoc, EL and PLgc
images upon its first exposure. Panels (b), (c) and (d) show the energy band diagram of the device in its
pristine state in dark, immediately after exposure to light or under working conditions (bias voltage <Voc)
and when the device is under prolonged illumination at open-circuit condition, respectively. Positively
and negatively charged ions are represented by ¢ and &7, respectively. Panels (e) and (f) illustrate the
schematic of the three-dimensional structure of CH3;NH3Pbls prior to and after being influenced by
illumination (inducing ion migration), respectively. Note that in (f) upon applying a strong field, the MA™*

ion has migrated out of the cuboctahedral space which would cause a severe structural distortion.
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Figure 4.24 PV characteristics of an aged device. a) J-V curves for eight consecutive FR (Voc—Jsc) J-
V scans on Cell 2 measured after 45 days from the first J-V characterization with no J-V measurements
performed meantime. Photovoltaic parameters are presented in (b) for FF and PCE and in (c) for Jsc and
Voc. d) EL*Y image of Cell 2 collected after J-V characterization. This spatial image clearly shows that
the J-V scans on the fresh and the aged device was performed with a good approximation at a similar

location.

Another important implication of the findings of this study is that when performing credible
long-term stability and degradation investigations of perovskite solar cells and in particular
when using the conventional architecture explored here, the aperture used for the J-V
measurements must be always located in the same position. It is clear that previously light-
exposed regions degrade at different rates than the surrounding which has only experienced the

external E-field.
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In summary, spatially-resolved luminescence imaging has been applied to demonstrate an
intrinsic disadvantage of the compact TiO,/CH3;NHsPbl; interface. Delamination between c-
TiO, and CH3NH3Pbls is significantly intensified in the light-exposed region and would be
relevant to any procedure encompassing prolonged illumination of the device or J-V
measurement with slow voltage sweep rate. This is because the underlying mechanism is
assigned to the inherent collective migration of the interstitial ions/ion vacancies in the
CH3NH3Pbl; leading to the perovskite structure buckling over time. It is expected that
perovskite compositions (such as the state-of-the-art mixed cation-mixed halide perovskites)
which mitigate ionic migration and thus have less hysteresis would be less affected by this
effect. We propose that, regardless of the use of mesoporous or compact TiO,, the incorporation
of stoichiometric CH3NHsPbl; as the active layer will give rise to ion migration and lattice

distortion and ultimately device performance degradation.
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Debate continues on the role of excitons and free carriers in organic-inorganic lead halide
perovskites, primarily CH3NHsPbl; and the related halides involving bromide and chloride.
Recent studies report values of exciton binding energy for CH3;NH3Pbl; ranging from 0.7 meV
to 200 meV, with vastly different implications for device operation and design. In Chapter 2,
previously neglected polarons were shown likely to have a major impact in determining
excitonic properties of organic-inorganic lead halide perovskites. By including the polaronic
effects, theoretical exciton binding energy values were obtained which fall intermediate between
the extremes of previous calculations using the simple Wannier-Mott exciton model in which
either the static, low-frequency, or optical, high-frequency, dielectric constants were employed.
By evaluating an effective longitudinal optical (LO) phonon energy to describe these effects, we
demonstrated higher exciton binding energies than if only the highest energy LO phonons are
considered. Polaronic exciton binding energies calculated here using effective LO energies,
deduced from permittivity measurements, are shown to be consistent with experimental energies
for good quality polycrystalline samples of CH3NHsPbl; and CH3NH;PbBr; as determined over
a large temperature range from optical absorption data. Bandgaps were also determined
simultaneously which show a discontinuity at the orthorhombic to tetragonal phase transition

for the iodide, but not for the bromide perovskite.

For future studies with regards to the excitonic effects in these semiconductors and to complete
the puzzle of the role of exciton binding energy on the carrier transport properties in PSCs
several as yet unanswered questions need to be elucidated. One is the impact of the
microstructure, the degree of polycrystallinity and the crystal quality, on this parameter.
Although quite recently one study attempted to resolve this [17], a more robust and direct
approach to understand the correlation between the crystal quality/size and the binding energy is

necessary to get the ultimate verdict of the binding energy trend. The change in electron-hole
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instantaneous interaction upon photo-excitation is in particular interesting when the perovskite
material is infiltrated in the mesoporous scaffolds (e.g. mesoporous Al,Os; or mesoporous TiO,)

also used as device architecture. These issues are currently under in-depth investigation.

Another important but less attended notion is the understanding of the appropriate dielectric
medium influencing the exciton binding energy in organic-inorganic lead halide perovskites. As
discussed in Chapter 2, electronic, ionic, molecular dipole and ionic migration contribute to the
relative permittivity of these materials each having different temperature-dependent behaviour
and have a share in the very large values of real part of the permittivity (equal or more than 60)
at radio frequencies. A systematic temperature-dependent study of the exciton binding energy
and dielectric constants on high-quality polycrystalline and/or single crystal perovskites is
deemed necessary to unravel the correct frequency at which the static dielectric constant can be
obtained. It is noteworthy that the assessment presented in section 3.2.2 of this thesis,
tentatively proposed the microwave frequency, principally associated with the vibrational
modes of Pb-1 bonds of the Pbls® cage, as the relevant range for the measurement of the static
dielectric constant taking into account only ionic and electronic screening of the electron-hole

system.

In Chapter 3, we provided insights into planar structure CH3NH3Pbls-based solar cells using
electroluminescence and photoluminescence imaging techniques. First, the fundamental
correlation between luminescence intensity and the open-circuit voltage predicted by the
generalised Planck law was confirmed, enabling various quantitative methods for the detection
of efficiency limiting defects to be applied to these new types of solar cell structure.
Interestingly, it was found that in the devices showing hysteretic behaviour, this fundamental
correlation, investigated using PL imaging, is valid only when the device is properly light-
soaked. For future studies, it will be insightful to examine the impact of light-soaking

preconditioning of the device on the radiative ideality factor extracted using EL imaging.
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We further demonstrated the strength of these techniques in screening relatively large area
PSCs, correlating the solar cell electrical parameters to the spatially-resolved luminescence
images and visualizing the features which contribute to the variation of the parameters extracted
from current density-voltage characterizations. It was further used to investigate one of the
major concerns about perovskite solar cells; their long term stability and aging. Upon storage in
the dark in dry glovebox condition for more than two months, the major parameter found to
have deteriorated in electrical performance measurements was the fill factor; this was elucidated
via electroluminescence image comparisons which revealed that the contacts quality degrades.
Interestingly, by deploying electroluminescence imaging the significance of having a pin-hole
free active layer was demonstrated. Pin-holes can grow over time and can cause degradation of
the active layer surrounding them even when devices were stored in dry glovebox environment.
Moreover, EL imaging was revealed to be a suitable technique to investigate the effect of

reversible illumination induced changes in the device. This effect was explored in Chapter 4.

In Chapter 4, fast and spatially-resolved luminescence imaging was applied to demonstrate an
intrinsic disadvantage of the compact TiO,/CH3;NH3Pbl; interface. We analysed the effect of
illuminated current density-voltage and light-soaking measurements on pristine PSCs by
providing visual evidence for the spatial inhomogeneous evolution of device performance.
Regions that are exposed to light initially produce stronger electroluminescence signals than
surrounding unilluminated regions, mainly due to a lower contact resistance and, possibly,
higher charge collection efficiency. Over a period of several days, however, these initially
illuminated regions appear to degrade more quickly despite the device being stored in a dark,
moisture- and oxygen-free environment. Using transmission electron microscopy, this
accelerated degradation was attributed to delamination between the perovskite and the titanium
dioxide layer. The delamination between compact TiO, and CH3;NHsPbl; which was
significantly intensified in the light-exposed region would be relevant to any procedure
encompassing prolonged illumination of the device or light current-voltage measurement with

slow voltage sweep rate. This is because the underlying mechanism is assigned to the inherent
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Chapter 5

collective migration of the interstitial ions/ion vacancies in the CH3NH3Pbl; leading to the
perovskite structure buckling over time. It is expected that perovskite compositions (such as the
state-of-the-art mixed cation-mixed halide perovskites) which mitigate ionic migration and thus
have less hysteresis would be less affected by this effect. We propose that, regardless of the use
of mesoporous or compact TiO,, the incorporation of stoichiometric CH3NH3Pbl; as the active
layer will give rise to ion migration and lattice distortion and ultimately device performance
degradation. These results have major implications for the design of PSCs from the standpoint

of long-term performance and stability.

In the next steps for the future studies, similar investigation needs to be conducted on PSCs with
inverted structures using organic selective contacts and also mesoporous metal oxide contacts in
order to unravel the potential role of various charge carrier collecting interfaces. Also, the
compositionally ~ engineered perovskite materials incorporating mixed-cation
(methylammonium, formammidinum and caesium) and mixed-halide (iodide and bromide)
which has been shown to reduce the hysteresis in the current-voltage characteristic of PSCs will
be considered for the exploration of the light-induced interface versus bulk evolution over time.
Integration of a proper concentration of Pbl, into the archetypical CHsNH3Pbl; perovskite
material has been demonstrated as another technique to mitigate the hysteresis in the PSC
counterparts. Expecting this additive to slow down the transport of the ions in the device, we
will perform thorough study to find out Pbl, role in the long-term opto-electronic response of

such devices using the imaging tools used in Chapter 4.

Understanding the fate of the photo-excited charge carriers in the bulk and at the interfaces of
the PSCs is another essential step towards designing and incorporating appropriate selective
contacts and developing fabrication technique which provide high-quality perovskite active
layer. This will be performed using excitation wavelength-dependent and intensity-dependent
spatially resolved photoluminescence imaging technique elaborated in Chapter 3 and 4 of this

thesis.
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Conclusions and Future Work

As the final remark, although several studies have clearly demonstrated different levels of
vulnerability of various types of high efficiency PSCs to humidity, oxidation, intense ultra-
violet irradiation and high temperatures [6, 216, 229] — which in some cases can be mitigated by
employing robust and costly encapsulation techniques or through compositional engineering
(such as fully or partially replacement of organic cation by Caesium [29, 230], for thermal
stability improvement, which its cost effectiveness needs to be considered) — there seems to be a
greater concern about the intrinsic instability of organic-inorganic metal halide perovskites due
to the inherent ion migration phenomena even under mild environmental conditions [166, 177,
220]. As in real conditions, where a solar cell is under continuous bias condition, one initial step
for the potential deployment of these intriguing types of semiconductors in the PV market could
be their laboratory-scale monitoring under prolonged (i.e. tens of hours) continuous electrical
and photo-induced charge injection. This would help to understand the fate of mobile ions and
the consequence of their accumulation in the space-charge regions of the various device
architectures using different perovskite compositions — particularly important is their critical

impact on the electrical junctions over long terms.

It is worthwhile to note that in order to achieve more robust outcomes for performance and
stability behaviour of perovskite solar cells using luminescence-based imaging techniques
employed in this thesis, complementary techniques such as cross-sectional PL mapping by
Scanning Near-field Optical Microscopy and methods like series resistance and photocurrent
mapping — by analysis of multiple images taken under various charge-carrier injection levels —

to be employed in future works.

It seems that comprehensive understanding of the origin of short- and long-term stability of
PSCs and tackling these appropriately are crucial steps towards reliable commercial application

of perovskite opto-electronic devices.
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