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Abstract

This thesis summarizes the experimental studies on the recombination mechanisms in
planar “p-i-n” type perovskite solar cells (PSCs), focusing on the role of both
photoactive layer and charge transport layers. The work carried out both materials
characterisation and optoelectronic measurements, probing the physical origin charge
recombination and assessing their impacts on solar cell power conversion efficiency
(PCE). The origin of open-circuit voltage (Voc) is considered, the importance of
controlling defects in photoactive layer and controlling doping level of charge transport
layer is highlighted, and a couple of design principles for high-performance PSCs are

discussed

In Chapter 1 an introduction of semiconductor physics relevant to solar-to-electrical
energy conversion is presented, followed with a review of solar cells physics, materials
and application. Chapter 2 focuses on the principle and data interpretation of the
experimental methods employed in this thesis, including X-ray diffraction, electron
microscopy, surface probe, photoluminescence spectroscopy and transient

optoelectronic measurements.

Chapter 3 reports how the crystallinity of thin-film perovskites can be modulated by
tuning the stoichiometry of precursor mix in solution processing. This chapter
elucidates that both Voc and PCE are governed by electronic trap states in perovskites
that are correlated to the crystallinity of perovskite films. In Chapter 4 a facile
modification on solution processing is reported that can remarkably remove
microstructural defects in perovskite thin films, presenting both detailed microscopic
characterisation of these defects and optoelectronic characterisation of their impact
device performance. Chapter 5 moves from bulk perovskite to hole transport layers

(HTLs), elucidating how the p-doping of HTLs causes surface recombination and is



averse to device performance. Finally, Chapter 6, new insights into the fundamental
operational principles of PSC are discussed and further work based this thesis are

suggested.
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1. Theory and Background

The fundamental materials for photovoltaics are semiconductors. In this chapter a brief
introduction of semiconductor physics that is relevant to photovoltaics is presented,
followed with a couple of fundamental issues related to solar cell operation. Next the
designs and working mechanism of a couple of photovoltaic technologies developed in
recent decades are described and compared. A brief introduction on the crystallography
and chemistry of metal halide perovskite materials is also presented. This chapter aims

at providing a general background of the research topics relevant to my PhD studies.
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1.1 Fundamentals of Semiconductors

Suitable photovoltaic (PV) materials are semiconductors with appropriate band gap (Ey).
The E; of semiconductors permits visible light absorption and provides additional
potential energy for photoexcited charge carriers and allows photoexcited carriers to
stay in higher energy levels at sufficient time scale to be transferred and extracted. In
case of insulators, normally having rather large band gap, insufficiently absorbs the
visible light. In other cases, electrons that are excited through a continuum of energy
levels, such as in metals, would rapidly relax to their ground state. Similar relaxation
occurs in presence of empty intra-gap electronic states can considerably accelerate
charge recombination rate. For the same reason, electrons excited above the conduction
band gap with rather high energy rapidly relaxes into the lowest available energy state
in the conduction band, a process termed “thermalization” that occurs within

femtoseconds (107!%s).!

Energy levels are formed of large amount of split atomic orbitals when atoms come
together in a solid. The “band” consists of a continuum of energy levels that charge
carriers can occupy. Valence band (VB) is partially filled with valence electrons and
these electrons can be excited into conduction band (CB) under certain circumstances
(e.g. thermal or photo excitation). In typical semiconductors the VB is separated from
CB with a certain energy, the E,, of approximately 0.5 - 3 eV. The energetics of the
bands are determined both by the crystal structure and the atoms/ions in the structure —
there are a couple of works showing that the excellent optoelectronic properties of the

metal halide perovskites to presence of heavy metal the crystal structure.>*
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1.1.1. Charge Carriers in Semiconductor
Charge Density at Equilibrium

One of the most important quantities of semiconductor density of charge carriers. The
electron and hole density at equilibrium, i.e. no net exchanges of particles or energy
between different points, is determined by density of states near the band edge and
Fermi Dirac distribution function that governs the probability of electrons and holes
occupying these states. With Fermi Dirac distribution function, combined with

Boltzmann approximation, the electron (n) and hole (p) densities are determined by

Er — E¢

n = Ncexp (RBT) (11)
E, —E

p= Nyexp (1) (12)

where N. and N, are effective CB or VB density of states, kg is the Boltzmann constant,
T is temperature, and Er is Fermi level of the semiconductor. These equations suggest
that the electron and hole density depend exponentially on the relative position of Er

with respect to band edge.

From equations 1.1 and 1.2 it can be found that the product of electron and hole density

is constant for a given temperature:

Ey, —EC> _ 2

np = N¢Ny exp( kT : (1.3)

where the constant intrinsic carrier density, 7;, can be defined. It describes the density
of thermally excited electrons in the CB in thermal equilibrium (i.e. without
illumination or bias) in intrinsic semiconductors. Equation 1.3 highlights that the
intrinsic charge density is also related to energetic properties of these bands (Nv, Nc and
E;) and temperature. Combining equations (1.1), (1.2) and (1.3) shows that both » and
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p can be written as a function of n; and an intrinsic potential energy, £;, that is equal to

the Er of the semiconductor at equilibrium.

Charge density critically determines the conductivity of semiconductor:

0 = qupn + qUpp (1.4)

in above equation p, and p, [cm® s V'] are electron and hole mobility that is
correlated to multiple properties of the semiconductor. To improve charge density and
thus conductivity semiconductors can be doped by replacing some of the atoms with
impurities, in such case additional charge carriers, as well as electronic states, are
introduced and the semiconductors are no longer intrinsic. The type of doping depends
on whether impurity atoms can donate electrons to the CB (n-type) or accept holes from
the VB (p-type). In Figure 1.1 a the schematic drawing of band diagram of intrinsic,
n-type and p-type semiconductors are shown. In doped semiconductors the density of
charge carriers is now controlled by density of dopants, as the density of donor, Ny, is

typically much greater than n; and are fully ionized at room temperature. As such at

2
equilibrium n = Ny and p = z—‘ In this case the electron density is greatly enhanced
d

becoming the majority carrier, whereas hole density is reduced as minority carrier: i.e.
the semiconductors have more electrons than holes with charge neutrality balanced by
having more positive ions (n-type dopants) than negative ions. The equilibrium Fermi
level now is no longer in the centre of band gap but lies between donor states and the

CB. If the semiconductor is mainly doped with acceptors with density of N,, then p = N,

2
and n = :,—‘ Now the majority carriers are holes and the equilibrium Er lie between VB
a

and acceptor states.
Charge Density at Non-equilibrium
The above analysis considers semiconductors at equilibrium, however in most solar cell

operational conditions equilibrium i.e. under illumination or electrical bias, the
22



semiconductors are away from equilibrium. Under these circumstances excess charge
carriers are generated either optically (by photoexcitation) or electrically (by injection)
and np = n’ no longer holds. The semiconductor is now governed by a quasi thermal
equilibrium, with the density of electrons and holes described by the quasi Fermi levels,

Ernand Efp, respectively.

In quasi thermal equilibrium with split electron and hole quasi Fermi levels, electron

and hole density can be expressed as'

E.. —E:

n = n;exp (%) (1.5)
E' - EF,

p = piexp (#) (1.6)

Now the charge densities are determined by the petition of quasi-Fermi level. The

product of electron and hole density is now written as'
EF,n - EF,p

KT ) (1.7)

np = n;%exp (

EF,TL - EF,p = AEF (18)

where AEr refers to quasi-Fermi level splitting in the semiconductor, a key parameter

determines open-circuit voltage of a solar cell.’
Charge Transport in Semiconductor

At non-equilibrium conditions electrical conduction occurs, i.e. there are electron and
hole current flowing in the semiconductor -- a fundamental process of semiconductor

devices. Charge transport can be described using Boltzmann transport equation:

In = .unnVEF,n (1.9)
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Jp = pPVEE, (1.10)

Where J, and J, are electron and hole current density [A cm™], respectively. Importantly,
the equations suggest that electron or hole current is driven by gradient of quasi Fermi
levels. As we schematically show in Figure 1.1 b, in general Fermi level gradient can
be created by i) a gradient in CB or VB edges that are typically caused by electric field

or 1) a gradient in carrier density.

Further analyses show that J, and J, can then be resolved into 1) a drift current, where
carriers are driven by electric field to reduce their electrostatic potential energy, and i1)
a diffusion current, caused by concentration gradient of carriers to reduce their
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Figure 1.1 Schematic drawing of semiconductor band diagram. (a) Band diagram
of intrinsic (left), n-type (middle) and p-type (right) semiconductors. (b) Formation
of drift current and diffusion current in semiconductor.
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statistical potential energy, written as
Jn = qDpVn + qnu, (1.11)
J» = qD,Vp + qnu,F, (1.12)

where D, and D, [cm? s!] are charge diffusion coefficient, F, and E, are
electrostatic field [V cm']. Drift and diffusion current are both close correlated to

charge transfer/transport in solar cell operation,®

and are key considerations in
modelling of solar cells.” They show that net current in a semiconductor originate from
gradient of charge density and/or applied electrical field, where both of these quantifies
causes a gradient in fermi energy. In real solar cell operation at open circuit or maximum
power point, diffusion current is likely dominant as most of the band edges are likely

flattened, which is even more likely in the case of perovskite solar cells owing to

screening of electrical field by ionic defects.’

1.1.2. Recombination

The output of a solar cell is determined by change generation, charge transport and

charge recombination. These processes can be all summarised in one equation:

on 1
3t =g+ G Un (1.13)

where G, [cm™ s!] is generation rate and U, [cm™ s’!] recombination rate. This
equation lays the fundamental of the physics of solar cell, highlighting that the variation
of charge density in a semiconductor or solar cell is the sum of generation, transport

and recombination.
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Light Absorption

Charge generation relies on absorption of light by semiconductors. Attenuation of light

passing through the material can be described by the Beer-Lambert law'

I(x) = 1(0)exp (—ax) (1.14)

where a is absorption coefficient [cm™] and is an intrinsic materials property of
semiconductors. The equation implies that light intensity is attenuated exponentially
inside the semiconductor. The microscopic origin of photon absorption, described with
a Fermi’s Golden rule,' involves promotion of electrons from VB to conduction band.

Thus, a is an energy dependent parameter.!

Radiative Recombination

Recombination refers to loss of mobile electrons or holes in the semiconductor. Some
recombination processes are unavoidable such as radiative recombination and Auger

recombination, other processes may be avoided such as trap-mediated recombination.

Radiative recombination involves electrons encountering holes and thus its rate, similar

to the rate of chemical reaction, is proportional to density of electrons and holes:

Urga = Brad(np_niz) (1.15)

where B, [cm? s7] is the radiative recombination coefficient independent of charge
density. More accurately, radiative recombination rate U,,, is determined by the
density of excess (in case of solar cell, photogenerated) charge carriers, as such in solar
cell operation radiative recombination scales non-linearly with light intensity and
causes severe charge extraction loss when solar cells operate at elevated light
intensities.® In case of a doped semiconductor, majority carrier density is regarded as

invariant thus U, is determined by excess minority carrier density:'
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Urad = BradAnNa
or
Uraa = BraaApNg (1.16)

In such case radiative recombination rate is proportional to the density of excess
minority carrier, i.e. excess electrons in p-type semiconductor or excess holes in n-type
semiconductor. The recombination kinetics also takes the form of pseudo first-order as
N, or N, is typically much greater than An or Ap. This can be observed in
photoluminescence (PL) decay spectra under very weak excitation, where the decay

dynamics takes the form of mono-exponential.’

Non-Radiative Recombination

Auger recombination involves an electron and two holes or a hole and two electrons.
The energy released by recombination is taken by the third entity and is ultimately lost
as heat. Thus Auger recombination is non-radiative. The Auger recombination rate is
proportional to the density of all three carriers, thus occurs when carrier densities are
high (typically above solar irradiance and charge density > 10'7 cm™).!°

Shockley-Read-Hall (SRH) recombination involves with defects or intra-gap trap states
and is non-radiative. The excessive energy that converts to photon emission is now
transferred to photon, i.e. vibration of lattice.!! Typically, one type of free carrier is
captured by the localised trap states and recombine with the opposite carrier,
alternatively a recombination centre can capture both types of carriers. Importantly,
when a free carrier is captured by a localised trap state, the carrier can subsequently be
released (de-trapping) or recombine with an opposite carrier before it is released —
presence of trap states does not necessarily lead to non-radiative recombination, it also
depends on availability of opposite charge carrier. SRH recombination rate can be

expressed by considering a density of trap states N;, and the probability that the trap is
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occupied f;:!

Unr = BnrnNt(l _ft) (117)

Where U, is the non-radiative recombination rate, B,, the non-radiative
recombination coefficient. The SRH recombination coefficient B, is proportional to the
mean thermal velocity of the electron and the capture cross section of the trap for

electrons.

Equation 1.18 is key to understanding charge carrier dynamics in photoluminescence
spectroscopic measurements. The f; is a quantity depending on density of photoexcited

charge, as both our study’ and literature studies'>!?

showed that trap-mediated
recombination is more significant as excitation density reduces where f; is higher. This

will be further discussed in chapter 2.

Surface recombination is critical as in real materials trap states are preferentially located
at the surfaces, or at the interfaces between crystalline domains interfaces in
heterostructures. The density of trap states is considered in two dimensions as at the
surface rather than in three dimensions as in the bulk, thus the relevant quantity would
be recombination flux. A surface recombination velocity [cm s7'], instead of
recombination rate [s™'], is defined as:
S = BN; (1.18)

where N, is surface charge density [cm™] and B [cm® s'!] surface recombination

constant.

Trapping versus De-trapping

Presence of trap states in semiconductors does not necessarily lead to trap-mediated
recombination. The charge carrier captured by trap states may be released or may
recombine non-radiatively with the opposite charge carrier depending on the time of

release
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Trelease = E. — E. 1.19
Bancexp (G (19
and
1
T =— 1.20
capture Bpp ( )

where E; is the energy depth of trap states, T,0qse the release time of trapped electrons
and Tgpeyre the time of electrons being captured by trap states. When electron release
is faster than capturing a hole the trap states can be considered as an electron trap instead
of a recombination centre, which slow down electron transfer but do not annihilate
electrons. This occurs when the trap state is energetically shallow, or hole density is
low. It is argued that the metal halide perovskites show excellent tolerance to defects,
which enables these materials to be solution-processed, is ascribed to the dominant

electronic defects being energetically shallow.'*!®

Simplified Rate Equation

With above consideration the recombination of charge carriers in a semiconductor can

be summarized with a simplified rate equation widely used in literature!®!

dn
_E: k1n+k1n2 +k17’l3 (1'21)

where 7 is density of electron, k;, k2 and k3 are the first-order, second-order and third-
order recombination rate constant, respectively. The assumption behind this simplified
equation is that the intrinsic charge densities (7;) and doping densities (N, or Ny) of the
semiconductor are minor compared to typical steady-state charge carrier density under
illumination, approximately 10'* — 10'® cm?. If the recombination is first-order the rate
constant can then be determined from fitting the resulting mono-exponential decay,
whilst usually the recombination kinetics no longer follow mono-exponential at higher

charge densities.
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1.1.3. Junctions

In an attempt to achieve photovoltaic energy conversion electrons and holes must be
driven in opposite directions. Separation of electrons and holes requires some sort of
driving force built into photovoltaic devices, which can be realised by a junction formed
between two electronically different materials, where the electrostatic force between

the two materials provide the essential driving force.

The electric field that exists at equilibrium condition is called “built-in” field. It is
typically established at the interfaces between two materials of different work functions.
Alternatively, it is created due to the difference in electron affinity, band gap or effective
band density of sates. An electric field is always effective in charge separation at it
drives electrons and holes to the opposite directions. Gradients in charge carrier density,
on the other hand, can be created by difference in their generation or removal rate. It
typically occurs in an asymmetric environmental where electrons or holes are
selectively removed, for example, due to a contact or a charged region that has low

resistance for electrons but high resistance for holes.

The work function (WF) of a material is the potential required to remove an least tightly
bond electron, defined as the difference between Fermi energy and vacuum energy!’

D =Eyq —Er (1.22)

where E,,. is vacuum energy level. The work function of a metal is equal to the
electron affinity, whereas in semiconductors it is controlled by doping. As a junction
forms between two contacted materials, the electrostatic potential energy difference

across the junction interface is determined by the difference of work functions.

A junction can be formed between two materials with different WF (called
“heterojunction”), or between two regions of the same materials with different doping

levels (called “homojunction”). The electric field (F) formed across the junction is
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determined by WF difference

qf Fdx = AD (1.23)

Metal-Semiconductor Junction

A junction can be formed when a metal and a semiconductor are brought into electronic
contact — this occurs at charge transport layer/electrode interfaces in perovskite solar
cells. As their Fermi levels must line up it causes a shift of the vacuum level between
the metal and the semiconductor, creating a variation of electrostatic potential energy
at the interface. This is achieved by exchange of charge carriers between the two

materials, until a gradient of charge density is established to prevent further diffusion.

Because metals are much poorer at storing charge, virtually all net charges reside in the
semiconductor and the potential difference drops in the semiconductor, too. The region
where the material carries net charges and E\.. drops is called space charge region or
space charge layer. However, the net charge acquired in this region is due mainly to
fixed ionized atoms, such that space charge region is regarded as depletion of carriers
and is also called as a depletion region. As the energetics of conduction band and
valence band in a semiconductor must stay parallel with Evac, the band edges bend
within the space change region. The magnitude of band bending is determined by ¢V

where V; is the built-in bias.

By joining an n-type semiconductor to a metal with higher work function, an electric
field is established that drives electrons to the semiconductor side and holes to the metal
side (Figure 1.2 a). From semiconductor to metal such a contact presents a lower
resistance for holes than electrons, which is a typical example of Schottky barrier. It is
obvious that the junction exemplified above exhibit an asymmetric current-voltage

behaviour, that the junction allows current flow only in forward direction. Such
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A different scenario to be considered is that an n-type semiconductor is electrically
contacted with a metal of lower work function (Figure 1.2 b). In this case there is a
downward band bending in the semiconductor that encourage majority carrier passing
through the junction. This is typically called Ohmic contact, where the resistance for
majority carrier is low and the current can pass easily in either direction. The
photovoltage under illumination is negligible in this junction. The formation of an
Ohmic contact at electron transport layer (ETL)/metal is essential for efficient charge
extraction and prevent “S-shape” in J-V curve, as such an interfacial dipole layer is used
between our ETL/metal interface to effectively reduce WF of metal and convert

Schottky contact into Ohmic contact.

Semiconductor-Semiconductor Junction

The p-n junction is a typical semiconductor-semiconductor junction and the classical
model of a photovoltaic device (Figure 1.2 ¢). It consists of an interface between an n
type region and a p type region of the same material. An electric field is established at
the interface driving electrons to the n-side and holes to the p-side. The junction is

depleted of both carriers and provide a barrier to the majority carriers from both sides.

A p-i-n junction can be formed by sandwiching an intrinsic semiconductor with an n-
type semiconductor and a p-type semiconductor (Figure 1.2 d). The p-i-n model is
important as it is most resembles the structure of perovskite solar cells. Similar with a
p-n junction, the built-in potential is determined by the work function difference
between the n-type and p-type semiconductors, except that the electrostatic potential
difference drops across a wider region in the intrinsic layer, so is the extension of
electric field. The design of p-i-n junction is preferred if the lifetimes of both majority
carriers in the doped layers are short, in such case photocurrent is contributed by charge
carriers excited from the intrinsic layer that are driven to different contacts by the

electric field.
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The p-n or p-i-n junction can be alternatively presented as a heterojunction if different
materials are used (Figure 1.2 e). In such case there could be a discontinuity of band
edge at the junction interfaces due to the change of material energetics. Although the
step in electrostatic potential change at the interfaces usually assist charge separation,

it also enhances charge recombination at the interfacial regions.

As most organic semiconductors are amorphous and thus intra molecular force
dominates, light absorption generates tightly bound electron-hole pairs (called exciton)
that only dissociate at a junction interface.'® However, the excitons can only diffuse a
few tens of nm before they recombine, thus distributed interface is used by blending
two materials on a scale similar to exciton diffusion length. By using this bulk
heterojunction design charge separation can be effectively achieved throughout a layer

of optical absorption.

1.1.4. p-n Junction
At Equilibrium

The built-in bias, V%, in a p-n junction at equilibrium is determined by the work function
difference between the n layer and the p layer. Using equation 1.5 and 1.6 the work
function of a semiconductor can be correlated to the doping density, and thus Vi [V]

can be expressed as

KT NyN,
2

Vbi = Tln ( ) (124)

n;

This equation highlights that a stronger electrical field can be formed between two
semiconductors with higher doping level. We assume in the junction region is

completely free of majority carriers for a depth of w, in the p layer and w, in the n layer,
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and the depleted layer is charged of immobile ions. The change of electrostatic potential
in this region is related to permittivity and concentration of dopants, which can be
described by Poisson’s equation:

d*¢ q

—=—N 1.25
dx? & (1.25)

where @ is potential [V], N is doping density [cm™] in either p or n side of the junction
and & is permittivity of the semiconductor [F m™']. Poisson’s equation suggests that
electric field across the depletion region is determined by gradient of electrostatic

potential, while gradient of electric field is determined by density of immobile charge.

Using equation (1.25) we can then qualitatively describe the variation of junction
parameters: 1) the depletion width in the junction increases with reduced doping of
either p payer or n layer; i) division of Vi drop is inversely related doping level: most
of the potential drops in the layer with lower doping density resulting in larger depletion
width — this is a key factor to be considered at the interfaces of perovskite/charge
transport layer, whereas more complex scenarios of electrostatic potential variation are

seen when mobile ions considered in perovskite films.”!

Under Bias

Similar to the scenario in the Schottky junction, a positive bias applied to the n-side
reduces Vy; and the barrier height allowing for majority carriers to diffuse across the
junction, resulting in a net current. In addition to this majority carrier injection, the
quasi Fermi levels in the junction are split by applied bias, giving rise to recombination

in that region that adds to the net current.

The dark current Jqak include a minority carrier diffusion current, a recombination
current in depletion region and a radiative recombination current J..q that can be

significant in direct band gap semiconductor. Jaark can be expressed as
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\'
Jaar = Jolexp (——) = 1] (126)

mKgT
where Jy is a constant and m is the ideality factor depending on the dominant
recombination mechanism. m = 1 if the semiconductor has direct band gap with
relatively long carrier diffusion length, recombination occurs mainly in the bulk layer,

m = 2 if recombination within the depleted region dominates.

1.2 Working Principle of Photovoltaic Devices

Solar cells convert solar energy to electrical energy. In this section we focus on the
nature of solar irradiance and the general physical parameters of a working solar cell

and compares the designs of major types of solar cells developed in recent years.

1.2.1. Solar Irradiance

The sun emits light with a range of wavelengths from ultraviolet to infrared region of
the electromagnetic spectrum. Spectral solar irradiance, ' [W m™ um™'], describes the
amount of energy received from the sun per unit area and per unit time as a function of
wavelength, which can be expressed as'

QE

Fy =2 (127)

where ¢ is photon flux and £ is photon energy.

The extra-terrestrial spectrum of solar irradiance, i.e. the spectrum just outside the
Earth’s atmosphere, is similar to the spectrum of a black body at 5760 K. The irradiance
is greatest at visible-wavelength range peaking between the blue and green.”’ On

passing through the Earth’s atmosphere, the irradiance is attenuated and the spectrum

36



Photon flux [n‘uﬁ.imze'u’]

Photon energy [eV]

Figure 1.3 Extra-terrestrial (AM 0) and standard terrestrial (AM 1.5) solar spectrum.
(https://www2.pvlighthouse.com.au/)

shape is changed. Attenuation by the atmosphere is quantified by the “Air Mass” factor.
The standard spectrum for temperature latitudes is Air Mass 1.5 or AM1.5. For
convenience, the terrestrial solar spectrum is defined as AM 1.5 spectra with integrated
irradiance of 1000 W m™.2! The solar spectrum of AM 0 and AM 1.5 are shown in

Figure 1.3.

The actual irradiance, however, varies depending on seasonal or daily variation in the
position of the sun and on variation of the weather.?>** The average solar irradiance
varies from less than 100 W m? in high-latitude areas to over 300 W m in the sunniest
areas. In addition, diffuse light owing to scattering by the atmosphere presents

challenges for photovoltaic energy conversion in cloudy weather.*

1.2.2. Solar Cell Parameters

A solar cell converts solar energy to electrical energy. This process is fundamentally
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built upon The Photoelectric Effect explained by Einstein in 1905. However, instead of
waiting for the excited electrons to relax to ground states, the solar cell needs to have
some asymmetry to drive the photogenerated charge carriers. This is usually achieved
with a p-n junction or a heterojunction that creates an electrical field, or potential

difference, to drive charge carriers to external circuit.!

The behaviour of most of the solar cells in the dark resembles a diode, exhibiting a
“rectifying behaviour” that admits current flow only under forward bias (V > 0). For an

ideal solar cell, this forms the dark current given by

1%
Jaark = Jo [exp (%) —1] 1.28

where Jo is the saturation current that approximately equals to the Jdak under high

reverse bias (V <<0), k is Boltzmann’s constant and 7is temperature in degrees Kelvin.

The photocurrent generated under illumination at short circuit, Jsc, depends on the
incident light flux density and the quantum efficiency (QE) of the solar. The overall
current-voltage characteristics of a solar cell is approximated as the superimposing of

Jsc and Jdark

Jon = Jsc — Jaark 1.29
which becomes
qV
Jon =Jsc — Jo [€xp (ﬁ) —1] 1.30

at a certain applied voltage the J,» becomes zero, corresponding to the open circuit
condition and the maximum potential can be achieved in the solar cell, open circuit

voltage Voc
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kT
V0C=71n(§s—c+ 1) 1.31

0

As in ideal solar cell Jsc scales linearity with light intensity, the Voc of a solar cell

increases logarithmically with light intensity.

Figure 1.4 shows the current-voltage (J-V) characteristics of a typical perovskite solar
cell, where Jsc and Voc are marked. The solar cell operates under forward bias between
0 and Voc, where the cell outputs power density of P = JV plot on the figure. At the
cell’s maximum power point (MPP) P reaches maximum, corresponding to a Vmax and

Jmax, and a fill factor (FF) is defined as

_ ]max Vmax

FF =
JscVoc

1.32

which describes the “squareness” of the J-V curve. The power conversion efficiency, 1,

25 25
T N Jc MPP: P_..=V,l. 120
o R
= £
E 15 {15 S
= =
2 E
ﬂJ‘ o
< 10} 410 ©
£ S
) o
=3
3 5F {5
Voc \
C, 1L 1L 1L 1L 1L 0
0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V)

Figure 1.4 Typical current-voltage (J-V) curve (red symbolled line) of a perovskite
solar cell and the corresponding power output (black solid line). The Jsc, Voc and
maximum power point (MPP) are indicated.
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can be calculated as

=]chOCFF

1.33
Pin

where P, is the incident light power density. The light intensity under Standard Test
Condition (STC) with AM1.5 spectrum is 1000 W m, although in real-word condition
the illumination intensity can be far less than 1000 W m™.2° The Jsc, Voc and FF are
key parameters determining n of a solar cell. The Jsc and Voc are determined by the E,
the semiconductor but in contracting trend: normally a wider band-gap semiconductor
yields higher Voc but lower Jsc, as increased band-gap energy leads to higher potential
energy of charge carrier but narrower absorption spectrum. The highest efficiency can
be achieved in a single-junction solar cell as given by the Shockley—Queisser limit,°
which shows the theoretical limit of 1 as a function of E,. It is suggested that in the

optimum FE, between 1 eV to 1.5 eV.

1.2.3. Designs of Solar Cells

Monocrystalline Solar Cells

Monocrystalline silicon solar cells are typically based on a p-n junction, consisting of
a thick (300 — 500 um), lightly doped (N, ~ 10'¢ cm™) p-type layer and a thin (0.2 — 0.3
um), heavily doped ( Nz~ 10" cm™) n-type layer.! The junction is formed by diffusion
of n-type dopant onto the p-type wafer. Figure 1.5 a shows the energy band diagram of
a p-n junction in a monocrystalline Si solar cell. The p-type layer needs to be thick as
light absorption is poor for Si as an indirect semiconductor, as such light penetration is
deep into p-type layer and recombination in the p-type region is the most important
process. In addition, a heavily doped, back contact is formed to drive electrons away
from the rear surface. The PCE single-junction Si solar cell is reaching theoretical
maximum of 29% and the key change is to reduce the production cost.?’
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Some III - V semiconductors such as gallium arsenide (GaAs) has direct band gap with
suitable band-gap energy shows more effective photon absorption than Si. The design
of GaAs solar cell is similar with that of Si solar cell, Figure 1.5 b, comprising a heavily
doped (usually p-type) emitter and a lightly doped but much thinner n-type base (2 — 4
um). Doping of GaAs is achieved through replacing atoms with different valence, such
as Al, Si. Owing to stronger photon absorption the recombination at front surface
becomes dominant, thus similar to the design in Si solar cell a heavily doped or a high-

band-gap layer is formed at front surface to mitigate surface recombination.?

GaAs solar cells suffer stronger SRH recombination in space charge region owing to
high density of both electrons and holes than the Si solar cells where most
photogeneration takes place in the neutral p-type layer. As such the ideality factor m
derived from dark current is greater than 1. This, to some extent, might be similar in
perovskite solar cells where the halide perovskite film also exhibit strong absorption

coefficient greater than 10* cm™!.282°

Inorganic Thin-film Solar Cells

Thin-film solar cells are based on polycrystalline or amorphous materials manufactured
with lower cost than monocrystalline materials.®® A well-developed material is
amorphous silicon (a-Si),?! other materials are direct band gap semiconductors with
high optical absorption including cadmium telluride (CdTe)** and copper indium
gallium diselenide (CulnGaSe>).>* Owing to intrinsic defects, charge diffusion length
is shorter in these polycrystalline or amorphous materials such that the thickness of

active layer is limited as well as that these materials are difficult to dope.>!

The design of a a-Si solar cell is a p-i-n heterojunction, a structure very similar to
perovskite solar cells used in this study. In Figure 1.5 ¢ a schematic drawing of band

profile is shown, where electrical field drop across the intrinsic region. Owing to
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charged defects the electric field is screened thus i-region becomes neutral — this
emerges as a prominent issue in perovskite solar cells as well due to considerable
intrinsic defects associated with these solution-processed thin films. It is worth noting
that without charge defects high charge density can also minimise electrostatic potential

in the i-region.’!

Both CulnGaSe; and CdTe are direct band gap semiconductors and can be doped into
n- or p-type.>® The design of solar cells is a p-type CulnGaSe or CdTe layer deposited
onto transparent conductive oxides (TCO), on top of which an n-type CdS is deposited

and a zinc oxide (ZnO) layer as anti-reflection layer.

Dye-sensitized and Organic Solar Cells

Dye-sensitized solar cells (DSSCs) and organic solar cells (OSCs) are both based on
photo-absorption by molecular materials while charge separation takes places at the
interface of a different charge accepting material. Compared to inorganic

semiconductors the fabrication cost of these molecular materials is readily reduced.

The structure of DSSCs, schematically drawn in Figure 1.5 d, is based on a mesoporous
titanium dioxide (TiO2) film composed of nanocrystalline TiO> with a monolayer of
photoactive dye molecules attached to surface.>* Photoexcited electrons are injected
into the CB of TiO, while remaining holes are extracted to counter electrode by
electrolyte containing iodide/triiodide redox system. The voltage generated
corresponds to difference of Fermi level between electrons in TiO; and redox potential

of the electrolyte.*®

The active layer of organic solar cells typically adopts a bulk heterojunction (BHJ)
structure comprising a photo-absorbing material (donor) blended in nanoscale with a
charge accepting material (acceptor), Figure 1.5 e.3® Typical size of donor or acceptor

domains in the blending is no greater than 20 nm, as such bonded electro-hole pairs
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Figure 1.5 Schematic drawing of band profile of (a) monocrystalline Si solar cell,
(b) monocrystalline GaAs solar cell, (¢) polycrystalline Si solar cell, (d) dye-
sensitized solar cell and (e) organic solar cell.

(excitons) generated in donor diffuse to and dissociate at donor/acceptor interfaces.
Such process is essential to generating free charge carriers in organic solar cell but
inevitably causes potential energy loss. The Voc of OSCs is limited by the HOMO

(highest occupied molecular orbital) level of donor and LUMO (lowest unoccupied
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Figure 1.6 Schematic drawing of structure evolution of perovskite solar cell (PSC).
(a) “perovskite-sensitized” solar cell, (b) mesoporous PSC, (¢) planar n-i-p PSC and
(d) invert planar p-i-n PSC.

molecular orbital) level of acceptor.®’

Organic solar cells are widely studied in parallel with perovskite solar cells while these
two devices exhibit rather different operational mechanisms in that free charges are
generated upon photoexcitation in perovskite with no need for an accepting material.
This gives rise to dominance of radiative recombination in perovskite solar cells in

contrast to dominance of non-radiative recombination in organic solar cells.

1.2.4. Evolution of Perovskite Solar Cells

In the first attempt to employ metal halide perovskite as photoactive layer in 2009,
the device architecture then was basically adopted from dye-sensitized solar cells, i.e.
with a 6-pum mesoporous TiOz layer and liquid electrolyte, and achieved power
conversion efficiency (PCE) of 3.8%.%° It was two years later the same device
architecture but with a much thinner TiO» were used and PCE of 6.5% was achieved.*’
The PCE was boosted to 9.7% in 2012 by using solid-state hole conductor.*! From then

on perovskite-based solar cells have been intensively investigated and PCE kept roaring
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up to 19.6% in 2014,** and to 23.7% recently.*?

In parallel to boosting of efficiency the device structure has also evolved. Mesoporous
TiO, was replaced by insulating Al,O3 scaffold** and was later removed to form a
purely planar structure (Figure 1.6 ¢),*> with the realisation that the perovskite layer
can simultaneously transport charge besides charge generation. The inverted planar
structure (Figure 1.6 d), adopted from organic solar cells, was then attractive due to of
its compatibility with low-temperature processing and negligible current density-
voltage (J-V) hysteresis.*® These devices normally use polymers as hole transport
materials and fullerene derivatives as electron transport materials. The relative ease of

processability enables these device to be potentially compatible in tandem solar cells.*’
1.3  Crystallography and chemistry of Perovskite

1.3.1. Crystal Structure

The term “perovskite” refers to a family of materials with the same crystal structure as
calcium titanite (CaTiO3).* These compounds shared the chemical formula ABXs,
where “X” is an anion and “A” and “B” are cations of different sizes.*’ The crystal
structure of a typical ABX3 perovskite is shown in Figure 1.7 a: “A” cation resides at
the eight corners of the cubic lattice. The body centre of each face is occupied by an
anion “X”, forming an octahedron structure. The centre of this latter is occupied by the

smaller cation “B”.

The possibility of the atoms or ions to assemble ABX3 perovskite structure depends on

the Goldsmidt tolerance factor t:>°

Ry + Ry

t 2Ry + Re) (139
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Figure 1.7 (a) Crystal structure of ABX3 perovskite materials. (b) Crystal structure
of CH3NH3Pbl; perovskite.

where Rx, Ra and Rp are the radius of “X”, “A” and “B”, respectively. A cubic structure
can be formed only if 0.9<t<1. Otherwise low symmetry is formed such as tetragonal,

rhombohedral or hexagonal structures.

The organic-inorganic halide perovskites (OHP) initially refers to methylammonium
lead halide perovskite (CH3NH3;PbX3, X=I, Br, Cl or their mixture), although later
different cations, such as formamidine (FA), caesium (Cs), rubidium (Rb),>! or different
metal cations, such as Tin were incorporated.® Figure 1.7 b shows a schematic drawing
crystal structure of methylammonium lead tri-iodide perovskite (CH3NH3Pbl3), one of

the most widely used materials among the OHP family.

Most of the perovskite crystals undergo a phase transition upon temperature variation, >

which, for example, has be studied with calorimetric and infrared spectroscopy for
CH3NH;Pbl; perovskite.”> The CH3;NH3Pbl; remains in tetragonal phase at room
temperature, transformed to cubic phase with higher symmetry when T > 330 K or to
orthorhombic phase as T < 161 K. In comparison both CH3;NH3;PbBr; and
CH3NH3PbCl; are cubic at room temperature.** The crystal structure is examined by X-
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ray diffraction, which will be discussed in details in the experimental chapter. The cubic
CH3NH3Pblz comprises a body-cantered unit cell with CH3NHj3 in the centre with (100)
planes giving the strongest x-ray diffraction, while tetragonal CH;NH3Pbl; has a more
complex unit cell with Pb in the centre and (110) planes showing the strongest x-ray
diffraction.” It is worth noting that phase transition of CH;NH;3Pbl; during thermal
annealing (typically at 100° C or above) and subsequent cooling may be an important

cause of defects in the film.

Table 1.1 Phase transition temperature of CH;NH3PbX3 perovskite.>*

P;ﬁi:ﬁ? Orthorhombic Tetragonal Cubit
CH3NH;Pbl3 <171.5K 171.5 -330.4K >330.4K
CH3;NH3PbBr3 <148.8K 148.8 - 154.0K >154.0K
CH;NH3PbCl3 <171.5K 171.5-177.2K >177.2K

1.3.2. Electronic & optical properties

The superior optoelectronic properties of lead halide perovskite stems from the long
pair of s electrons in Pb cations.’® Taking CH;NH3Pbl; for example, the valence band
maximum (VBM) shows strong Pb s and I p antibonding character, whereas the
conduction band minimum (CBM) is contributed from Pb p state.’”>® The organic
molecules generate states far from the band edge and thus contribute little in
determining the basic electronic structure of the perovskite, whereas they mainly help
stabilize the perovskite structure.’® The electronic structure of lead halide perovskite is
inverted to those conventional semiconductor, such as gallium arsenide (GaAs) and

cadmium telluride (CdTe) where the CBM is made up of s-orbitals and the VBM
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p-orbitals.”!

One impact of the unique electronic structure of lead halide perovskites is their
ambipolar conductivity.”® In some conventional semiconductors, effective mass of
electrons is much smaller than the hole effective mass and the electrons transport much
faster that the holes the lowest conduction band (CB) is more dispersive than the highest
valence band (VB), because the high-energy s orbitals that construct the CB are more
dispersive than the low-energy p-orbitals that construct the VB. As a result, the. Owing
to the strong s-p coupling, the upper VB of CH3NH3Pbl; is as dispersive as the lower

CB made up by p-orbitals, resulting in balanced effective mass of electrons and holes.*

The other impact of the strong s-p coupling is their high optical absorption,®' which is
extremely important for thin-film absorbers. The optical absorption of semiconductor
is fundamentally determined by a combined effect of 1) transition matrix elements
between valence band and conduction band, which measures the probability of each
photoelectric transition, and ii) their joint density of states, which measures the total
number of possible photoelectric transitions.®> For silicon absorbers, their indirect
bandgap remarkably reduces the transition probability between the band edges. The
bandgap of CH3NH3Pbl; is direct and thus its transition probability is much higher.
Moreover, the density of states of in the lower CB of CH3NH3Pbls perovskite is much
higher than that of second-generation absorber, such as GaAs, resulting in higher
DOS.’"*® Besides, the band-edge transition from VBM to CBM comes from the
transition between mixed Pb s and I p-orbitals to Pb p-orbitals. The intra-atomic Pb s
to Pb p transition has a high probability, which further enhances the VBM-CBM

transition.>’
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1.3.3. Defects

Classification of Defects in Solids

While a large volume of literature correlated improvement of perovskite solar cell
performance with passivation of defects, it is essential to review the general physics
and chemistry of defects in perovskite. In general defects in solids are classified in
dimensional hierarchy into zero-dimensional defects (point defects) and other higher
dimensional defects (dislocations, surfaces, defect clusters, voids, precipitates, etc.).%
The point defects in solids can be classified according to their elemental nature into
intrinsic defects, which appear in pure materials, and extrinsic defects, which are caused
by impurities. A vacancy is formed when an atom is missing from a lattice site that it
should occupy (Figure 1.8 b), while an interstitial is creased when an atom is forced
into a site that is not normally occupied (Figure 1.8 ¢). An anti-site is generated when
an A-atom is on the site of a B-atom (Figure 1.8 d), or vice versa. A stoichiometric
compound mainly contains two types of intrinsic point defects: i) Schottky defects,

where a paired anion and cation vacancies are created (Figure 1.8 e), and ii) Frenkel

(a)  Pristine crystal (b) Vacancy (c) Interstitial

(d) Antisite (e)  Schottky defects (f) Frenkel defect

nn
ot

Figure 1.8 Schematic drawing of point defects in solids: (a) pristine crystal, (b)
vacancy, (c¢) interstitial, (d) anti-site, (e) Schottky defect pair and (f) Frenkel defect
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defects, a paired vacancy and interstitial. A non-stoichiometric compound might contain
other point defects including anti-sites, substitutional impurities or interstitial
impurities.®> Moreover, a point defect is termed native defect when it presents as the
crystal is grown. Otherwise it is termed induced defect if it is introduced by post-grown

processing, such as annealing, irradiation, etc.

Point defects in semiconductors played a crucial role in determining their electronic
and optical properties,®* and thus have a profound impact on the power conversion
efficiency of solar cells.%® For instance, defects that generate shallow levels, i.e. those
with energy levels close to respective band edge, can donate or accept electrons to bulk
bands and become effective doping methods for the semiconductor, while the defects
the create deep levels within the band gap can trap electrons or holes cause Shockley-
Read-Hall recombination which 1is unfavourable to photovoltaic energy

conversion, 6466

Point defects in Metal Halide Perovskites

First-principles calculations showed the superior point defect properties of the lead
halide perovskites which is partially accounted for their excellent photovoltaic
performance.' It is suggested that the dominant defects, i.e. with low formation energy,
in CH3;NH;3PbI; are all energetically shallow defects,'* which gives rise to higher
probability of a trapped electrons or holes to be released into band edges. These defects
include acceptor-like defects such as I interstitials (I;), CH;NH3 (MA) vacancies (Vma),
Pb vacancies (Vpy), as well as the donor-like defects such as MA interstitials (MA)), I
vacancies (Vi) and Pb interstitials (Pb;).!* These defects exhibit low transition energy
of less than 50 meV, among which I interstitials show the lowest formation energy.
However, the defects with high transition energy, i.e. energetically deep in the gap, have
high formation energy and thus are less likely to exist in perovskite crystals. It is also

shown that neither Schottky defects nor Frenkel defects pairs in CH3;NH3PbX3 generate
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deep gap states.®’” Considering the thermodynamic equilibrium growth condition of
MAPI, there's certain chemical potential for each possible type of chemical defect to be
formed. These chemical potential are probed as formation energy of each type of defect.

Most likely formed defects are p-type Ve, and n-type MA; in CH3;NH3Pbls. !
Defect Migration

The migration of point defects, or ions in some description, has drawn broad attention
due to its correlation with several important phenomenon including current-voltage
hysteresis,’ switching of photovoltaic behavior®® and giant dielectric constant,® etc. As
shown in Figure 1.9 a, theoretical calculation suggests the mobile ionic defects are
mainly vacancy anions.”® Photothermal induced resonance microscopy enables direct
imaging of MA" distribution the perovskite films.®® The accumulation of MA™ at
cathode after applying a small electrical field experimentally demonstrated the
migration of MA™ in perovskite films. Migration of I" has been observed by X-ray
photoemission spectroscopy (XPS) in a laterally configured perovskite device after
applying long-term bias.”! These findings experimentally confirmed the theoretical
calculation of I" and MA" migration in perovskite films, despite that the defect site

through which these ions migrate is yet unclear.

(a) o [ (b) | iorati (c) Electrical field screening
on migration
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Figure 1.9 (a) Schematic drawing of iodine vacancy migration in perovskite crystal.
(b) Schematic drawing of ion migration and (¢) screening of build-in electrical field

in a perovskite solar cell.
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Migration of defects can be characterized with PL images of perovskite films between
to in-plane electrodes with constant biased applied.”>’® As these ionic defects introduce
non-radiative electronic states, their migration results in quenching of local PL on the
film. Films with high density of ionic defects show strongly quenched PL near one

metal contact after a certain period of applying constant bias.

The activation energy for ionic migration can be derived from first-principle calculation
and can be experimentally measured with kinetic data extracted from current-voltage
response of a full PSC.!” A significant consequence of ion migration is screening of
built-in electrical field, shown by Figure 1.9 b and 1.9 c¢. This gives rise to unique
phenomenon in device transient measurement, such as invert photocurrent transient,”
inverted photovoltage transient’” and slow rise of photovoltaige.”>’¢ Direct observation
of fiend-screening is made by scanning kelvin probe microscopy on the cross-section

of solar cell.”’

The unusual J-V hysteresis phenomenon in perovskite solar cells’® have been attributed
to ion migration.”’7>8" The experimentally determined activation energy of J-V
hysteresis through temperature-depend photocurrent difference showed agreement of
the activation energy of ion migrations.®! One model of this process was proposed that
ion drifting under applied bias forms interfacial energy barrier, leading to shift of work
function of respective electrode as well as band bending depending on the direction of
applied electrical field.”” For example, applying reverse bias drives I" to anode and
causes additional upward bending of perovskite valence band which is favourable for
charge extraction, while applying forward bias is vice versa. Alternatively, the process
might involve a trapping and releasing ions at the perovskite/TiO2 interface upon a
voltage change which causes the slow response of the measurement photocurrent,

giving rise to the over-estimation or under-estimation of photocurrent.
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2. Experimental Methods

In this chapter the experimental methodologies are introduced, starting from how we
fabricate inverted-structure perovskite solar cells, the techniques used to characterise
properties of materials related to solar cell, correlated to optoelectronic measurements
on thin films and on complete solar cells, aiming to correlate the understanding of

materials processing, properties and solar cell performance.
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2.1.Device Fabrication and Measurement

2.1.1. Planar Perovskite Solar Cells

In my study p-i-n planar-structured perovskite solar cells, i.e. no mesoporous layer, are
fabricated. In Figure 2.1 a the schematic drawing of device structure and layer
composition is shown and in 2.1 b a flat-band diagram of the energy levels are shown.
P-i-n herein refers that an intrinsic perovskite layer sandwiched by a p-type hole
transport layer (HTL) on the bottom substrate and an n-type electron transport layer
(ETL) on the top. In such a device architecture the indium-doped tin oxide (ITO) acts

as anode for hole extraction, while the metal contact works as cathode for electron

extraction.
(a) (b) 1
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Metal
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Figure 2.1 Schematic drawing of (a) a p-i-n perovskite solar cell, (b) the flat-band
energy diagram, and (c¢) the ETL/metal interface with and without interfacial dipole

layer.
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Importantly, an interfacial dipole layer needs to be deposited between ETL and metal
electrode, usually an ultra-thin layer of solution-processed bathocuproine (BCP)
thermally evaporated lithium fluoride (LiF). This is because the work function of metal
electrodes (e.g. Ag, Cu) is higher than the work function of ETL, thus a Schottky contact
is formed at ETL/metal interface forming electron extraction barrier. This typically

leads to “S-shape” in the measured current-voltage (J-V) curve,’>%3

severely reducing
obtained efficiency. The dipole layer can reduce the effective work function of metal
and thus form an ohmic contact at the interface. In Figure 2.1 ¢ and 2.1 d a schematic

drawing of band diagram at ETL/metal interface is shown, highlighting how the dipole

layer modifies the interfacial band bending.

2.1.2. Device Fabrication

Substrate and HTL

Prior to device fabrication, all ITO substrates were sequentially cleaned in ultrasonic
bath using acetone, isopropanol and deionized water, each for 10 minutes, and finally
dried under an argon flow. Immediately before use all substrates were treated by oxygen

plasma for 10 minutes to completely remove contaminations.

The HTL employed in this study include Poly(3,4ethylenedioxythiophene)-
poly(styrene sulfonate) (PEDOT:PSS, Ossila LTD), poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA, Ossila LTD) and poly[N,N’-bis(4-butylphenyl)-N,N’-
bis(phenyl)benzidine] (PTPD, Ossila LTD). PEDOT:PSS was used as received while
PTAA and PTPD were received as powders and were dissolved in chlorobenzene. In
Figure 2.2 the chemical structure of the materials used is shown. The processing

conditions for these HTLs are summarised in Table 2.1.

The hydrophobic nature of PTAA and PTPD results in poor wettability of perovskite

precursor solution. To address this issue an ultrathin layer of Poly [(9,9-bis(3'-(N,N-
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dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9—dioctylfluorene)] (PFN-Br) poly-
electrolyte layer was spun onto PTPD or PTAA. PFN-Br was used as polyelectrolyte
for electron extraction in organic solar cells,® the mechanism of why PFN shows no

detrimental impact on HTL surface remains unknown so far.

Table 2.1 Processing conditions of HTL, ETL, interlayer and electrode.

L Spi A li Thick
aye'r' Materials Solution pin nne.a. e feRness
composition speed conditions (nm)

Dispersion in
PEDOT:PSS water, used as
received

4000 150°C, 20
rpm min

40

0.25%wt 1 5000
HTL PTAA Vow In No 20
chlorobenzene rpm

o/
PTPD 0.25%wt In 5000 No 20
chlorobenzene rpm

HTL
o/
surface PFN 0-25%u in 5000 No <10
) methanol rpm
modifier
1 -
ETL PCBM 23 mgml™ in 2000 No 40
chlorobenzene rpm
1
BCP 0.5mgml”in 4000 No <10
methanol rpm
Interfacial
dipole layer
LiF Thermal evaporation 0.7
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Metal

Agor Cu Thermal evaporation 100
contact

Perovskite Layer

The processing methodologies for perovskite layers are summarised in Table 2.2. The
CH3NH3Pblz (MAPI) perovskite precursor solution was prepared by co-dissolving
equimolar lead iodide (Pbl, 99.9985%, Alfa Aesar) and methylammonium iodide
(MAI, Dyesol) in mixed solvent of gamma-butyrolactone (GBL) and dimethyl
sulfoxide (DMSO) with volume ratio of 7:3. The solution was stirred for 1 hour at 60 °C,
and was filtered infiltrated with a polytetrafluoroethylene (PTFE, with 0.45 pm pore
size) filter before use. The perovskite active layer was formed via a toluene-dripping
method.®® The precursor solution was first spun at 500 rpm for 5 seconds and then 2000
rpm for 20 seconds. 0.5 ml of toluene was instantly dripped onto the film right at the

end of second stage of spinning, followed by spinning at 4000 rpm for 20 seconds.

An alternative method to prepare perovskite films is to dissolve equimolar Pbl, and
MAI in a mixture solvent of N,N-Dimethylmethanamide (DMF) and DMSO with
volume ratio of 9:1.1. The solution was stirred at 50°C for 1 hour to fully dissolve the
precursors and was infiltrated before use. 40 pl precursor solution was dropped onto
substrates with hole transport layers and was spun at 4000 rpm for 30s. At the 7" second,
0.5 ml diethyl ether was instantly dripped onto the spinning substrate. The substrates

were then annealed on a hot plate at 100°C for 15 minutes.

Spin-coating is one of the cheapest and most widely used fabrication methods of PSCs.
It involves evaporation of solvent and convective self-assembly process of the
precursors that immediately induce the formation of crystalline perovskite materials.
Simple spin coating, however, does not yield homogeneous perovskite film. The

remaining pinholes are particularly problematic for planar substrates. Such issue was
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Figure 2.2 Schematic drawing of a of the chemical structures of the organic
materials used in PSC fabrication.

overcome dripping anti-solvent (i.e. the solvent that does not dissolvent perovskite such
as chlorobenzene, toluene, etc.) onto the spinning substrates during conventional spin
coating, resulting in dense film with smooth surface and full coverage on the substrate.
In such methods the solution normally comprises two different solvents with different
boiling point (usually DMF/DMSO or GBL/DMSO). Dripping of anti-solvents washes
off DMF or GBL, leaving an “intermediate phase” of MAI-Pbl.>-DMSO complex
compound.®® This because DMSO can coordinate with Pbl, to form a Pbl,(DMSO),
complex.®” Unlike fully crystalline phase, such intermediate phase can fully cover the
substrate. Further thermal annealing allows for slow evaporation of remaining DMF

and formation of crystalline perovskite films.
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ETL, Interfacial Dipole and Metal Contact

A fullerene derivative, Phenyl-C61-butyricacid methylester (C60-PCBM), was used as
ETM in chlorobenzene. The solution was stirred at 40 °C for 1h and was infiltrated
before use. The PCBM solution was spin-coated on MAPI film at 2000 rpm for 45
seconds. The interfacial dipole layer was prepared by either spin-coating BCP solution
or thermally evaporate 0.7 nm of lithium fluoride (LiF) and Finally, the devices were

completed by thermally evaporating 100 nm of Ag or Cu at a pressure of 5x10°¢ mbar.

Table 2.2 Processing conditions of perovskite layer.

Method 1 Method 2
Precursors Pbl,*+CH3NHsI (1:1 mol) Pbl,+CH3NH3I (1:1 mol)
Concentr:illtion 125 15
(mol L)
Solvent GBL+DMSO (7:3 vol) DMF+DMSO (9:1.1 vol)
Spin protocol 500 rpm, 5s = 2000rpm, 10s — 4000 rpm, 30s

4000rpm, 20s

0.5 ml Dither ether, drip at the

Anti-solvent 0.5 ml Toluene, drip at thel5™ s th
S

Thermal
erma 100°C, 20 min 100°C, 20 min
annealing
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2.1.3. Device Measurement

Current density-voltage (J-V) characteristics were measured with a Keithley 2400
source meter. Voltage is applied to the device and the current is recorded. The devices
were illuminated by an AM 1.5 xenon lamp solar simulator (Oriel Instruments). The
intensity was adjusted to 1 Sun by changing the working current, which was calibrated
using a Si reference photodiode. All devices were stored in dark prior to measurement
and were measured in a nitrogen-filled chamber. External quantum efficiency (EQE)
spectra were measured with a PV Measurements QEX10 system. The spectral response
was measured between 300 and 850 nm and was calibrated with a silicon reference

photodiode.

2.2.Materials Characterisation Methods

To develop a thorough understanding of the processing-structure-performance
relationships in the perovskite materials prepared, an insight into the materials
characterisation methods routinely used is critical. In this chapter the four main
characterisation techniques used are introduced. In brief, scanning electron microscopy
(SEM) is widely used in this work to assess the morphology of perovskite thin films,
while transmission electron microscopy (TEM) is employed to probe the
microstructural defects and compositional homogeneity in the films. The variation of
perovskite crystallinity is examined by X-ray diffraction and the work function of both
perovskite films and charge transport layers are studied using Kelvin probe

measurements.

2.2.1. Scanning Electron Microscopy

The imaging process of a SEM involves bombarding the specimen with a high energy
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primary electron beam that interacts with the specimen resulting in a number of beam-
specimen interactions. Imaging is, in this case, obtained by collecting the low energy
secondary electrons (< 50 eV).2%% The image is constructed by scanning the electron
gun across the specimen surface. In Figure 2.3 a the schematic drawing of the imaging

process using SEM is shown.

The contrast in a SEM image depends on the yield of secondary electrons (d), i.e. the
higher the yield the brighter the area will be. The value of 9 is relatively insensitive to
the composition of the specimen but is sensitive to the topography of specimen surface.
More secondary electrons can escape from the surface it the topography is elevated or
from the edge of structures e.g. grain boundary regions. As a result, d and these regions
will appear brighter, which is the main mechanism that morphological variation of the
specimen can be observed. Owing to the low energy of the secondary electrons, only
those generated near to the surface can escape from the specimen, thus this imaging

mode is useful for examining the surface morphology. %%

The resolution of SEM image is determined by the volume of the specimen surface
where secondary electrons are generated - the smaller the sampling volume the better
the resolution Typically, the highest resolution for SEM image is around 10 nm. There
are two secondary electron detectors available in the SEM used in this work, the
position and proximity to the sample of which vary allowing improved image quality
under near-identical imaging conditions, although this improvement is at the expense
of depth of field. In addition to secondary electrons backscattered electrons, i.e. incident
electrons that escape from the spacemen inelastic scattering, can also be collected to
construct images. Notably, the yield of backscattered electrons depends strongly on
atomic number — the areas with heavier elements appear brighter, and this signal can be
used to probe sub-surface inclusions and is excellent for elemental contrast, however
resolution is poor. Another useful signal generated in the SEM are characteristic X-rays
that are generated from the specimen when the primary electron beam interacts, as these
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are characteristic they can be collected as a function of their energy giving rise to
energy-dispersive X-ray spectroscopy (EDX/S) which can be used to provide spatially

resolved elemental composition information.”

Figure 2.3 b shows a typical surface image of CH;NH;3Pbl; films prepared with method
1 described in section 2.1. The polycrystalline structure is evident with well-defined
grains and grain boundaries, both highlighted. It is worth noting that no compositional
information can be directly obtained image without complementary characterisation

techniques.

2.2.2. Transmission Electron Microscopy

While SEM utilises secondary electrons generated from the specimen surface,
transmission electron microscopy (TEM) constructs the image with electrons that are
transmitted through the specimen. The fundamental principle of TEM is the diffraction
of an electron beam when passing through the specimen. The angle of electron
diffraction is usually very small according to Bragg’s law (see next section),’! as the
electrons have rather small wavelengths (~ 1x10'?m), about 1000 times smaller than
the wavelength of X-rays (~ 1x10° m). TEM shows exceptional resolution down to

approximately 0.1 nm.3%2

Figure 2.3 ¢ shows schematically the imaging mechanism of a TEM. Using a parallel
electron beam to illuminate the specimen and placing an objective aperture below,
diffraction patterns can be observed.”* The diffraction pattern of a single crystalline area
is a regular array of spots, while that of a polycrystalline area is typically concentric
rings. By selectively passing through the diffraction pattern using an aperture, different
mode of images can be formed. Bright-field (BF) image is formed by selecting the beam
comprising all transmitted, undiffracted electrons,” as such the area that has less

interaction with incident beam, such as voids, grain boundaries, polymers, etc, will
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appear brighter. In contrast, dark-field (DF) image is formed using only one of the
diffracted beams. In this case the area that more strongly diffract incident electron

beams will appear brighter.

The contrast of TEM, i.e. the magnitude by which variation in the microstructure can
be identified, depends on i) the amplitude changes of the electron beam and ii) the phase
changes of the electron bean as it passes through the sample. The former, termed
amplitude contrast, is determined by the mass or thickness of specimen and by the
diffraction that occurs to electron beam in the specimen.’®*?** For example, the
relatively thick and/or high-Z (where Z is atomic number) region more strongly diffract
the electron beam and thus appear darker in a BF image but brighter in a DF image;
some specific regions of the specimen can also diffract differently from the nonboring
region, such as crystalline defects or bending areas. The later, phase contrast, arises
from the differences in the phase of electron waves, which interfere with one another
as they are scattered. Importantly, the phase contrast can be detected down to the atomic

scale resulting in high-resolution images.

Scanning transmission electron microscopy (STEM) is designed specifically to
optimize the formation and detection of a focused, scanned beam. The configuration of
STEM is similar to that of a conventional TEM except that there is no lens below the
specimen. However, in STEM configuration the convergent beam can scan across the
sample using the scanning coils.”® The BF and DF imaging mode of STEM are both
analogous to that of conventional TEM, while the use of annular dark-field (ADF)
detector and high-angle annular detector enables higher resolution and improved image
contrast to be achieved by STEM than TEM.”® Moreover, as STEM uses reduced dose

of electron beam than TEM, beam damage to the specimen can be controlled.

In Figure 2.3 d a typical cross-sectional TEM image of complete device is shown with

bright-field mode. The Spiro-OMeTAD and glass layer that weakly diffract incident
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Figure 2.3 (a) Schematic drawing of the imaging mechanism of scanning electron
microscopy (SEM). (b) A typical surface SEM image of CH3NH;3Pbls, where the
morphological contrast between a grain and grain boundaries is marked. (c)
Schematic drawing of the imaging mechanism of transmission electron microscopy
(TEM). (d) A typical bright-field image of the cross-section of a perovskite solar
cell. (e) A typical dark-field image (with higher resolution) of the cross-section of a
perovskite solar cell. (f) Lattice fringes of perovskite crystal.

beams appears brighter than the perovskite and TiO: layer that shows stronger
diffraction to incident beams. It is also observed that the grain boundaries appear
brighter that the grains, as electron beam can pass through the grain boundaries. Figure
2.3 e shows a dark field image constructed by diffracted beams, where the bright and
dark regions are inverted — the grains appear brighter than polymer layer and grain

boundaries. Figure 2.3 f shows a typical HRTEM images with lattice fringes of
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CH3NH3Pblz that are typically exhibit as the alignment of atoms. However, the
periodicity observed here is due to phase contrast, the bright spots are interference

maxima instead of real atom columns.

Because TEM requires transmission of electron beam, the thickness of specimen is
controlled between 10 nm — 300 nm. This makes sample preparation in TEM much
more complex than in SEM. The thinning of electron-transparent specimen is prepared
by polish with chemical agents or ion beams. In particular, the cross-sectional samples
of perovskite solar cells used in the studies shown in Chapter 4 are prepared with
focused ion beam (FIB) milling.”” This method involves with milling the bulk specimen
with FIB, creating an electron-transparent “H-bar” structure and lifting out the thin strip

with micro-manipulator.

2.2.3. X-ray Diffraction

X-rays can be diffracted by a plane of atoms resembling specular reflection of light by
a mirror, which arises from constructive interference of all scattered X-rays by
individual atoms. If there are multiple planes, reflection from each plane can add

constructively in specific directions according to Bragg’s law:*®
2dsinf = kA (2.1)

where d is the spacing between adjacent plane, 0 is the incident angle, A is the
wavelength of incident X-ray and 7 is an integer. An X-ray diffraction (XRD) pattern
is a plot of X-ray diffraction intensity at different angles. In this work a commercial
powder diffractometer is used (which?). A monochromatic X-ray source scans through
sample surface and the diffraction intensity is recorded, ending up with a plot of

diffraction intensity versus 0 (or d).”

Each “phase” in the studied material will produce a unique diffraction of pattern. The
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XRD pattern from is a superimposition of all individual phase that exists in the sample.
For the pattern of a phase, parameters obtained include the peak position, peak intensity
and peak shape. The absolute intensity of diffraction peak is determined by complex
factors, including electron density distribution of the atoms and the geometry of the unit
cell. While understanding the origin of absolute intensity of each diffraction peak is
beyond this study, variation of peak intensity, in combined with variation of peak
position and the full width at half maximum (FWHM), is scrutinized to probe any

change in thin-film crystallinity or orientation.”!

The experimental XRD data are typically compared to reference patterns to determine
what phases are present.'”’ Table 2.3 lists the selected peak parameters of tetragonal
CH;NH;Pbls.>° The peak frequently referred to as characteristics of CH;NH3Pbls is the
(110) peak, the corresponding {110} planes traverses the Pbls octahedron along I-Pb-I
axis. A fingerprint of tetragonal structure is (002) peak appearing at slightly lower angle
compared to (110) peak, as c-axis is longer than g-axis. In the meanwhile high-index
peaks such as (211) and (310) emerge. The cubic structure of CH3NH3Pbl; has a simpler
structure of unit cell thus exhibits fewer diffraction peaks, including (100), (110), (111),
(200). (210), etc. Figure 2.4 a shows a typical X-ray diffraction (XRD) pattern of
CH3NH3PDbI3 thin films deposited on an ITO substrate of two thickness: 250 nm and
750 nm. Note that (110) and (002) peaks are not discerned in the measured pattern, due

possibly to instrumental broadening of each peak.

Table 2.3 Calculated X-ray diffraction parameters of a tetragonal CH3;NH3Pbl3.>

Relative intensity

Peak index 20 (°) d-spacing (A) %)
002 13.9513 6.3425 60
110 14.2216 6.2225 100
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112 19.9730 4.4418 7

211 23.6509 3.7587 27
202 24.6041 3.6152 17
220 28.6684 3.1113 66
310 32.1387 2.7828 49

In Figure 2.4 b a magnified view of the (110) peak is shown, which shows the strongest
intensity and is used as a characteristic diffraction peak for CH3NH3Pbls in most of the
literature.> The two-dimensional view of a CH3;NH3Pbl; tetragonal crystal structure is
shown in Figure 2.4 ¢, where the unit cell is highlighted and the {110} planes transverse
the centre of Pbls octahedral. Table 2.4 listed the measured parameters of (110) peak.
There is a slight increase of d-spacing and decrease of crystallite size as film thickness
increases. However, intensity of (110) clearly scales with film thickness, which is
anticipated as the volume of crystalline materials increases that gives rise to stronger
diffraction to incident X-ray.”’*° It is also noted that diffraction of x-ray is dominated

primarily by heavy atoms and thus is relatively insensitive to the organic cations.

The orientation of a thin film grown on substrate has profound impact on its
optoelectronic properties, which can be characterized by probing the relative intensity
of the diffraction peaks.!°! Within a polycrystalline film the lattice planes can face any
orientation, but only the diffracted X-ray by planes that are parallel to the substrates can
be detected. This is because in our standard X-ray diffractometer the X-ray generator
and detector rotate synchronously around the sample, shown in Figure 2.4 d. In Figure
2.4 a relative intensity of (220) peak and (310) peak are also compared in the two films

and observed a decrease of ratio of (220) over (310) peak intensity as film thickness
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increases. It suggests that there is less portion of (110) lattice planes lying parallel with
the substrates in the thicker film. Figure 2.4 d also points out the limitation of
conventional diffractometer, that is, only the lattice planes parallel to the substrate is
probed, while those facing other directions remained unexplored. To address this issue
Grazing-Incidence Wide-Angle X-ray Scattering (GIWAX) that is capable of probing

the thin-film crystallinity in a large range of directions with respect to the substrate.!%*

104

Table 2.4 Measured parameters of (110) peak of two perovskite film.

Perovskite Intensity )
20(° d- A FWHM (°
thickness (nm) ©) (counts) spacing (A) ©)
250 14.1569 9338 6.25 0.0708
750 14.1451 11971 6.26 0.0866

2.2.4. Kelvin Probe Analysis

Kelvin probe measures the contact potential difference established between a sample
with respect to a reference electrode, from which the average work function (WF) can
be determined if the WF of reference electrode is known. A Kelvin probe force
microscopy (KPFM), more used in characterizing thin-film samples, can map the

surface potential or WF of the sample with high spatial resolution.'%’

KPFM is established on the instrumentation of atomic force microscopy system (AFM).
The contact potential difference (CPD) between the tip (reference electrode) and the

sample surface is defined as

CPD = Ptip — Psample o

—q
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where ¢ is WF of sample and tip. A more negative CPD indicates lower WF of the
sample surface. The absolute WF of the tip is obtained by measuring the CPD with
respect to a known sample, from which the WF of investigated sample can be measured.
Typical calibration sample is the highly oriented pyrolytic graphite (HOPG) that has a
known WF of 4.6 eV after fresh cleavge.!? Kelvin probe measurement is usually
complemented by photoemission spectroscopy to quantify Er, ionization potential (IE)

and electron affinity (EA)."
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Figure 2.4 (a) X-ray diffraction pattern of thin-film CH3;NH3Pbl; (250 nm and 750
nm) deposited on ITO substrates. (b) Zoom-in figure of (110) diffraction peak. (c)
2-D schematic drawing of CH3NH3Pbls crystal, where the unit cell and {110} planes
are indicated. (d) Schematic drawing of the alignment of diffractometry and
substrate.
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2.3 Spectroscopic Characterisation

The charge carrier dynamics in perovskite films are probed with a combination of
spectroscopic techniques including steady-state photoluminescence, time-resolved
single photon counting and transient absorption spectroscopy. These techniques
measure charge recombination or charge transfer on different time scales. The multiple
channels of charge recombination in a solar cell are summarised in Figure 2.5 a: photon
absorption by perovskite generates free charge carriers; A free electron and a free hole
can recombine band-to-band radiatively (channel I), alternatively a free electron can be
captured by a trap states (deep or shallow) and subsequently recombine with a free holes
(channel II); In presence of charge accepting materials, electrons can be transferred to
an electron-transport layer (ETL, channel III) and holes to a hole-transport layer (HTL,
channel V), resulting in non-radiative interfacial recombination (channel 1V). These

processes critically determine the performance of perovskite solar cells.

2.3.1. Photoluminescence Spectroscopy

Photoluminescence (PL) is the emission of photons as the radiative transition of
photoexcited carriers from excited states to ground states occurs. This corresponds
mainly to the radiative pathways (I).!°” The steady-state PL spectrum are obtained by
applying a constant source of photoexcitation, typically monochromatic light, and
scanning the emission wavelength and recording the intensity of emitted photons with
a photo detector. For a radiative transition, the energy difference between these the two
states is emitted as photons. While absorption may involve all states in the
semiconductor that normally yields a broad spectrum, emission occurs only between a

narrow band of states filled by thermalized electrons.

The energy distribution of the emission peak is correlated to the transition energy of

excited states, whereas the intensity of emission peak is determined by the portion of
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excited carriers recombining through the radiative channels. The intensity of PL can be
attenuated due to presence of intra-gap trap states (channel II) or charge accepting
materials (channel III and IV) that provide non-radiative recombination pathways. A
shift in peak position is mainly associated with variation of band-gap energy. A typical
spectrum of CH3NH3PbIs thin film is shown in Figure 2.5 b, in combined with an
absorbance spectrum of the perovskite. Here the wavelength of excitation light is 635
nm, the emission peak lies at 765 nm corresponding to an approximately 1.55 eV band-
gap energy. Note that the emission peak is overlapped with the onset in the absorbance
spectra, where the sharp absorption edge is critically correlated to low Urbach tail

energy.®!

The steady-state PL spectroscopy has been widely employed to characterised in

semiconducting thin films or quantum dots,'"’

where the impact of chemical impurities,
nanostructures and doping on the emission spectrum are demonstrated. PL emission

intensity is a typical figure-of-merit assess formation of electronic trap states,'®!'% and
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Figure 2.5 (a) Schematic drawing of charge recombination and charge transfer in
a PSC. (b) Absorbance and photoluminescence (PL) emission spectra of a

CH,HN,Pbl, film.
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thus enhancing PL of perovskite films is a paramount consideration for the optimisation
of solar cells performance.'*®!"!"115 The energetic shift in PL spectrum is also an
indication of change of band-gap energy correlated to segregation of halides in mixed

116-118

perovkite, while the shape of PL emission peak is also related to change in

perovskite crystal structure.!1¥123

Application of steady-state PL spectroscopy can be extended from films to complete
solar cells, where charge carrier dynamics most relevant to solar cell operational
conditions are elucidated. Characterisation of CIGS solar cell reveal that i) the intensity
of PL varies depending on the cell is at open-circuit, short circuit or with external load,
and that ii) the open-circuit PL intensity is strongly correlated to Voc and PCE,!'**
analogous to the trend we found in PSCs (see Chapter 5).'% Typically PL of the solar
cell at open circuit increases exponentially with Voc, as according to Planck’s law both
quantities are determined by the separation of quasi-Fermi levels.!? It is also shown
that a complete solar cell yields stronger PL emission than a neat film, highlighting the
role of contact layers on suppressing non-radiative recombination.'?” Plot of PL
intensity across the J-V curve quantifies the impact of series on solar cell

performance.'?®

More recently, PL of PSCs reveals the dominant recombination
mechanism to be bimolecular recombination of free carriers, as a significant PL

quenching can be observed when in direct contrast to that in OPVs.*

2.3.2. Time-resolved Single Photon Counting

Time-correlated single photon counting (TCSPC) technique is used to probe time-
resolved photoluminescence (PL) decay.'? In contrast to steady-state PL spectroscopy,
time-resolved (TR) PL spectroscopy records the time-dependent profile of emitted light
intensity upon excitation. This technique is based on detection of single photons of a

periodic light signal, measurement of photon arrival time and reconstruction of the
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waveform from the individual measurements. It makes use of the fact that the
probability of detecting one photon in one signal period is below one due to high
repetition plus low intensity of the signals, the detection probability of a single photon
at a certain time after excitation is proportional to the luminescence intensity at that
time. In principle, the detection of multiple photons can be neglected. The measurement
involves successive excitation-collection cycles recording the arrival times of single
photons with respect to a reference, ends up with building up a histogram of photon

arrival times.

The decay of PL signals manifests the disappearance of radiative species in the
perovskite films. In Figure 2.6 a two spectra of typical PL decay dynamics of a
solution-processed MAPDI3 films (the thickness is around 500 nm) are shown, excited
with a 435-nm laser pulse of varied intensity. Under the lowest excitation density (0.15
nj cm?), the decay dynamics exhibit a clear bi-exponential behaviour: a fast-decay
phase in the first few nanoseconds (t1 = 1.9 ns), followed with a slow-decay phase in
the time scale of hundreds of nanoseconds (t2 =210 ns). These features are assigned to
two recombination processes: The fast-decay phase is normally attributed to charge

130 shown in Figure 2.6 ¢, that photoexcited carriers rapidly relax into sub-gap

trapping,
traps. The slow-decay phase is attributed to bimolecular recombination (denoted as “BR”
in the figure) of photoexcited electrons and holes. Herein the bimolecular
recombination takes a pseudo-first-order form, where an approximate mono-
exponential form is shown and a lifetime can be obtained, as the density of photoexcited
charge carriers is small compared to the density of intrinsic charge carriers in perovskite
film. Note that under such weak excitation density, the fast-decay phase quenches
approximate 85% of total PL emission intensity. The trapping process rapidly reduces
charge density remaining in the film, resulting in reduced radiative recombination rate

seen in the slow-decay phase, which does not necessarily indicate that all photo-

generated charge charges are long-lived.
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Figure 2.6 a also shows that the PL decay dynamics can be altered as excitation
intensity is increased. Under an excitation density of 0.34 pj cm™, the magnitude of
fast-decay phase is reduced. This is ascribed to filling of trap states as density
photoexcited carriers increases,” schematically shown in Figure 2.6 ¢. The slow-decay
phase deviates significantly from mono-exponential and becomes more like a power-
law decay.!® This is owing to bimolecular recombination as photoexcited charge density
is comparable with background charge density. In such case the recombination is much
faster owing to increase of photoexcited charge density.'¢ It is noted that these analyses
haven’t considered Auger recombination, which is typically observed when charge

density exceeds 10'7 cm™, or photon recycling that occurs to rather thick film.
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Figure 2.6 (a) TRPL spectroscopy of a typical CH;HN3Pbl3 films measured with
different excitation densities. (b) TRPL spectroscopy of a neat CH3HN;PbI3 film
and a CH3HN;PbI; film with CTLs. (¢) Schematic drawing of band diagram showing
the evolution of recombination mechanisms as excitation density increases.
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In neat perovskite film it is a general trend that long PL decay lifetime is correlated to
high Voc and high PCE,''%1317133 consistent with previous analyses of inorganic solar
cells.'?*13* When charge transport layers, i.e. electron transport layer and hole transport
layer, are in contact with the perovskite layer, PL emission can be greatly reduced, often
referred as PL quenching, due to charge transfer to CTLs.!3* The red and blue lines in
Figure 2.6 b shows the PL decay dynamics when CH3NH;3Pbls is contacted with PTPD
or PCBM. It remains, however, unclear so far whether there is a simple correlation
between PL lifetime in contacted films with Voc or PCE. This is because that PL decay
dynamics cannot be exclusively assigned to charge transfer or interfacial recombination
followed with charge transfer, unless supplementary probe on the contact layer is

provided.'3®

Limitation in Data Interpretation

While a large volume of literature has assigned quenching of PL signal to the desirable
charge extraction when perovskite films are contacted with CTLs, such simple
interpretation remains problematic or even erroneous.'*’ Instead, PL quenching in these
samples are interpreted as interfacial (or surface) recombination, and was shown by

38138 and our study presented in Chapter 5'% that higher PL quenching

literature
efficiency correlates to greater Voc loss. Such misinterpretation may come from
classically ascribing PL quenching in OSCs to charge separation at the donor-acceptor
interfaces. Interestingly, also in OSC quenching of PL leads to partially loss of charge
carrier potential energy due to formation of charge transfer states at the donor-acceptor

interface.'®

2.3.3. Transient Absorption Spectroscopy

The ultrafast transient absorption spectroscopy (TAS) probes photophysical and

photochemical reactions taking place on timescales ranging from tens of femtoseconds
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(fs) to a few nanoseconds (ns) upon light absorption. It makes use of an ultrafast laser
system that produced pulsed excitation signals with femtosecond (1072 s) duration. '
As shown in the schematic drawing in Figure 2.7 a, the samples are electronically
excited with pulsed signals, followed with a probe pulse that passes through the sample
with a delay time with respect to pump pulse. As the sample is excited with the pump
pulse, it will not absorb the probe pulse as much as the pump pulse. Then a difference
of absorption spectrum can be calculated, 44, corresponding to the absorption spectra
of excited sample (by probe pulse) minus the absorption spectra of the sample in ground
state (by pump pulse). By altering the delay time between pump and probe pulse, a
time-resolved profile of 44 can be obtained comprising the dynamics processes of

excited species in the sample.

In general the difference in absorption 44 contains contribution from 1) ground-state
bleaching that arises from reduced ground state population after excitation, ii)
stimulated emission from excited states and iii) absorption of the excited states.!*
Figure 2.7 b shows a typical femtosecond (fs) absorption spectra of a thin-film
CH3NH3PbI3 (500 nm) deposited on glass substrate. The spectrum is featured with two
photobleaching peak at 480 nm and 755 nm. While the latter unambiguously assigned
to transition from valence band (-5.4 eV) to conduction (-3.9 eV), the later is thought
to be related to the transition between a deeper “valence band ii” (-6.5 eV).!'*! Probing

the transients of the photobleaches provide insight into the dynamics of charge carriers.

Compared with TRPL spectra, the advantage of TA spectra is that it can ubiquitously
determine the dynamics of photogenerated species (free carriers or weakly bounded
excitions). The observation of PL decay matching TA decay confirms that the decay of
radiative species monitored with PL are indeed the dynamics of photoexcited charge
carriers.'* Similarly, the observation of photovoltage (TPV) decay overlapping TA
decay indicates that the TPV dynamics are indeed generated by free charge
recombination (see discussion in next section).!*?
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Figure 2.7 (a) Schematic drawing of “pump-probe” measurement of transient
absorption (TA) spectroscopy. (b) TA spectra of a CH3NH3Pbl; film deposited on
glass substrate. (¢) Decay dynamics of TA bleaching peak at 755 nm of a
CH3NH3PbI; film and a contacted CH3NH;3PbI3 film.

Figure 2.7 ¢ shows the decay dynamics of the bleach signal at 755 nm up to 6 ns. Our
previous study shows that a sub-picosecond decay can be observed when the excitation
density is low, assigned to ultrafast charge trapping or relaxation that otherwise
saturates at higher laser intensities.” The slower decay in a few ns is assigned to
bimolecular recombination between electrons and holes.!** When contact layers are
added, a faster decay can be observed suggesting increased bimolecular recombination.

This is assigned to electron and hole transfer from perovskite to contact layers.
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2.3.4. Limitation and Perspective

PL spectroscopy probes only the disappearance of radiative species inside perovskite
layer, while the subsequent dynamics, such as the recombination lifetime of transferred
charge, is unknown. While TAS can probe non-radiative species, our current
experimentation focuses only on perovskite layer. Charge transfer and interfacial
recombination, as is shown in previous investigation on DSSCs, can be elucidated by

probing the TA spectra of ETL or HTL,!3¢

2.4 Optoelectronic Characterisation

Critical to understanding the dominant recombination mechanism in a solar cell is to
probe the density and recombination lifetime of photoexcited change carriers. In this
section we move on to a couple of optoelectronic characterisations of complete solar
cells. The methods are based mainly on small-perturbation assumption, where we
combine transient photovoltage (TPV) and transient photocurrent (TPC) measurement

to probe the charge density and charge lifetime in a working solar cell.

2.4.1. Transient Photovoltage Measurement

Transient photovoltage (TPV) is a small-perturbation measurement, where a
photovoltage deflection (AV, approximately between 0.01 to 0.03 V) is induced by an
optical perturbation while the solar cell is held at open circuit against constant
background light. Under small perturbation condition, the amplitude of TPV is much
smaller than the steady-state quantity, i.e. AV<<Voc. This allows for straightforward
interpretation of the transient data as background condition remains relatively constant.
To ensure open circuit condition in our experimentation, the device connects with a

IMQ resistor and is illuminated continuous white light. The device can be held at
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different Voc by tuning light intensity. A pulsed laser source with wavelength of 635
nm provides the optical perturbation. The experimental set up is shown in Figure 2.8
a. Following an excitation pulse the change in concentration of electrons and holes can
be measured indirectly by monitoring the TPV transients. The critical part of TPV

transients to analyse is its decay kinetics.

Given that small-perturbation condition is satisfied, the decay of TPV takes the form of
single exponential correlating with a pseudo first-order recombination process,'* i.e.

the decay rate is determined by density of excess carrier density induced by perturbation

AV « exp (— TL) (2.3)

An

In such condition a lifetime can be extracted from the pseudo-first-order rate constant
ksn [s'] (zan=1/k4y ) by fitting the decay with mono-exponential, quantifying the

recombination rate of excess electrons in the PSC:
dAV  dAn _ An

T TS o = —kp,4n (2.4)
Figure 2.8 b shows the log-log plot of TPV transients over a range of background light
intensities — it shows that not only the amplitude of initial voltage-rise but also the
lifetime of TPV decay is reduced as light intensity increases. A key issue relevant to
this equation is that the TPV decay transients indeed measure the depopulation of
photoexcited charge carriers, rather than alternative process such as dielectric relaxation.
This has been proved by the overlapping of TPV signals and TAS signals when
measured against the same background light.!** However, owing to the higher

opaqueness of PSCs compared to OPV devices, such comparison is not able to be

carried out in PSC in this study.

Fitting the TPV transients under varied background light arrives in the observation that

T, decreases mono-exponentially with device Voc at higher light intensities:
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Figure 2.8 (a) Schematic drawing of the experimental set up. (b) Transient
photovoltage (TPV) decay of a perovskite solar cells under varied light intensities.

(¢) TPV lifetime as a function of Voc.

Tan = Tan,€XP (

qVoc

9kyT

)

(2.5)

shown in Figure 2.8 c¢. This is anticipated for a recombination process with a power
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law dependence on charge density. These data suggest that 7,, is determined mainly
by the background charge density that is determined by active layer quasi-Fermi level

splitting (Voc) -- higher charge density results in shorter lifetime.

Interestingly, it is observed that TPV lifetime of monocrystalline Si (m-Si) solar cells

decreases exponentially with Voc at lower light intensities but is independent of Voc at



higher light intensities. The former is assigned to capacitive discharge lifetime while
the latter is assigned the “sought-after” bulk recombination lifetime.'*® Such
interpretation is likely due to the quasi-Fermi level splitting occurs only in the junction
region in a m-Si solar cell, as described in Chapter 1. whereas the bulk (i.e. thick p-type
region) remains neutral and thus its hole density is unchanged. However, this is unlikely
to not mean the observed exponential 7,4,-Voc in PSCs are determined by capacitive

discharging.

2.4.2. Differential Charging

Differential Capacitance

Figure 2.9 a schematically draws a band diagram at open circuit: a dynamics
equilibrium is established between charge generation and charge recombination, giving
rise to a certain amount of “excessive” charge carriers “stored” in the device. These
photogenerated charges are excessive with respect to the intrinsic (dark) charge in the
device, resulting in splitting of electron and hole quasi-Fermi levels that equals to
device Voc. The density of excessive charge n can be directly measured by charge
extraction (CE) technique. It involves with a device at steady state being switched from
open circuit (OC) to short circuit (SC) and probing the current transient to obtain charge
density. However, O’Regan et al'*’ and Wheeler et al'*® have shown that CE technique
yields exaggerated n in MAPbI; solar cells owing to migration of ionic defects.
Alternatively, differential charging technique is used to measure capacitance and thus
charge density in perovskite solar cells. Differential charging only requires the device
to be held at open circuit, thus migration of ionic defects can be avoided. Indeed,
differential charging is found to give essentially the same charge density as the charge

extraction in DSSCs and in organic solar cells.
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The capacitance of the solar cell can be if the amount of excess charge (AQ) and the

resulting voltage deflection (AV) induced by optical perturbation is known

4Q

ﬁ = Cpc(V) (2.6)

Here AV is determined from the extrapolated maximum value of voltage deflection by
fitting the TPV decay with mono-exponential. Then the charge density can be calculated

by integrating Cpc with respect to Voc

1 Voc
- 2.7
"= fo CoedV @.7)

describing the amount of excess, which refers to photogenerated herein, charge carriers
“stored” in the device at open circuit. AQ is the amount of charge generated by laser
pulse and can be measured separately by a transient photocurrent (TPC) technique

(described in the next section).

Figure 2.9 b shows the -capacitance vs Voc for a typical PSC with
ITO/PTAA/perovskite/PCBM/Ag structure. Apparently, two regimes can be observed
depending on the magnitude of Voc (controlled by light intensity). At low light levels
Choc is relatively invariant with voltage, suggesting that the solar cell works close to a
parallel-plate capacitor and that a considerable fraction of photoexcited charge carriers
is stored in the metal electrodes and/or charge transport layers (CTLs). The measured
capacitance, 65 nF cm?, is assigned to the electrode capacitance of the PSC. At higher
light levels Cpc starts to increase with voltage, assigned to the chemical capacitance of
perovskite active layer. This corresponds to the charge stored in the electronic states of
perovskite active layer as quasi-Fermi levels approach the band edges of perovskite.
The outstanding observation here is that the capacitance does not show rigid
exponential increase with Voc up to 0.5 Sun, showing a small “tails” in the capacitance-

Voc plot, in contrast to the data of DSSCs!#> and OPVs.'* This is possibly correlated

82



to charge accumulation in the contact layers (i.e. metal electrodes and charge transport
layers). Figure 2.9 ¢ shows total excess charge density (n) as a function of Voc by
fitting the capacitance at higher light levels (> 0.5 Sun) that are most relevant to solar
cell operation. As the spatial disruption of # in the solar cell remains unknow, we herein

only plot two-dimensional charge density. It shows that n increases exponentially with
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Figure 2.9 (a) Schematic drawing of a band diagram at open circuit, showing a
dynamics equilibrium between charge generation and charge recombination and a
certain amount of “excessive” charge carriers “stored” in the device. (b) Differential
capacitance as a function of Voc for a typical PSC. (¢) Total excess charge density
(n) as a function of Voc by fitting the capacitance at higher light levels.
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The slope of n-Voc, describing how charge density scales with quasi-Fermi level
splitting, is affected by distribution of tail states, device thickness and surface
recombination. In principle Herein m = 3.5 suggests that multiple trapping process is

involved in the recombination mechanism of perovskite solar cells.!*’

Transient Photocurrent Measurement

Transient photocurrent (TPC) measurement is a complementary technique to TPV
measurement. With the solar cell held at short circuit, the small amount of excess charge
induced by layer pulse is extracted resulting in a photocurrent transient. Integration of
the transients arrives in the value of AQ. This method assumes negligible recombination
loss at short circuit, i.e. all generated charge is extracted. Experimental data show
negligible loss of AQ as the background light intensity is sufficient low.!** Thus to
charge recombination loss the TPC measurement is carried out under approximately 0.1

— 0.25 Sun background light intensity.

2.4.3. Recombination Order

The TPV measures the lifetime of the excess charge carriers generated by laser pulse,
whereas the lifetime of the total charge carriers is more relevant to device performance.
The total lifetime can be determined by knowing the overall recombination order (0) of

the device:

T, = 8Ty (2.9)

The deduction of equation is shown below, which arrives in the correlation of d, m and

9 expressed as

§=—+1 (2.10)

In broader context, J describes the power-law dependence of recombination rate (R) on
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charge density (n)
R = kon® (2.11)

which describes how many species are involved in the charge recombination. The
recombination rate of total charge density, which is typically of higher order, can be

expressed in a pseudo-first-order form:

dn

P —kon® = —k,n (2.12)

Where ko is a density-independent constant while %, is a density-dependent constant, as

such the total recombination rate including small perturbation charge is

d(n + An)

= § 2.13
It ko(n + An) (2.13)

This equation can correlate small-perturbation recombination rate to total

recombination rate:

dAn _ dn

T 5 2.14
7t 7t ko(n + An) (2.14)
Then
din _ kon®[1 (1 + An)a (2.15)
dt - On [ n ] :

When An <<n, a Taylor expansion will give
An\° An
(1+—) —1+68 — (2.16)
n n

Thus equation 2.13 can be written as
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dAn
= _Sk.nST1A 2.17
7t Skon n (2.17)

Thus

k, = 8kon®~t = 5k, (2.18)

This arrives in equation (2.9) as such the overall lifetime of total charge can be derived

from the measured small perturbation lifetime if the reaction order is known.

A straightforward interpretation is that 0 = 1 indicates the recombination between free
and deeply trapped charges, where only the population of one of the carriers determines
the recombination rate. We have 0 = 2 the recombination between two free charges
while 6 > 2 the recombination involves multiple trapping processes. However, the
interpretation of ¢ is more complicated as it is parallelly affected by the spatial
distribution of charge, an issue strongly influenced by solar cell thickness, and doping
of photoactive material that is normally controlled by material synthesis

methodology.!#’

It is observed in our previous study!!%!*® that perovskite solar cells typically exhibit ¢
greater than 2, which is consistent with the general acknowledgement of trap-mediated

recombination in these solution processed solar cells.

2.4.4. Voc Reconstruction

If we’ve correctly estimated charge density and charge recombination lifetime, we

should be able to calculate the recombination flux

Q

Jrec = a (2.19)

where Q is the total charge [C]. At open circuit condition a dynamic equilibrium is

reached by charge generation and charge recombination, and charge generation flux can
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be estimated by short circuit current Jsc. Q and t,, are correlated with Voc according
to equation 2.5, 2.8 and 2.9, where a combination of these equations arrives in

reconstructed Voc

Rec _—
VOC -

T
mksT | (T""’] SC) (2.20)

qé qny

it shows that VR is determined by the fitting parameters m, § 7, o and ny [cm™]
and measured Jsc. Therefore, a good match of calculated Voc with measured Voc relies

on correct estimation of the charge density and recombination of lifetime.

2.4.5. Light Intensity-Dependent Voc and Jsc
Voc versus light

The open circuit voltage (Voc) equals the splitting of quasi-Fermi level and measures

the charge density in a solar, thus is a light intensity (Int)-dependent quantity.

n; kT
VOCOC id

In (Int) (2.21)

Voc increases approximately linearly with In(Int) as is shown in Figure 2.10 a. Closely
related to the recombination mechanism is the value of ideality factor, 74, that can be
derived from the slope of Voc-Int. Herein the ni¢ derived from Voc-Int is completely
free from the influence of series resistance compared with niq derived dark current.'>°

As shown in Figure 2.10 b, sufficient data point achieved by power-tunable LED

illumination source allows niq to be calculated differentially.

Theoretically niq describes how recombination varies exponentially with quasi-Fermi

level splitting
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AE;
nl-dkT

R = Ryexp ( ) (2.22)

The value of #ni4 thus provide information on the recombination mechanism in the solar
cell. Typical niq = 1 when quasi-Fermi level of one carrier is fixed due to heavy doping
of the semiconductor. This occurs in the so-called quasi-neutral region for a Schottky
junction or a p-n junction, or in vicinity to the contacts where dark charge density is
high. nig = 2 1s observed when recombination occurs in depletion region, or between a
free carrier and a deep-trapped carrier. In contrast, nia < 1 is indicative of surface

recombination.'’!

The observed value of n;s ranges from 0.9 — 1.7 in both my studies and in previous
reports, depending on perovskite crystallinity, perovskite bandgap and hole transport
layers. Owing that multiple processes, such as charge trapping or surface recombination,
are involved in the recombination process, a simple correlation between the value of niq
and the charge recombination mechanism is difficult. The understanding of niq in our
study is supplemented by data of device performance or recombination dynamics.
Interesting, we have observed that the device with higher Voc and higher PCE exhibit
niq greater than 1, while strong surface recombination occurs at PEDOT:PSS/perovskite
interface usually leads to nig close to or below 1 (discussed in details in chapter 4 and

5). Such trend has also be reported by Tress et al in n-i-p perovskite solar cells.!>?

Jsc versus Light

In an ideal solar cell, short circuit current density (Jsc) equals to photogeneration flux,
and scales linearly with light intensity. Deviation from linearity is usually observed

owing to recombination losses. Instead, a power-law relationship is found given by

Js¢ o« Int® (2.23)

where o describes the linearity of Jsc. In previous studies on organic solar cells, a was
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typically found to be below 1 arising mainly from bimolecular recombination, which
stems from a variety of factors including limited carrier lifetime/diffusion distance,'**!>*
formation of space-charge region!> or high charge density at the electrode.!>® It was
shown that, within the same device, o approaches to 1 as an external reverse bias is

applied, owing that electrical field facilitates charge extraction and suppresses charge

recombination.

Figure 2.10 ¢ shows a typical logarithm plot of Jsc-Int in p-i-n perovskite solar cells.
While a general liner fitting over a certain range of light intensities was carried out in

most of the literature, the variation of o with light intensity is neglected. Instead, similar
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Figure 2.10 (a) Voc, (b) ideality factor, (¢) Jsc and (d) Jsc linearity as a function of
light intensity.
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with calculating nia from Voc-Int, a is calculated by differentiating Jsc and is plot
against Int in Figure 2.10 d. The plot shows clearly that a varies with Int: o is close to
one under low light intensities and starts to drop below 1 as light intensity increases.
This is expected as bimolecular recombination scales with photogeneration, leading to

enhanced charge extraction loss at higher light intensities.

2.4.6. Limitation and Perspective

While DC indirectly measures charge density, an alternative in-sifu approach is charge
extraction (CE) that directly extracts and measures the density of photoexcited charge
and has been widely carried out in dye sensitized solar cells (DSSC) and organic solar
cells (OSC). In these literature DC and CE give essentially comparable charge density
on the same device, while this doesn’t hold for perovskite solar cells with CH3;NH3Pbl;
absorber. Both O’regan et al and Wheeler ef al found that CE yields significantly higher
charge density than DC. The exaggerated charge density is thought to be the
displacement current caused by ion migration when switching the device from open
circuit to short circuit. In the solar cells based on “mix-cation” perovskite, however, the
discrepancy of obtained charge density between appear to be negligible in our recent
measurement, possibly owing that ion migration is considerably low in the mix-cation

perovskite than in the MAPI perovskite.
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3. Correlation of Thin-film Crystallinity,
Sub-gap Tail States and Open-circuit
Voltage

3.1.Declaration of Contributions

The results presented in this chapter formed the basis of reference [110]

Jinhyun Kim aided most of the photoluminescence spectroscopic measurement.
Jonathan Ngiam carried out the secondary ion mass spectroscopy (SIMS) measurement.

Shengda Xu took the SEM images.
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3.2.Abstract

Recombination via sub-gap trap states is considered a limiting factor in the
development of organometal halide perovskite solar cells. In this chapter, the impact of
active layer crystallinity on the accumulated charge and open-circuit voltage (Voc) is
demonstrated in solar cells based on methylammonium lead triiodide (CH3NH3PblIs,
MAPI). The crystallinity of MAPI can be systematically tailored by modulating the
stoichiometry of the precursor mix, where small quantities of excess methylammonium
iodide (MAI) improves crystallinity increasing device Voc by ~200 mV. Using in-situ
differential charging and transient photovoltage measurements, charge density and
charge carrier recombination lifetime are determined under operational conditions.
Increased Voc is correlated to improved active layer crystallinity and a reduction in the
density of trap states. Photoluminescence spectroscopy shows that an increase in trap
states correlates with faster carrier trapping and more non-radiative recombination
pathways. The work in this chapter provide insights into the origin of Voc in perovskite
photovoltaics and demonstrate why highly crystalline perovskite films are paramount

for high-performance devices.

3.3.Introduction

The progress power conversion efficiencies (PCEs) of state-of-the-art solar cells based

on organometal halide perovskite solar cells (PSCs)'’

is closely associated with
improvement of their open-circuit voltage (Voc).!*® To date, impressive device Voc
values ,exceeding 1.2 V, have been achieved for PSCs with an optical band gap (E,) of
1.6 eV."*® However the photovoltages demonstrated do not yet reach the radiative

efficiency limit.'® Further reducing non-radiative photovoltage loss, either in the bulk

active layer or at interfaces within the cell are key strategies to breaking the current
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efficiency record.!¢!

Most of the high-efficiency, and therefore high Voc (> 1 V), PSCs are fabricated with
the conventional n-i-p structure, normally with planar or planar/mesoporous TiO> as an
electron transport layer (ETL) deposited on a transparent electrode.'®? The loss of V.
has been discussed in terms of interfacial recombination induced by top hole transport
layers (HTLs),"” or by bottom ETL.'® Inverted devices i.e. p-i-n architectures,
comprising poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) as
bottom HTLs are associated with greater losses in photovoltage and their Voc is usually
more than 100 mV lower than the Voc achieved with n-i-p devices.'®* Despite these
observed performance limitations, such devices are attractive due to their inherent
compatibility with low temperature processing and reduced current-voltage (J-V)
hysteresis, % which have been associated with low interfacial recombination rates.” In
direct contradiction to this, significant Voc losses have been attributed to strong
recombination at the PEDOT:PSS/perovskite interface, and are shown to be suppressed
by surface modification of PEDOT:PSS.'®® Higher Voc values, i.e. > 1 V, have been

achieved in devices where PEDOT:PSS is replaced with polymeric HTLs,'¢7-168

or p-
type metal oxides,'®’ resulting in PCEs approaching 20%. Similar effects of reducing
interfiacial recombination to boost Voc are also observed at perovskite/ETL

interface.!70-172

As photogenerated charge carriers are shown to accumulate in the perovskite active

148,173 non-radiative

layer as well as the contact layers under open circuit conditions,
losses in the bulk perovskite, e.g. recombination via trap states, can also influence
device photovoltage in parallel with interfacial losses. For example, passivation of
defects in bulk perovskites has resulted in further enhancement of the PCE of inverted
architecture cells, where PCEs > 21 % and Voc> 1.1 V are achieved.!” Spectroscopic
studies have revealed that charge carrier trapping processes are significant in solution-

12,175,176

processed perovskite thin films, with these trap states thought to have shallow
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tail of energies.!”” A continuum of energy levels have been observed with such traps
states mediating non-radiative recombination, indicating their possible nature as
shallow trap states.!’”® Although a general relationship between a reduction in the
concentration of shallow trap states and an improvement in device PCEs has been

d,!7"18! the interplay between bulk perovskite properties, carrier trapping and

suggeste
photovoltage losses in perovskite solar cells remains unclear. In particular an in-situ
investigation of such solar cells under operational conditions is required to understand

how these shallow traps limit the attainable Voc in perovskite solar cells.

Previous studies have shown the Voc to be affectted by active layer morphology and

176,182,183 and charge transport layers.!”! This chapter aims to probe the

composition
origin of Voc enhancements and examine the correlation between MAPI crystallinity,
device Voc, active layer tail states and charge carrier recombination dynamics using
inverted architecture perovskite solar cells. It shows that MAPI crystallinity can be
tailored by tuning the ratio of precursors in solution and how improvements in the
crystallinity of our thin film MAPI layers can reduce Voc losses. Combining differential
charging (DC) and transient photovoltage (TPV) measurements of PSCs under
operational conditions, we observe accumulation of photogenerated charge carriers
with an exponential distribution vs. voltage, then the corresponding recombination time
constant of this charge is estimated. Up to an 8-fold increase of tail state density is found
to correlate with the Voc losses, these trap states appear to be shallow, and accelerate
the recombination rate. Photoluminescence (PL) measurements of the films showed

rapid relaxation of carriers and an increased fraction of non-radiative recombination in

the presence of higher concentration of trap states.
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3.4.Experimental Results

3.4.1. Thin-film Processing

Our standard MAPI active layers were prepared from stoichiometric i.e. 1:1 molar ratio
of Pbl, and CH3NHsI (MAI). MAPI films with modulated crystallinity were prepared
with solutions using excess (+2.5, +5 and +10 % mo1) or reduced (-0.5 % mo1) MAIL Note
that whenever the terms ‘MAI excess’ or ‘MAI deficient’ are used in this paper, they
refer to the relative stoichiometry of the precursor solution, not necessarily the
stoichiometry of the resulting perovskite films which may have a different
stoichiometry which was not measured directly. The solution processing of MAPI
followed the established “antisolvent dripping” using toluene,'®* described in the

experimental chapter.

3.4.2. Improvement of Thin-film Crystallinity
X-ray Diffraction

In Figure 3.1 a typical X-ray diffraction (XRD) patterns for the stoichiometric and
modified films are shown. All of these data show well-defined diffraction peaks that
are assigned to the tetragonal MAPI crystalline phase (and ITO substrate). Figure 3.1
b shows the calculated integrated peak areas of the (110), (112) and (211) diffraction
peaks as a function of excess MAI content in the precursor solution. The (110) peak
area increases significantly from MAI-deficient films to MAI-excess films,

accompanied by a modest decrease of (112) and (211) peak area.
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Figure 3.1 (a) X-ray diffraction patterns of CH3NH3Pbls (MAPI) films prepared
with solutions containing varying methylammonium iodine (MAI), -5, +0, +2.5, +5
and +10 mol.%. (b) Measured integrated area of the (110), (112) and (211)
diffraction peaks as a function of excess MAI content.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) images, Figure 3.2 a - e, show polycrystalline
grains that provide continuous substrate coverage of the MAPI films prepared from all
solutions. For films prepared over the range -5 to +5 % excess MAI the SEM images
show minimal variation in the thin film morphology, with lateral grain sizes in the
region of 150 - 200 nm. A change of morphology in the MAPI film with 10% excess
MAPI can be seen in Figure 3.2 e, where grains are less defined in comparison with all
other compositions studied, a feature attributed to excess MAI accumulating in the grain
boundaries and surface of the film. There is no evidence of secondary phase formation
e.g. Pbl; or MAI in either the XRD or SEM images.!® Thus, given the comparable
morphologies and grain sizes observed — and the comparable film thicknesses, it is
concluded that the increased intensity of the MAPI {110} diffraction peaks as a distinct
improvement in crystallinity with the emergence of a preferential orientation (texture)

in the [110] direction. Therefore, in this preparation, the impact of adding excess MAI
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in the precursor solution is to promote the crystallization and oriented growth of the

MAPI.

Figure 3.2 Scanning electron microscopy (SEM) images showing the surfaces of
the MAPI films prepared with precursor solution containing different amount of
excessive MAI. Scale bar in (a) shows 200 nm.

Secondary Ion Mass Spectroscopy

In addition to the change in orientation observed when a MAI excess is introduced, our
time-of-flight the secondary ion mass spectroscopy (ToF-SIMS) data, Figure 3.3,
suggest the MAI excess films are also denser. The data shows the negative ion signals,
specifically C3™ (PCs1BM), 1" and Pblz" (MAPI), and S* (PEDOT:PSS) collected from
ITO/PEDOT:PSS/perovskite/PCs1BM devices.

The intensity of ion signals at each time point in Figure 3.3 can be interpreted as

indication of sputtering rate of those ionic species. Although the sputtering rates for Cs
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species are similar for both compositions, the sputtering rate of ["and Pbls™ species are
significantly higher in perovskite layers prepared from the stoichiometric mix of
precursors compared with the 5% MALI excess active layer. This suggests that the
preferentially orientated crystallites are more densely packed, which reduces the
volume of the inter-crystallite regions i.e. regions that are either amorphous or
disordered. The surfaces and interfaces of crystallites have been suggested to be

susceptible areas for trap states in perovskite absorbers.!!
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Figure 3.3 Secondary ion mass spectroscopy of neat MAPI film and +5%MAI
MAPI film.

Mechanism of Crystallinity Improvement

From the XRD data no discernible change in position is seen with varying the MAI
concentration. If the MAI was up taken into the perovskite lattice that the resultant
defects would cause changes of lattice parameter, the magnitude of which would be

within the detection limits of XRD.!8¢!8" There is a large increase of measured full
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Figure 3.4 Schematic illustration of the fabrication of a MAPI layer and the role of
excessive MAI in the precursor solution.

width at half maximum (FWHM) in the 10 % MALI excess film, suggesting a reduction
of crystallite size, possibly due to the morphological disruption, shown by the SEM
images. In the case where the MAI concentration is sub-stoichiometric the
improvements in crystallinity and the emergence of texture are not observed. This may
be due to Pbl, formation prior to MAPI conversion i.e. after dripping the anti-solvent,'%*
In contrast, an excess of free methylammonium and iodide ions could accelerate their

interaction with Pbl, and facilitate full conversion of Pbl, into MAPI, schematically

shown in Figure 3.4.

3.4.3. Device Performance

Figure 3.5 a shows the current density-voltage (J-V) curves of the optimum devices
from each processing condition. Poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) was used as a hole transport layer, [6,6]-Phenyl-Cs1-butyric

acid methyl ester (PCBM) as an electron transport layer with devices deposited onto
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ITO coated glass electrodes and completed with a thermally evaporated LiF/Ag cathode.
In the inset of Figure 3.5 b a schematic illustration of the device structures is shown.
Photovoltaic parameters, based on a minimum of 5 devices, are summarized in Table
1. For the reference device, i.e. 1:1 molar ratio of Pbl, and MAI, typical Voc and PCE
values of 0.89 V and 13.7 % respectively are comparable with literature reports,'*®
although in general the performance of such devices is inferior to those prepared in the
regular i.e. non-inverted architecture.'® The device performances show a strong
dependence on the crystallinity of MAPI layer and the best device, comprising highly
crystalline MAPI prepared with 5% MAI-excess, shows a PCE of 16.7% that is
comparable with the best efficiencies achieved with this structure in other studies.' It
is apparent from these results that the improvements in Voc, ~ 200 mV dominate the
variation in measured PCE. Importantly, the MAPI films prepared show negligible
variation in their optical absorption onset (approximately 784 — 786 nm for all films),
as confirmed by the absorption spectra in Figure 3.5 b. Table 3.1 also highlights the
poor performance of the devices prepared with 10% MAI-excess, in such devices a
reduction in Voc, Jsc and FF are observed.!”! Owing to this the 10% MAI-excess films

will not be considered in the following discussions.

Table 3.1 Typical device parameters from solar cells with MAPI prepared varying

MAI:PbI; ratios, measured from a minimum of 5 pixels for each processing condition.

Excess MAI content

Vo) Jsc (MA cm™) Voe (V) FF PCE (%)
5 203405  0.844+0.009 0.69 +0.01 11.6+0.5
+0 205404  0.892+0.006 0.75+0.01 13.7+0.3
+2.5 208+0.7  0.960+0.004 0.75+0.01 15.0+0.4
+5 20.8+0.5  1.040+0.008  0.77 +0.01 16.7+0.3
+10 185+1.2  0.942+0.007 0.71 +£0.02 12.3+ 0.6
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Figure 3.5 (a) Current density — voltage (J-V) curves under AM1.5 1-Sun equivalent
illumination of MAPI solar cells prepared with a range of MAI concentrations. (b)
Absorption spectra of the of MAPI layers, inset figure shows the schematic device
structure.

3.4.4. Change of Charge Carrier Dynamics

To understand the relationship between gains in Vocand improved MAPI crystallinity,
transient optoelectronic measurements are employed to investigate the impact of charge
carrier energetics and carrier recombination kinetics on device performance. These

145

techniques have been used to characterize dye-sensitized solar cells, ™ organic solar

192 147,148

cells, ”“ and more recently employed to study Voc losses in perovskite solar cells.

As illustrated in Figure 3.6 a, Cpc (V =0), i.e. in the dark, of the measured devices are
between 35-41 nF ¢cm™. This capacitance, as determined with no bias light, is assigned
as the electrode capacitance (Celectrode) Where charge carriers are accumulated at the ITO
and Ag contacts. In our previous studies, this electrode capacitance has been shown to
be independent of the device Voc at very low light intensities (and thus low Voc),'*8
corresponding to the horizontal baseline representing Celectrode drawn from

approximately 0 - 0.7 V in Figure 3.6 a. At higher illumination intensities Cpc is

observed to increase exponentially with Voc, and the exponentially increasing
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component dominates the overall capacitance for > 0.2 sun equivalent. Previously we
assigned this exponential capacitance to the chemical capacitance of MAPI active
layer,'* although it could also be related to the accumulation of charge in states at

interface regions between the MAPI and charge transport layers.

Fitting the capacitance distribution with an exponential, the total excess electronic
charge, Q [C cm™], stored in the device at open circuit can be estimated. Q is plotted as
a function of Voc corresponding to a range of light intensities in Figure 3.6 b. The
exponential relationship of Q vs Voc observed at higher light intensities, where m = 3,
suggests that at least one charge carrier species may be accumulating in trap states
within the MAPI layer or its interfaces since values of m > 2 cannot easily be explained
by free charge carriers obeying Boltzmann statistics — particularly in devices where
internal variations in electrostatic potential are screened by mobile ionic charge. If this
is the case, then the density and distribution of these tail states are parameterized by Qo

and m respectively in equation (2.3).

Table 3.2 Fitting parameters of transient optoelectronic measurement.

Excess MAI content

(Yomol) m 5 o (8) Qo(C)
-5 3.2 3.1 500 3.5x10°*
+0 3.0 2.9 1200 7.1x10°1

+2.5 33 3.2 3500 4.6x10°1°
+5 3.0 3.1 4000 3.9x10°1

The significant observation in Figure 3.6 b is that there is a parallel upwards shift in

the Q vs. Voc distribution correlated with reduced MAPI crystallinity, manifest in
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equation (2.8) as an increase of Qo value. Changes in the distribution of accumulated
charge as a function of voltage have previously been observed, and were attributed to
the change in the perovskite band gap resulting from iodide/bromide exchange,'*® a
temporary redistribution of mobile ionic charge in the perovskite layer,'*’ or, in organic
solar cells, a broadening of density of states.'?>'% As there is negligible change of band
gap, minimal hysteresis in our devices under this measurement regime, and only a
limited change in the slope of the Q-Voc plot (m value), the almost parallel shift in the
Q vs Voc relationship could be interpreted either as 1) a change in the density of charge
stored in sub-gap tail states or interface states for given quasi-Fermi level splitting
(Voc), and/or 1) a change in the relative charge carrier energetics, such that for a given
amount of accumulated charge there is a change in the quasi-Fermi level (Voc) splitting.
For example, in the case of i) when Voc = 0.9 V, corresponding to the vertical dashed
lines, the electronic charge in the MAPI layer (+5% excess-MAI) will be approximately
4.6 x 10° C cm?, this increases for the same Voc to 1.4 x 108 C cm™? (+ 2.5 % MAI),
2.1 x 10 C ecm? (+0%) and 3.6 x10® C cm™ (-5 % MAI) i.e. a near 8-fold increase in
stored charge carriers is required to achieve the same Voc as a result of an increasing
density of tail states. It is noted that much of this charge may be re-injected/re-trapped
into the valence/conduction bands from these shallow states multiple times before
undergoing recombination. Qo describes the magnitude of this distribution of charge
trapping states. With this tail density interpretation, there appears to be an 8-fold
increase of tail state density between +5 % MAI and -5 % MALI cells. Alternatively, in
case ii), for a fixed value of Q = 2.1 x 108 C cm%, corresponding to the vertical dashed
line, the device’s Voc shifts from 0.99 V (+5 % MAI), to 0.92 V (+2.5 % MAI), 0.89 V
(+0 %) and to 0.86 V (-5 % MAI) which could correspond to the different energetic

depths of the tail states where these charge carriers reside.
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The change in charge carrier lifetime induced by an increase in sub-gap tail state density
is then considered, bearing in mind that charge generation flux is equal but opposite to
recombination flux in a working solar cell at open circuit. A relaxation time constant,
7, can be derived from decays of TPV transients that is determined by the recombination
rate of the photoexcited charge carriers.'* Herein the TPV lifetimes describe an overall
rate of disappearance of photoexcited carriers through recombination in the whole
device. These lifetimes, however, may be governed by multiple processes that dominate
electrons meeting holes, such as re-injection of carriers from transport layers at lower
light intensities.'*® The small-perturbation lifetime 7 needs to be converted to the
pseudo-first-order lifetime of total excess charge carriers t, = o1, by a reaction order of
0 to estimate recombination flux. The details of this conversion and the comparison of
TPV lifetime is detailed in the experimental chapter and are discussed in ref '*3. The
dependence of 1, on Q, shown in Figure 3.7, demonstrate an approximate power-law
correlation for all devices where 7,9, 0 and Qo are fitting constants, following equation
2.8. The results show that, for fixed charge density there is a modest increase (by up to

a factor of ~3) in the total carrier lifetime as the crystallinity of the devices increases,
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Figure 3.6 (a) Differential capacitance (Cpc) as a function of open-circuit voltage
Voc of solar cells comprising MAPI layers prepared with excess MAI contents of -5,
+0, +0.25 and +0.5 mol % (Celectrode 1S the electrode capacitance). (b) Charge density
(Q) in the MAPI layers as a function of V..
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Figure 3.7 Total charge carrier lifetime (1,) in the various MAPI devices plotted

against Q.

this suggests that less crystalline MAPI not only increases the density trap states, but
also accelerates the rate charge carrier recombination via these traps. For example, at
Q=2.1 x108C cm?, 1, for these devices are 1.03 ps (+5% MAI), 0.99 us (+2.5 %
MAI), 0.73 ps (0 %) and 0.63 ps (-5 %). This decrease in lifetime result in minor
(~25 %) decrease in the amount of accumulated charged in the device at 1 Sun
illumination. However, 1, vs Q correlations show minimal change between +2.5 % MAI
and +5 % MALI, indicating the recombination lifetime is no longer increased by further

improvement of crystallinity and may be limited by other processes.

A question arising from examination of the measured lifetimes is that given
recombination time constants on the order of 1 us, which is long by solid state standards,
why Voc values approaching 1.2 V is not observed.'”® The Voc values observed
despite comparatively long lifetimes are likely to be related to the capacitive role of the
shallow traps that are present in the device. Although the evidence suggests that
recombination via these trap states becomes non-trivial, particularly in the less
crystalline examples, the total rate of recombination is still likely to be dominated by
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Figure 3.8 Measured Voc as a function of light intensity and ideality factor obtained

from a general fitting of Voc vs light intensity.

the interfaces. Thus the exchange of charge between these trap states and the free
conduction states can explain the comparatively slow recombination kinetics observed.
As well as some direct contribution to recombination, the slow capacitive discharge
from the traps (related to the idea highlighted by Kiermasch et al.'*® where the
capacitive discharge is from the contacts) will also effectively slow the rate that charges

reach interfaces of the device where the majority of recombination occurs.

The measured stabilized Voc is plotted against light intensity in Figure 3.8, the
enhancement in Voc with increasing MAPI crystallinity is evident. The ideality factor
niq can thus be obtained by fitting the Voc vs light intensity relationship, labelled on the
figure, where it is apparent the values are close to unity for all devices. The deviation
at higher light intensities is likely to be primarily due to an increase in the cell
temperature which was not corrected for. Assuming that the recombination processes
observed in this study are primarily mediated by trap states a value of nis =1 suggests
that trap states either in the bulk or at the interfaces are energetically shallow relative

76

to the conduction/valence bands,” it is also consistent with the strong interfacial

recombination observed in devices with PEDOT:PSS contacts. '
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3.4.5. Characterisation of Trap States

To explore further the nature of the electronic states within active layers, the charge
carrier recombination in a reference MAPI film (1:1 ratio of MAI and Pbl>) film and
the best-performing MAPI film (+5 % MALI) are characterized with PL spectroscopy
PL. Steady-state PL spectra of active layer films are plotted in Figure 3.8 a, these show
that the emission intensity is about 15 times greater in the +5 % MAI film than in the
reference. The substantial increase of PL intensity strongly suggests a reduction in non-
radiative Shockley-Read-Hall recombination processes, and the density of trap states in
the MAPI film is largely reduced. The recombination dynamics of the two films are
shown by the time-resolved PL (TRPL) decays in Figure 3.9 b, measured with time-
correlated single-photon counting (TCSPC) and probed at peak position of PL emission
spectra. The decays of both films are clearly biphasic, with a fast (ns) initial decay
followed by a slower (circa 100 ns’) decay. The biphasic features in PL decay dynamics

have been intensively reported and studied for solution-processed perovskite

films,'>13:175197 where the fast phase is assigned to charge carriers trapping into the non-
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Figure 3.9 (a) Steady state photoluminescence (PL) emission spectra of MAPI films
prepared with stoichiometric PBI2:MAI and + 5 mol % MALI. (b) Time-resolved PL
decay spectra probed at 765nm where the stoichiometric MAPI film shows much

larger amplitude of initial fast decay.
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radiative trap states, and the slow phase assigned to subsequent recombination
processes of the remaining carrier population. Here, decay dynamics for the reference,
lower crystallinity film are faster compared to the + 5 %MALI excess film (biexponential
decay times of 1.4 and 370 ns compared to 2.7 and 735 ns respectively), these
differences in carrier recombination lifetimes are roughly consistent with the relative
difference in TPV transients for the devices. More importantly, the lower crystallinity,
reference MAPI films show a much larger amplitude of fast decay phase, suggesting a
larger fraction of the initial population of photogenerated charge carriers are trapped,
consistent with the higher Qo derived from the data in Figure 3.6. PL emission spectra
of the MAPI films in contact with either the ETL and HTL are shown in Figure 3.10.
The results show that the addition of a PCBM layer to the 1:1 film only quenches the
PL by a factor of ~ 4 compared to > 40 times for the 5% MALI excess film, indicating
poor electron collection efficiency by the PCBM in the presence of the trap states.
Conversely, holes are collected at the PEDOT:PSS contact with a relatively higher
efficiently than the electrons in the 1:1 film ~ 40 times. Thus suggests that electrons are
the species primarily affected by shallow trap states.!”” A non-trivial fraction of the
recombination will also occur by re-emission of charge back into the active layer or
interface states following collection at the contacts.!*¢ The PL quenching measurements

also indicate an overall higher radiative yield from the quenched +5 % MALI films
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Figure 3.10 PL spectra of neat MAPI films and MAPI/PCBM, PEDOT:PSS/MAPI

films.
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relative to the quenched 1:1 films (~ 1.5 times for MAPI/PCBM and ~ 5 times for the
MAPI/PEDOT:PSS). This indicates an overall higher probability that carriers will
recombine radiatively in the low trap density films regardless of whether they can be
collected at a contact, showing that reduction in trap-mediated recombination also

prevails in the heterojunction interfaces as a substantial process to reduce Voc loss.

3.5. Discussion & Conclusion

Trap-mediated recombination in solution-processed MAPI has been well studied, both
with spectroscopy and microscopy.!!*!°7-1%° The results in this chapter provide an insight
into how these non-radiative losses in bulk MAPI can limit device Voc. The observation
of Q vs Voc relationships in Figure 3.6 implies at least one type of charge carrier is
stored in an exponential of sub-gap states in the active layer or its interfaces. Figure
3.11 a schematically describes this difference in a flat-band energy diagram. The
increase in the trap density in the less crystalline films also mediates recombination
somewhat more rapidly at the expense of radiative pathways. Combined with our
observation of device ideality close to unit, these electronic traps appear to be
energetically shallow, which is consistent with the literature.'”’?®® Figure 3.11 b
schematically depicts the recombination of charge carriers via tail states, where
photogenerated charge carriers are first trapped into the tail states, from which they may
either de-trap or non-radiatively recombine. The variation in recombination time
constant for a given photoinduced charge concentration might also be correlated with a
change in the majority species carrier concentration in the MAPI. For some MAPI
preparations, excess MAI, as well as improved crystallinity through annealing, has been
shown to result in a reduction in the free electron concentration making the material

201,202

more intrinsic, which is expected to increase the free carrier lifetime. However, if

this were the only effect induced by MAI then the PL efficiency is not expected to be
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as sensitive to MALI fraction as observed in Figure 3.10.

Recently Kiermasch ef al. have reminded the community that the release of capacitively
accumulated free charges can prolong the time-constants observed in TPV
measurements. ¢ Their study raises the possibility that the charge distribution observed
in these devices is not accumulated within traps but simply corresponds to free charge
within the active layer or contacts. It is noted that TPV time constants may also be
prolonged by the same mechanism by the capacitive storage and released of charge
from with trap states — an effect well documented for dye sensitized solar cells,'* and
also suggested to explain recombination rates in organic bulk heterojunction films
without electrical contacts.?®> Although our results cannot definitively rule out the
possibility that the Q vs Voc distribution measured arise from a capacitive accumulation
of free charges, the following factors make it an unlikely explanation for the
observations. Our data show Q vs Voc slopes of m = 3 but a steady state ideality factor
of nia = 1. In a perovskite device if only free charges were present it would expect m =
nia when measured at steady state if no trapped charge is present.”® A value of m > 2
cannot easily be explained by free charge carriers obeying Boltzmann statistics,
particularly in devices where internal variations in electrostatic potential are screened
by mobile ionic charge. Thus the value of m = 3, coupled with our PL observations,

appears consistent with a shallow distribution of trap states.

This chapter addresses non-radiative losses which are likely to originate in the bulk of
the perovskite, the Voc (1.04V) and PCE (16.6%) achieved with our best cells are lower
than the best reported device performances using similar perovskite absorbers c.f.

Voc > 1.1V, PCE ~ 20 %. This is mainly attributed to our use of PEDOT:PSS as the

152,166

HTL, which is associated with significant interfacial recombination, compared

with TiO»-based conventional cells or inverted cells employing alternative HTLs. !381%
It is observed that the total charge carrier lifetime as a function of charge concentration

is not significantly altered with a change in MAPI crystallinity of +2.5% to +5% MAI,
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which may imply that interfacial recombination, either at PEDOT:PSS/MAPI or
MAPI/PCBM interfaces became the limiting factor of carrier lifetime and thus the
recombination flux in the whole device. Further increases of Voc and PCE can be
achieved by suppressing the interfacial recombination.!**** Thus, it is theorized that
reducing non-radiative losses in bulk perovskite and at interfaces are two parallel

methods towards high Voc of perovskite solar cells.

It is shown that an increased density of tail states and increased non-radiative
recombination are associated with reduced crystallinity of MAPI. Trap states are likely
to be localised at crystallite surfaces or interfaces due to a break of bulk crystallite
symmetry,'! but additionally PL quenching is correlated with the presence of lattice
defects e.g. halide vacancies.!'®?% The observed increase of X-ray diffraction intensity
of MAPI films should describe an extension of order in the MAPI, and/or filling of
lattice vacancies, which is schematically shown in Figure 3.11 c¢. In this study,
improved MAPI crystallinity was achieved using the MAI-rich precursor solutions
during processing, although MAI excess appears to increase trap densities using
different fabrication protocols.?’® Mixed-cation lead mixed-halide perovskites have
now surpassed conventional MAPI perovskites with reported PCE exceeding
20%,'%!7* the optoelectronic properties and phase stability of these materials is also
highly dependent on crystallinity.!>?°7 This is entirely consistent with our detailed
studies that conclude that improving perovskite crystallinity is a crucial strategy to

eliminating trap states.
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Figure 3.11 (a) Schematic illustration of band-tail broadening in a flat-band energy

diagram of a perovskite solar cell, with high- and low-crystallinity MAPI, and with

their corresponding electron quasi-Fermi levels, Eznc and Efic, and charge carrier

recombination lifetimes, tzcand tzc. AVocis the Vocloss due to increased tail state

density. (b) Schematic depiction of charge carrier recombination via tail states,
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the tail states a radiative recombination from band edges. (¢) Schematic illustration

indicating the improvement in MAPI crystallinity.
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4. Probing and Controlling Microstructural
Defects in Thin-film Perovskites and Its

Impact on Solar Cell Performance

4.1 Declaration of Contributions

The results presented in this chapter formed the basis of reference [208]

Claire Burgess carried out all the transmission electron microscope measurements.
Chieh-Ting Lin aided with solar cell optimization.

Flurin Eisner aided with external quantum efficiency (EQE) measurement.
Jinhyun Kim and Shengda Xu aided spectroscopic measurement.

Hongkyu Kang aided with data processing and analysis.
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4.2 Abstract

In this chapter, previously unobserved nanoscale defects residing within individual
grains of solution-processed MAPI thin films is identified. Using scanning transmission
electron microscopy (STEM) I identify these defects to be inherently associated with
the established solution-processing methodology and introduce a facile processing
modification to eliminate these defects. Specifically, defect elimination is achieved by
co-annealing the as-deposited MAPI layer with the electron transport layer (PCBM)
resulting in devices that significantly outperform devices prepared using the established
methodology — with power conversion efficiencies increasing from 13.6 % to 17.4 %
for devices with PEDOT:PSS as hole transport layers. The use of TEM correlates the
performance enhancements to improved intra-grain crystallinity and show that highly
coherent crystallographic orientation results within individual grains when processing
is modified. Detailed optoelectronic characterisation reveals that the improved intra-
grain crystallinity drives an improvement of charge collection and a reduction of
PEDOT:PSS/perovskite interfacial recombination. The results of this chapter suggest

that the microstructural defects in MAPI, owing to a lack of structural coherence

throughout the thickness of thin film are a significant cause of interfacial recombinatione

4.3 Introduction

Photovoltaic cells reliant on metal-halide perovskite active layers, the so-called
perovskite solar cells (PSCs), have had a tremendous impact on emerging photovoltaic
technologies since their first introduction.** The remarkable power conversion

d,?”” combined with the relative ease of fabrication and

efficiencies (PCEs) demonstrate
low materials costs,?!® have fuelled intensive research of these emerging renewable
energy platforms. As the community moves towards developing a better understanding

of the key operational and lifetime issues of PSCs, and ultimately to commercial
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deployment, it is necessary to derive a deeper understanding of the fundamental
material properties that play a critical role in determining device performance and

lifetime. These factors include phenomena occurring at the grain boundary regions, '’

11,198 211

chemical defects,” trap state, crystallinity,”" and the presence of secondary

phases 179,185

When considering the rapid evolution of PCE that has been demonstrated in PSCs it is
apparent that improvements in fabrication techniques and the development of standard
growth procedures have played key roles. However, the engineering of controlled
device architectures is also critical.>'? To date three main device architectures have been

proposed, namely the i) mesoporous systems,!? ii) conventional (n-i-p) planar*-!4

and
iii) inverted (p-i-n) planar structures.!®>*!> The best performing devices reported thus
far have been demonstrated using both mesoporous and planar n-i-p structures.’>’ In
both cases the mandatory high temperature processing of metal oxide electron transport
layers renders such architectures incompatible with future flexible devices.?!® As an
alternative, inverted architecture (p-i-n) devices that rely on low-temperature solution
processable charge transport layers, and are thus compatible with flexible substrates,
are attractive - more so owing to the negligible J-V hysteresis observed.?!”?!8 Poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is commonly used as a
hole transport layer (HTL), due to its charge selective nature, high optical transparency
and low temperature (< 150 °C) processability.'3?!° On the opposite side of the device
fullerene derivatives such as [6,6]-phenyl Ce1 butyric acid methyl ester (PCBM) are
commonly incorporated as electron transport layers (ETL). Despite the relative ease of
processing afforded by inverted devices, the attainable PCEs are somewhat lower than
both mesoporous and planar n-i-p analogues.!”® In particular the maximum attainable
open-circuit voltage (Voc) with PEDOT:PSS, normally no greater than 1 V,*2° is a key
performance barrier, although the loss of Voc can be partially overcome by either

inserting or replacing PEDOT:PSS with other polymeric hole transport layers.?'®
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Interestingly, the development of solvent engineering methods has allowed pinhole-
free, uniform and continuous perovskite thin films to be prepared - which is a crucial
step to achieve high PCE with inverted planar devices. Typically, these methods
involve introducing a stream of antisolvent (e.g. toluene,'®* diethyl ether,® or
chlorobenzene??!) which is dripped onto the spinning substrates with precursor solution,
forming an intermediate film containing a complex perovskite/solvent molecular
mixture. The final steps of film formation involve a simple thermal anneal, typically at
around 100 °C, to remove the remaining solvent and fully crystalize the perovskite films.
Such annealing may also be used to controllably induce the formation of secondary
phases that may be beneficial to device performance.'®® The established method for
device fabrication involves sequential processing of the individual layers in the device.

Following deposition of the perovskite active layer and annealing,'®®-184

the charge
selective interlayer e.g. the fullerene layer is subsequently processed. In this chapter
modifications of this protocol are considered, specifically depositing the PCBM layer
onto non-annealed MAPI films and then co-annealing. This simple modification of the
processing has resulted in an enhancement of the resultant device performance, with

measured average PCEs increasing from 13.6 % in conventionally processed PSCs to

17.4 % using the modified processing.

Whilst previous research has addressed the inter-grain optoelectronic homogeneity in
the lateral dimension, i.e. parallel to the substrate,!*”! this chapter focuses on the
intra-gain crystallographic continuity along the charge-transport direction, i.e. vertical
to the substrate. The origin of the investigations stems from highly disordered regions
observed by high-resolution transmission electron microscopy (HRTEM) near the top
(MAPI-air) interface in conventionally processed active layers. In contrast, when the
modified fabrication route is employed, highly ordered MAPI domains that extend from
the HTL to the ETL are observed. Such modifications effectively eliminate
microstructural defects in MAPI film, leading to reduced interfacial recombination and

improved Voc (by approximately 200 mV). The results of this chapter highlight the
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critical role of MAPI thin film quality along the charge-transport direction, i.e.

perpendicular to the substrates.

4.4 Experimental Results

4.4.1. Modification on Thin-film Processing

Figure 4.1 shows a schematic illustration of the conventional and modified deposition
processes. In both cases toluene is added to the as-deposited perovskite as an anti-
solvent, forming intermediate films containing a mixture of perovskite precursors and
solvent molecules. Conventionally, crystallinity is induced by thermally annealing
these intermediate films prior to depositing the fullerene layer. Here PCBM layer is
processed directly onto the intermediate film, and thermally anneal the bi-layer

structure - thus MAPI is crystallized beneath the PCBM over layer.

Spin-coating PCBM Slow solvent evaporation &

crystallization
Toluene dripping \

‘ Annealing AR

y Fast solvent evaporation &
\ crystallization
Annealing m

N

Precursor solution Intermediate phase

Figure 4.1 Schematic illustration of conventional fabrication route and modified
fabrication route of MAPI/PCBM bi-layers.
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4.4.2. Characterisation of Microstructural Defects

Scanning Transmission Electron Microscopy

Initially scanning transmission electron microscopy (STEM) is used to image the cross-

section of the ITO/PEDOT:PSS/MAPI/PCBM structures prepared using focused ion

beam (FIB) milling.?*? The sample preparation, imaging mode and beam damage are

discussed in the experimental chapter. Whilst beam damage in STEM is minimal some

damage can be observed in conventional TEM when extended beam exposure occurs,

thus affording control of the imaging and the collection of high-quality, artefact free

(a)

(b)

Conventionally processed

Top layer

sl ol o e AP

PEDOT:PSS

PEDOT:PSS

5

200 nm T

Figure 4.2 Scanning transmission electron microscopy (STEM) images (right) and

schematic demonstration of the MAPI microstructure (left) in the bulk and top layer

of (a) the conventionally processed device, and (b) the co-annealing processed

device.
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images. The dark-field STEM images of complete stacks of conventional and co-
annealed devices are shown in Figures 4.2 a and 4.2 b. In general, the MAPI films
prepared by both routes are polycrystalline, with single grains extended vertically i.e.
between the ETL and HTL separated by lateral grain boundaries as reported

185 Owing to the excellent image contrast provided by STEM a disordered

previously
region beneath the PCBM interface is clearly observed in the MAPI layer, where
dispersed dark regions approximately 5 nm in diameter, indicative of reduced material
density i.e. voids, are seen concentrated near the MAPI/PCBM interface in the

conventionally processed devices (Figure 4.2 a). In contrast, such features are absent

in the co-annealed films (Figure 4.2 b).

Selected Area Bright-Field Image

To investigate the structure of the MAPI grains in more detail high-resolution
conventional transmission electron microscopy (HRTEM) is employed. In Figures 4.3
a - b low-magnification images showing cross-sections of the conventional and
modified processing device stacks are present. Due to the nature of HRTEM imaging
i.e. the image is formed with both non-diffracted and diffracted electrons that pass
through the sample, image contrast is reduced and thus the dark features observed by
STEM cannot be discerned.??® Selected area electron diffraction (SAED) patterns of
both cross sections are shown in Figures 4.3 ¢ - e. These patterns are comparable to
reported MAPI single crystal SAED patterns,*** with the elongation of the individual
diffraction spots indicating a preferential orientation of crystallites with a slight intra-
grain misalignment. To image the associated crystalline regions in the cross section, the
objective aperture is placed around one of these diffraction spots, giving rise to the
dark-field images identical in location to the HRTEM images, shown in Figure 4.3 f
for conventionally processed device and Figure 4.3 g - h for two adjacent grains for a
co-annealed device. Importantly, the bright areas shown here pinpoint the exact location
where the single-crystal diffraction patterns are generated, identifying coherent
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crystallographic orientation through the grain structure. Hence, the crystallographic
coherence inside single MAPI grains can be examined. In both processing methods the
lateral extension crystallinity is limited by the grain boundaries and adjacent grains tend
to show subtly modified orientations. However significant differences in the vertical
crystallinity can be readily observed. From Figure 4.3 f it is apparent that the extended
region of crystalline coherence extends only partially through the film thickness and

the area near MAPI/PCBM interface where the voids were observed in STEM (Figure

(a) Conventional processing

004 or 220
-

w 004 or220
21/nm

processing

Figure 4.3 (a), (b) Transmission electron microscopy (TEM) images of device
prepared through conventional processing (a) and through co-annealing processing
device (b). (c¢) — (e) Selected area electron diffraction (SAED) patterns of MAPI in
the circulated areas in figure a and b. (f) — (h) Localized dark-field images formed
with one of the diffraction dot, marked in figure ¢ — e, for conventional processed
device (f) and co-annealing processed device (g and h). The green colour is added
to indicate the location of charge selective interlayers.
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4.2 a) appears dark and obviously has no such order. Between Figures 4.3 g - h there
is a grain boundary running perpendicular between the charge selective interlayers,
separating the two adjacent MAPI grains. However, in both grains there is a clear
orientational alignment that spans the entire active layer thickness, which means along
the charge transport direction MAPI is either single crystal, or the crystallites are
aligned in unified direction. This is consistent with the observed cross-sectional

uniformity seen in the STEM image (Figure 4.2 b).
High-Resolution TEM

The HRTEM images, Figures 4.4 a - d, all show clear lattice fringes in the MAPI films

(a) conventional - top interface (b) conventional - bottom interface
T 3 P . _- — - i o

2

MAPI
Small crystals:

10nm

Figure 4.4 HRTEM images of lattice fringes at (a) top (MAPI/PCBM) and (b)
bottom (PEDOT:PSS/MAPI) interfaces of the conventionally processed device, and
at (¢) top and (d) bottom interfaces of the co-annealed devices. These areas are
marked as A-D in figure 4.3a and 4.3b, respectively.

121



both at top (MAPI/PCBM) and bottom (PEDOT:PSS/MAPI) interfaces. However, there
is a distinct difference between the devices with the two processing routes. In Figure
4.4 a, obtained from the top interface of conventionally processed device (marked A in
Figure 4.3 a), a disruption in ordering of the crystalline regions is seen, featuring small-
size MAPI crystals with short lattice fringes amongst the voids. Within the same MAPI
film, however, Figure 4.4 b (region B in Figure 4.3 a) shows long-range order at the
bottom interface, which is consistent with the observation in the corresponding dark-
field image (Figure 4.3 f) that lower portion of conventionally processed MAPI films
consists of a single-oriented grain. In contrast, the images of co-annealed device,
Figures 4.4 ¢ - d, show excellent crystallinity of MAPI film across the film thickness,
manifested by the regular, long-range lattice fringes at both top and bottom interfaces

corresponding to areas marked C and D in Figure 4.3 b.

X-ray Diffraction

Using X-ray diffraction (XRD) to investigate the phase and structure of the MAPI films
prepared by the two processing routes, again an obvious difference between the
crystallinity of the films is found, Figure 4.5 a. Here the intensity of the {110} peaks
significantly increases in the co-annealed films, indicating a preferential orientation
(texture). From these data it is evident that the overall crystallinity of MAPI has been
enhanced in the process of co-annealed films. Shown in Figure 4.5 b the position of
the {110} diffraction peaks shifts from 14.17°(20) for conventionally processed film to
14.24°(20) for co-annealed film showing a decrease of lattice plane spacings, which
may be related with restoration of long-range orders of MAPI crystals leading to
removal of lattice defects or release of lattice strains. Additionally, the full width at half-
maximum (FWHM) values for the (001) diffraction peaks are measured to be 0.10°(20)
and 0.21°(20) for the co-annealed and conventionally processed films respectively.

Such a reduced FWHM qualitatively indicates an increase in crystallite size.
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Figure 4.5 (a) X-ray diffraction patterns of MAPI film in conventionally processed
device and co-annealing processed device. (b) Magnified (110) diffraction peaks for
conventionally processed and co-annealed MAPI films.

The above observations highlight an issue of microstructural inhomogeneity in MAPI
films processed using the conventional methodology, where polycrystalline grains
consist of a highly-ordered region in proximity to the PEDOT:PSS interface and a
highly disordered region (approximately 30-40 % of the film thickness) near the PCBM
interface. In the co-annealed devices, the orientation coherence extends throughout the
entire film thickness, thus it is observing either single crystalline grains or highly
orientated smaller crystallites inside what appears macroscopically to be a single grain.
Such a difference is schematically illustrated in Figure 4.2 a and 4.2 b. The defects that
appear in the conventionally processed films have a profound influence on the
measured device performances and the introduction of these features may be considered
as a hindrance to charge transport in the MAPI films. It is believed that these structural
inhomogeneities arise owing to non-uniform solvent evaporation rates, where
evaporation of solvent near the MAPI-air interface in conventionally processed cells
occurs rapidly, inducing the observed defects. For the co-annealed films, the PCBM

layer may be slowing down but homogenizing solvent evaporation rate between top
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and bottom of the as-cast MAPI film, and subsequently reducing the rate of MAPI
crystallization allowing time for more controlled crystal growth and improved
interaction between neighbouring crystallites. It is noteworthy that the voids in MAPI
film observed using STEM imaging (Figure 4.2 a) cannot be discerned in conventional
TEM imaging (Figure 4.3 a), and thus are unlikely to be observed in the established
cross-sectional SEM images typically used in literature to show device structures; It is
however believed that their occurrence may be a general feature of films prepared using

the established anti-solvent dripping method and normal hot-plate thermal annealing.

Control of Beam Damage

Investigation was done on a separate cross-sectional sample to confirm perovskite is
stable and does not greatly change under scanning TEM (STEM) mode within an
imaging session. Between Figure 4.6 a-b the sample was exposed to the STEM electron
beam for 30 minutes but does not show obvious change in overall morphology. The
dark linear feature indicated is a perovskite grain boundary (appears darker due to the
lower density at grain boundaries), which can be still clearly seen in the post-exposure
image. The same location was then exposed in conventional TEM mode for 30 minutes,
and in this situation the electron beam gradually affected the appearance of the MAPI
cross section. The location was re-imaged in STEM mode (Figure 4.6 ¢) and, for
example, the grain boundary is no longer clear. However, even after prolonged
conventional TEM exposure, using the same dark field imaging protocol used in figure
2 in the main text remains a valid and valuable method to investigate perovskite grain
locations. Figure 4.6 d shows the high resolution conventional TEM image of the same
MAPI grain in Figure S1 c, i.e. the MAPI grain after 30 minutes exposure to TEM
electron beam. The corresponding selected area electron diffraction pattern in Figure
4.6 e shows a clear single-crystal-like pattern and when the objective aperture is used
to select a diffraction spot (corresponding to 220 or 004 diffraction, marked by green

circle), the dark field TEM image in Figure 4.6 f is formed. This clearly shows a bright
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area i.e. the perovskite grain giving rise to the diffraction pattern, which is bordered by
the same location as the originally visible grain boundary. Therefore, despite changes
in microscopic appearance, the overall crystal structure of the perovskite remains

unchanged during these investigations.
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Figure 4.6 Dark field STEM image of a specific area of perovskite film (a) taken
immediately, (b) after 30 minutes under STEM beam and (c) after a further 30
minutes under conventional TEM beam. (d) High resolution TEM image of the same
sample area after the 30 minutes TEM beam exposure and (e) corresponding SAED
pattern and (f) dark field image formed by the circled diffraction dot.
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4.4.3. Performance of Solar Cells

In Table 4.1 the influence of MAPI film thickness on device performance is listed. The
thickness variation is achieved by modulating the concentration of the Pbl, and
methylammonium iodide (MAI) precursors over the range 0.6 — 1.4 mol dm™. Figure
4.7 a shows the variation of PCE with perovskite film thickness processed
methodologies Both the conventional and co-annealing methods produce MAPI films
of comparable thickness for a given precursor concentration. The data reveal that for
the two processing routes there is both a difference in the performance at a specific
thickness, and a difference in the thickness corresponding to the respective peak
performance. The devices prepared using our co-annealing route are observed to
perform best (highest PCE) with a MAPI active layer thickness of ~240 nm, with further
thickness increases compromising Jsc and FF. It is speculated that such losses may be

due to incomplete conversion of thick films under the PCBM capping layer. In contrast
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Figure 4.7 (a) Power conversion efficiency (PCE) of low-temperature-processed
solar cells prepared from conventional and co-annealing routes as a function of
MAPI thickness. The concentration of precursor solution (mol L™, denoted as M) is
labelled beside the data point. (b) Transmittance spectra of full devices through
conventionally processing (solid lines) and co-annealed processing (dashed lines),
with MAPI prepared with different solution concentrations that are labelled on the
figure.
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the conventionally processed devices generally improve in PCE up to an active layer
thickness of ~230 nm, above which Voc and FF loses impact performance. In general,
the observed PCE improvement originates mainly from the substantial improvement in
Voc, approximately 150-200 mV, at comparable MAPI thicknesses, suggesting a clear
reduction of intrinsic photovoltage losses when the modified processing is
employed.?*>*2 Optical transmittance spectra (without Ag electrodes) Figure 4.7 b,
show otherwise slightly increased transmittance of the co-annealed devices compared
with those processed using the established method at comparable film thicknesses.
Clearly the recombination losses during charge extraction are reduced owing to the
process induced MAPI modification in the charge-transport direction. Interestingly, the
co-annealed devices, at comparable MAPI thicknesses, consistently outperforming the
devices prepared by the conventional processing whilst being more transparent,
highlighting the opportunities for this processing route for the exploration of semi-

transparent cells.

Table 4.1 Photovoltaic parameters of solar cells prepared from conventional and co-
annealing routes comprising MAPI of different thickness, measured from the best 5

pixels of the devices from a single batch.

Solution MAPI
concentration thickness  Jsc(mAcm?) Voc(mV) FF (%) PCE (%)
M) (nm)
0.6 105 15.4 £0.6 904+3  754+1.0 10.5=+0.5
) 0.8 165 18.1£1.5 1004+5 73.4+29 13.4+0.8
Co-annealing
processing
1.0 230 21.9 +0.7 102243 76.8+1.4 172104
1.2 270 20.7 £0.7 1040 +4  70.0+1.2 15.1+0.3
) 0.6 114 13.4£1.0 716+6 72.0£1.1  6.9+0.4
Conventional
processing
0.8 165 19.6 0.5 813+3 73314 11.7+0.3
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1.0 213 16.9 £0.6 855+2 74.6=+1.5 10.8+0.5

1.2 272 20.1 +0.4 894 +4  75.8+1.4 13.6+0.3

1.4 325 21.2+40.8 855+2  73.6+1.0 13.3+0.5

Figure 4.8 a shows typical current-voltage (J-V) curves of the low-temperature
(<150°C) processed ITO/PEDOT:PSS/MAPI/PCBM/LiF/Ag devices comprising of
conventionally processed (270 nm) and co-annealed (230 nm) MAPI layers. The data
were obtained in forward and reverse scan directions, from open circuit to short circuit
and vice-versa at a scan rate of 50 m V/s under AM1.5 illumination (1 Sun). Both sets
of devices show minimal J-V hysteresis. In these two typical devices the Voc, short-
circuit current density (Jsc), fill factor (FF) and PCE of the conventionally processed
device were determined to be 0.89 V, 20.0 mA/cm? 0.76 and 13.6 % respectively
compared with 1.02 V (+ 16 %), 22.2 mA/cm? (+ 11 %), 0.76 (+0 %) and 17.4 % (+
28 %) for the co-annealed device. Figure 4.8 b shows the external quantum efficiency

(EQE) spectra of the two typical devices. The integrated Jsc values from EQE spectra
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Figure 4.8 (a) Current density-voltage (J-V) plot of low-temperature-processed
PEDOT:PSS/MAPI/PCBM/(LiF)Ag solar cells prepared from conventional and co-
annealing routes at their optimal thickness. (b) External quantum efficiency spectra
of the two devices.
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are determined to be 21.7 mA/cm? (co-annealed) and 19.8 mA/cm? (conventional). The
external quantum efficiency (EQE) spectra (Figure 4.7 b) for films prepared by both
routes show a near identical absorption onset at ~780 nm, confirming minimal changes
in optical bandgap and absorption and thus the improvements observed are attributed
to reduced recombination losses, likely owing to elimination of microstructural defects.
Figure 4.9 plots the distribution of Jsc, Voc, FF and PCE obtained from some 14
devices over 4 batches. A PCE value of 13.6% is typical for conventionally processed
cells, however a PCE of 17.4% for the co-annealed devices is comparable with the best

reported devices adopting PEDOT:PSS and PCBM as charge transport layers.
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Figure 4.9 Statistical distribution of (a) short circuit current (Jsc), (b) open-circuit
voltage (Voc), (¢) fill factor (FF) and (d) power conversion efficiency (PCE) of
devices with conventionally processed MAPI and co-annealed MAPI, obtained from
some 14 devices in four batches.
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4.4.4. Optoelectronic Characterisation
Jsc and Voc versus Light Intensity

To support these conclusions, the recombination mechanisms in the two devices is
considered by studying the dependence of Jsc and Voc on light intensity. Jsc is found to
increase with light intensity (Int) according to a power-law relationship: Jsc o« Int?,
shown in the inset figure of Figure 4.10 a. The derived power-law component « is

plotted against light intensity in Figure 4.10 b. Deviation from a linear Jsc-Int
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Figure 4.10 (a) Measured Jsc as a function of light intensity. (b) Linearity of Jsc
with light intensity. (¢) Measured Voc as a function of light intensity. (d) Light
ideality factor derived from Voc vs light intensities relationship.

130



dependence, i.e. a<l, is reported to suggest bimolecular recombination of electrons
and holes in the device at short circuit.?’ It is evident that our processing modification
result in improvement of linear Js-Int dependence, particularly at higher light intensities,
indicating a suppression bimolecular recombination loss and an enhancement of charge
extraction and collection at short circuit — this is consistent with the improved

crystallographic coherence along the charge-transport direction.

The recombination at open circuit is considered in terms of ideality factor (ni¢). At open
circuit there is no net current flow through the cell and the voltage losses due to
series/parasitic resistance are minimised.'>’ Figure 4.10 ¢ shows the measured Voc as
a function of light intensity for both devices, and Figure 4.10 d shows the light ideality
factor ni¢ deviated from equation (1). The two traces remain relatively constant from
0.1 sun up to approximately 4 sun, but differ dramatically at higher light levels. The niq
of conventionally processed devices is just less than 1, particularly near 1 sun, whereas

within the same illumination range 7i¢ of co-annealed devices is around 1.2.

A general interpretation of niq, considering the recombination mechanisms in a solar
cell, is that nig = 1 indicates recombination of free electrons and holes, nig = 2
suggests recombination of free electrons and trapped holes, or vice versa; and when
nia< 1 surface recombination dominates.'*® That being said, rather than indicating a
dominance of radiative free-carrier recombination, the value of nig = 1 for our
conventionally processed devices more reasonably suggests surface recombination
dominance,'*® because the Voc of these devices (0.89 V) is substantially lower than the
radiative limit of MAPI (~ 1.3 V). The increase of niq from 1 to 1.2 for the co-annealed
devices then suggests Schottky-Read-Hall recombination in bulk perovskite is
becoming more dominant due to a reduction of surface recombination,'* or due to
reduced recombination via trap states that are localised in the vicinity of the interfaces.
This is consistent with our previous analysis of similar perovskite solar cells where niq
110,148

decreases < 1 due to surface recombination.
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Charge density and recombination lifetime

Figure 4.11 a plots a measured value n [cm™] as a function of Voc, where each point
on the plot corresponds to a certain level of light intensity. The value of n, increasing
exponentially with Voc for both devices, describes the accumulation of charge carriers
in the electronic states of active layer and/or charge transport layers, and is an
estimation the amount of electronic charge needed to sustain a certain level of quasi-
Fermi-level splitting in the respective devices. Obviously, the major difference between
the n-Voc plots of the two devices is a change in slope (1/m), where for the
conventionally processed device m = 2.2 and for co-annealed device m = 3.0. As the
shape of n-Voc plots provides a measure of how charge density evolves with quasi-
Fermi level splitting, the decrease of n - Voc slope in co-annealing processed devices
can be interpreted as a narrowed distribution of tail states below the band edges, leading
to an increase of obtained Voc for given carrier density in the cell. Moreover, the n
value at 1 Sun equivalent illumination for the conventionally processed device is

1.02x10" cm™, which is increased to 1.35x10'"' cm™ in the co-annealed device (both
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Figure 4.11 (a) Excess electronic charge density z at open circuit stored in the device
as a function of measured V.. (b) Charge carrier lifetime t,, as a function of excess
electronic charge density » at open circuit.

132



marked by solid symbols in Figure 4.9a). Such an increase, approximately 35 %, in the
accumulated carrier density at 1-sun is caused by an increase of their average total
carrier lifetime (t,). Figure 4.11 b shows 7, as a function of n, where the
experimental data follows a power law relationship, describing the average
recombination lifetime of electrons and holes in the complete device (see SI for more
details). Importantly, for a given carrier density, the lifetime is increased in devices
prepared by the modified processing route, which allows more charge carriers to be
accumulated in the modified devices at fixed illumination intensities, increasing the

quasi-Fermi level splitting and therefore Voc.

Voc reconstruction

As is described in the experimental chapter, if the amount excess charge accumulated
in the working device (n) is corrected estimated, and the measured photovoltage decay
time-constants (t) are related to a recombination process then we should be able to

calculate device Voc using only these measured data and their corresponding fitting
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Figure 4.12 Measured Voc (crosses) vs reconstructed Voc (circles) of conventionally

processed and co-annealed devices shown as a function of light intensity.
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Ree are in excellent

parameters. It is apparent in Figure 4.12 that this reconstructed Voc
agreement with the directly measured V. for all devices. This confirms the validity of
our estimation of n and 7, as correctly describing the in-situ recombination flux in a

working cell.

4.4.5. Impact on Surface Recombination

To illustrate the origin of reduced recombination the photoluminescence (PL) decay of
multilayer-stacks (glass/PEDOT:PSS/MAPI/PCBM) is probed, excited with a 404-nm
laser from 1) the glass side and i1) the PCBM side. Figure 4.13 a shows a clear increase
of PL decay lifetime on co-annealed samples when pumped from the glass side which
is not observed when pumped from the PCBM side. Importantly, such an increase of
the PL lifetime at the interface describes an open-circuit condition and shall be regarded
as suppression of interfacial recombination.!” Thus the results imply that reduced

recombination is mainly at PEDOT:PSS/MAPI interfaces.

It appears from above data that removal of bulk defects reduces the surface
recombination in the device.??® This is mainly due to a mitigation of electric filed
screening by these ionic defects in MAPI layer,” such that electron diffusion to the
wrong interface is retarded. By doing so, as shown in Figure 4.13 b and 4.13 c, that
electrons are separated from the holes at PEDOT:PSS/perovskite interfaces and thus

surface recombination of perovskite is suppressed.

Our data suggest that microstructural defects in MAPI thin films are related to a lack of
crystalline coherence throughout the thickness of the MAPIL The top surface of
conventionally processed MAPI layer, i.e. the MAPI/PCBM interface, is the region
susceptible of microstructural defects — likely due to the fast solvent evaporation that
occurs here at the early stages of film formation. Importantly, by removing these defects

interfacial recombination at PEDOT:PSS/MAPI heterojunction can be mitigated
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leading to enhancement of Voc in PEDOT:PSS-based perovskite solar cells.
Additionally, as noticed from both STEM images and TEM images that there might be
some shifts in the lateral size of MAPI grain between the two processing routes. By
considering that vertical grain boundaries mostly impact on thus J-V hysteresis,** as
well as shunting pathways that affect FF,'®* the large improvement of Voc measured

above is not likely mainly due to the change in lateral grain size.
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Figure 4.13 (a) Time-resolved photoluminescence decay of glass/ PEDOT:PSS/
perovskite/ PCBM stacks, excited with a 404-nm laser from glass side and PCBM side. (b)
Schematic drawing of band diagram, photoexcited charge carriers and recombination
processes in the perovskite solar cells, where ionic defects in perovskite screens electric
field and causes interfacial recombination (left) and ionic defects are removed (right).

135



By showing these data the importance of controlling crystallographic defects in MAPI
active layer is highlighted, however, co-existence of other loss mechanisms has
hindered the co-annealing processed device from achieving comparable PCE as the
most efficient cells reported,’®’ the loss mechanisms are likely to be interfacial

S204

recombination owing to doping of PEDOT:PSS“* which will be discussed in the next

or energetic losses in PCBM layer.'”!

4.5 Conclusion and Perspective

In this chapter using STEM the presence of previously undetected microstructural
defects and inhomogeneities in MAPI thin films that reside near the MAPI-air interface
have been identified. The findings show that these defects are inherently correlated to
a single step in the well-established solution processing methodology, and we outline a
facile means of their elimination without increasing the number or complexity of
processing steps. By removing these defects, significant improvements in intra-grain
crystallographic coherence along the charge-transport direction can be achieved, which
results in improved power conversion efficiencies from 13.6% to 17.4 %. The in-situ
optoelectronic characterisations link this to an improvement in charge collection
efficiency and a reduction in electron-hole recombination at PEDOT:PSS/MAPI

interface and an overall decrease of trap state density in our perovskite solar cells.

The results highlight the role of advanced imaging techniques in identifying defects that
play a significant effect on device performance, and our modified processing route is
identified as a convenient means of eliminating electronic trap states. The modifications
made to the processing method eliminate such defects from forming, improve
crystallographic registry along the charge transport direction and minimise intrinsic

losses in perovskite solar cells.

136



5. p-doping of organic hole transport layers
in p-i-n perovskite solar cells: correlating
open-circuit voltage and

photoluminescence quenching

5.1 Declaration of contributions

The results presented in this chapter formed the basis of reference [125]

Weidong Xu and Jinhyun Kim carried out photoluminescence spectroscopic

measurement.
Shengda Xu aided optical measurements.
Matyas Daboczi carried our Kelvin probe and photoemission

Chieh-Ting Lin aided with solar cell optimisation.
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5.2 Abstract

The previous two chapters probed the impact of perovsktie crystallinity and
microstructure on device perofrmance and particularly on Voc, both with fixed device
structure, i.e. employing PEDOT:PSS as common hole transport layers (HTL). Further
boost of device PSC, neverthless, relies on engineering of the hole transport mateirals.
suggsting interfacial recombiantion as one of the major loss channels in PSCs. In this

chapter the role of HTL doping on Voc and PCE is investitaged.

Doping is a widely implemented strategy for enhancing the inherent electronic
properties of charge transport layers in photovoltaic (PV) devices. Here, in direct
contrast to existing understanding, we find that a reduction in p-doping of the organic
HTL leads to substantial improvements in PV performance in planar p-i-n PSCs - driven
by improvements in Voc. Employing a range of transient and steady state
characterisation tools, we find that the improvements of Voc correlate with reduced
surface recombination losses in less p-doped HTLs. A simple device model including
screening of bulk electric fields in the perovskite layer is used to explain this
observation. In particular, photoluminescence (PL) emission of complete solar cells
shows that efficient performance is correlated to a high PL intensity at open circuit and
a low PL intensity at short circuit. We conclude that desirable transport layers for p-i-n

PSCs should be charge selective contacts with low doping densities.

5.3 Introduction

PSCs with a p-i-n architecture are typified by a planar perovskite active layer (typically
methylammonium lead halide, MAPI) sandwiched between a bottom p-type HTL and
a top n-type electron transport layer (ETL). Such PSCs have drawn intensive research
interest due not only to minimised current-voltage (J-V) hysteresis observed under
operation®!” but also to their ease of fabrication.?*° For example, their low-temperature,
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solution-based processability is inherently compatible with large-volume
manufacturing and enables their application in more complex device architectures e.g.
tandem solar cells.*” However, the attainable power conversion efficiencies (PCEs) for
p-i-n devices are typically somewhat lower than their mesoporous or planar n-i-p
analogues,'”® mainly because they typically exhibit a slightly lower open-circuit voltage
(Voc).'”® Therefore it is of particular interest to determine the factors limiting the

achievable Voc of planar p-i-n PSCs.

Previous studies have demonstrated that the electronic band gap,'*® crystallinity''® and

microstructural defects®?!

of the photoactive perovskite layer are key factors
determining device Voc of PSCs. A further consideration are the recombination kinetics,
where an increased rate of recombination is known to reduce Voc.'*® Interestingly,
when organic/polymeric charge transport layers are utilized, it has been demonstrated
that PSC Voc is insensitive to changes in either the highest occupied molecular orbital
(HOMO) level of the HTLs employed®**2** or to changes of the lowest unoccupied
molecular orbital (LUMO) level of the ETL.!"? It has even been shown that some PSCs
employing wide band gap perovskites yield Voc values greater than the HTL-ETL
energetic offset.?* A widely recognized, but as yet relatively poorly understood issue
in PSCs is surface recombination, in particular, for p-i-n devices, recombination that
occurs at the interface between the perovskite active layer and the most widely used
HTL, poly(3,4-ethylenedioxythiophene)-  poly(styrenesulfonate) (PEDOT:PSS).?*
Several studies have identified this issue, and shown that modification or replacement
of PEDOT:PSS can improve device Voc and PCE.!%3236-238 Interestingly, in organic
photovoltaics (OPVs) with analogous p-i-n architectures employing PEDOT:PSS as an
HTL, surface recombination has often been found to be less important as a loss
pathway;?*° indeed in many cases, state-of-the-art OPV efficiencies have been reported
using PEDOT:PSS.?* The origin of the surface recombination losses in p-i-n perovskite
solar cells, and how these may be reduced by selection of HTL, is thus currently poorly
understood, and is the focus of the study reported herein.
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The core function of a HTL is to selectively transfer photoexcited holes from the
absorbing material to the external circuit, a process which in PSCs is often monitored
by photoluminescence quenching (PLQ) measurements of the absorber interfaced with
a HTL.” During such measurements, if high PLQ efficiency is observed when the
absorber is interfaced with a HTL/ETL, this is frequently interpreted as an indication
of effective charge transfer — and thus indicator of efficient photocurrent generation.?*!
However such PLQ may also result from undesirable surface recombination losses, as

widely reported for inorganic photovoltaic devices,!?”:134242:243

complicating the
interpretation of such data. In addition, PL intensity in PSCs has been shown to be
dependent on device measurement conditions i.e. typically higher at open circuit than

short circuit,*®

and non-linearly dependent upon excitation intensity, a phenomenon
ascribed to charge trapping and bimolecular recombination processes.'? Indeed some
studies have suggested that, due to the low electron-hole binding energy and relatively
long carrier lifetimes reported for MAPI,?>* charge carriers accumulate primarily in the
perovskite layer under open circuit conditions, and are not transferred to the HTL and
ETL layers at open circuit.?>* The complexity of these factors has so far hindered our

understanding of how significant charge transfer and extraction kinetics are to the PCE

of PSCs, and how these compete with undesired recombination losses.

This chapter focuses on the role of HTL in determining the Voc and PCE of p-i-n, the
so called inverted-architecture planar PSCs, specifically investigating the impact of p-
doping of HTL on charge transfer and surface recombination. Herein a variety of HTLs
in PSCs are investigated, all employing methylammonium lead iodide (CH3NH;3Pbls,
MAPI) as the common photoactive layer. Using poly(3.,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) as our reference HTL we investigate key
performance parameters when poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA) and poly[N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)benzidine] (PTPD) are
used as alternative HTLs. The variations in PL intensity observed between short and

open circuit conditions are a powerful and relatively easy to obtain probe of surface
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recombination losses. From these results it is concluded that reducing p-doping in HTLs
is an effective strategy for reducing surface recombination losses in p-i-n perovskite

solar cells and can result in enhanced device Voc values and overall PCEs.

5.4  Experimental Results

5.4.1. Device performance Based on Different HTLs.
Photovoltaic Performance

P-in  PSCs were prepared with a structure of  glass/ITO/HTL/
MAPI(500nm)/PCBM(50nm)/LiF(0.7nm)/Ag (100nm). Four HTLs, PEDOT:PSS (40
nm), PTAA (20 nm) and PTPD (20 nm) were deposited on indium-doped tin oxide (ITO)
substrates, in all cases the MAPI layers were fabricated with the same procedure.® The
[6,6]-phenyl-Csi-butyric acid methyl ester (PCBM) was deposited onto the MAPI layer
as electron transport layer (ETL) and LiF/Ag bilayer was thermally evaporated on top
of PCBM as cathode to complete the device. Prior to deposition of MAPI thin films, an
ultrathin  Poly [(9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9—
dioctylfluorene)] (PFN) poly-electrolyte layer was spun onto PTPD and PTAA to

reduce their surface hydrophobicity.
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Figure 5.1 (a) J-V curves of typical p-i-n perovskite solar cells based on
PEDOT:PSS, PTAA and PTPD as HTLs, under AM1.5 1 Sun equivalent
illumination at a scan rate of 50 mV s in reverse bias. (b) External quantum
efficiency (EQE) spectra of these devices. The inset figure shows a schematic
drawing of device structure. (¢) Schematic drawing of flat-band energy diagram of
the solar cells, showing the highest occupied molecular orbital (HOMO) level, and
equilibrium Fermi level (dashed lines) of these HTLs. The energetic differences
between HOMO and Fermi level are calculated and labelled on the figure and will
be discussed below.

Figure 5.1 a shows representative J-V characteristic for devices prepared with the
various HTLs measured under illumination and in the dark. The photovoltaic
performance parameters based on 5 different pixels are also summarized in Table 5.1.

The power conversion efficiency (PCE) of the PEDOT:PSS HTL device was
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determined to be 13.5 + 0.2%, which is consistent with previous chapters and with
existing literature,'®® when the alternative HTLs are employed PCE increases from 18.9
+ 0.3% (PTAA) reaching 19.6 + 0.2% (PTPD). Analysis of the output characteristics
makes it apparent that the observed overall performance improvements closely follow
increases in open circuit voltage (Voc). The external quantum efficiency (EQE) spectra
of representative devices are shown in Figure 1 b, with a schematic illustration of the
device shown in the inset. All devices show a comparable EQE onset at approximately
780 nm, but the device employing PEDOT:PSS has a couple of regions where the

measured EQE is significantly less than the other materials.

Table 5.1 Performance and photovoltaic parameters of PSCs with different HTL

Jsc(mAcem?)  Voc (V) FF PCE (%)
PEDOT:-PSS 20.49 +0.21 0.864 +0.008 0.754+0.007 13.49 % 0.20
PTAA 22.17+0.12 1.073 £0.004 0.792 +0.008 18.85 + 0.29
PTPD 22.38+0.31 1.095 £0.004 0.798 =0.010 19.61 +0.15

Energetics of HTL

In Figure 5.1 ¢ shows a flat-band energy diagram for these p-i-n devices is shown, in
addition the HOMO levels of the HTLs, obtained by measuring their ionization
potential through ambient pressure photoemission spectroscopy (APS),?* are added. In
Figure 5.2 a the chemical structure the HTM is shown, in combine with APS data in
Figure 5.2 b—d. Importantly, whilst there is some variation in the HOMO values
between HTLs, there is no correlation between these values and the Voc observed,
consistent with existing literature.?*> The dashed lines in Figure 5.1 ¢ indicate the

equilibrium dark Fermi level of the HTLs measured with a Kelvin probe, Figure 5.2 e-h.
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Figure 5.2 (a) Chemical structures of organic hole transport materials. (b) — (d)
Photoemission spectra of the HTLs. (e) — (h) Work function of the HTLs and ITO.

The significance of this energetic difference between HOMO and Fermi level, labelled

in the figure, will be discussed further below.
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Characterisation of Bulk Properties

In order to exclude the possibility that the observed variations in Voc are induced by
structural or morphological variations in the MAPI layers on the various HTLs, a range
of complimentary characterisation techniques are employed, namely X-ray diffraction
(XRD) (Figure 5.3 a); UV-Vis absorption spectroscopy (Figure 5.3 b) and scanning
electron microscopy (SEM) (Figure 5.3 c-e). Analysis of the peak positions, intensities

and full-widths at half-maximum (FWHM) of the XRD data (Table 5.2) show no
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Figure 5.3 Properties of bulk perovskite deposited on different HTLs. (a) X-ray
diffraction patterns and (b) ultraviolet-visible (UVvis) absorbance spectra. (¢) — (e)
Surface scanning electron microscopy (SEM) images of MAPI films deposited on
different HTLs.
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appreciable differences as the HTL is altered.!'® Similarly, the MAPI absorbance
spectra show no significant differences as the HTLs change and the surface of the MAPI
films, characterised by SEM, are comparable, with all showing a compact, coalesced
structure with no observable variation in grain size nor the presence of pinholes. As
such, we can conclude that the differences in device performance shown in Figure 5.1
do not result from differences in the macroscopic properties of the MAPI layers in these

devices.

Table 5.2 XRD parameters of MAPI films deposited on different HTLs

PEDOT:P

OT:PSS/ PTAA/MAPI PTPD/MAPI
MAPI

Peak position
14.15 14.14 14.16
(degree)
FWHM (degree) 0.10 0.09 0.10
Peak intensity (count) 16567 16855 16264

5.4.2. Photoluminescence Analyses
PL of HTL/Perovskite Films

The photoluminescence quenching (PLQ) studies are now considered as a potential
assay of hole transfer from MAPI to the HTLs. Figure 5.4 shows PL emission spectra
of a bare MAPI film and MAPI films in contact with the various HTLs. To ensure the

PLQ measurements are relevant and comparable to the measurements made of
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Figure 5.4 PL emission of MAPI film and stacks of HTL/MAPI bilayer films under
1 Sun equivalent white-light illumination.

operational devices, and in particular to avoid severe charge trapping effects observed
within MAPI under low intensity irradiation conditions,” our PLQ measurements
employed white light illumination at 1-Sun equivalent intensity. From these data, the
bi-layer PLQ (PLQgL) efficiency was estimated as the difference in emission intensity
between a bare MAPI film and the various bilayers, listed in Table 1. From the table it
is apparent that there is an inverse relationship between device PCE and PLQgsL
efficiency — such that the bilayers showing lower PLQg. efficiency in the presence of
HTL, in other words higher PL emission intensity in bilayers, yield the higher device
PCE in complete devices. This observation is clearly counter to the widely used
interpretation of PLQgL as a measure of the efficiency of desired charge transfer to the
transport layer, but is rather suggestive that for this sample series, higher PLQgpL may

be indicative of enhanced surface recombination losses,'** as we explore further below.
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PL of Complete Solar Cells

The bare MAPI and the MAPI/HTL bilayer films detailed in Figure 5.4 were prepared
using glass substrates and in the absence of a top electrode i.e. where there is no charge
extraction to an external circuit and all photogenerated charges must ultimately
recombine. Thus, our PL measurements were performed under conditions most
equivalent to open circuit. Now the PL emission is considered of the corresponding
complete devices held under 1-Sun equivalent illumination at either open circuit or
short circuit conditions, as shown in Figure 5.5 a—S5.5 d. Under short circuit conditions,
all devices showed similar, relatively low intensity photoluminescence (PLsc). This is
indicative of efficient charge transfer to the ETL/HTL layers in these devices, most
likely associated with efficient charge extraction to the external circuit under these
conditions, suppressing radiative recombination in the absorber layer. The relative
invariance of PLsc between HTLs agrees with the relatively consistent Jsc values
observed for these devices (Table 5.1). In contrast, the PL intensity measured at open
circuit (PLoc) varies considerably between devices. In particular, it is found that the
relative intensity of PLoc between these devices tracks the trend observed for the
relative PL intensity of the bilayer films in Figure 5.4. Whilst for efficient HTLs, i.e.
PTPD, the PL intensity increases substantially between short and open circuit
conditions, it is almost unchanged for the PEDOT:PSS device. To quantify this effect,
we determined the open-circuit-to-short-circuit (OC-to-SC) PL quenching efficiency
(PLQoc-sc) calculated as (PLoc — PLsc)/PLoc, describing the magnitude of the
difference in PL emission intensity between open and short circuit. It is noted that this
quantification avoids the need to compare the absolute emission intensities between
devices, which could also be influenced by the optical reflections of these devices.
Figure 5.5e plots the calculated values of device Vocand PCE versus PLQoc-sc. A clear
correlation is observed, with both PCE and Voc correlated with an increase of PLQoc-
sc. This implies that for the PSCs studied herein, enhanced device performance

correlates with a high PL intensity at open circuit and low PL intensity at short circuit.
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Figure 5.5 (a) — (¢) PL emission spectra of ITO/HTL/MAPI/PCBM/(LiF)Ag
complete devices at short circuit and open circuit with PEDOT:PSS, PTAA and
PTPD as HTL. The inset figure in (a) shows a schematic drawing of the
measurements. (d) Correlation of Voc and PCE versus OC-to-SC PL quenching

efficiency (PLQoc-sc) in complete devices.

This is consistent with general photovoltaic device physics,! with optical excitation of
efficient devices expected to yield maximal radiative recombination at open circuit but
efficient charge extraction at short circuit.>**?*” However, to the best of our knowledge,
this behaviour has not previously been directly correlated with device efficiency for

PSCs in the current literature.
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Correlation of PL Quenching and HTL Doping

Now the origins of the observed variation in PLQoc-sc and Voc between the HTLs are
considered. As shown above neither the measured device Voc nor PCE correlate with
the HOMO levels of the HTLs, there is also no apparent correlation between the
measured HTL’s Er and the measured device performance metrics. The p-doping of the
HTLs is considered as a potential explanation for the observed behaviour. It is known
that increased doping levels lead to greater HTL conductivity thus reduced the voltage
losses due to electrical resistance.?*®?* The p-doping for the various HTLs is quantified
by calculating the energy difference between their HOMO and Er values. This energy
difference, denoted as Er — Enomo, indicates the relative p-type doping levels to be
PEDOT:PSS > PTAA > PTPD. Utilising these data, the measured PLQgrL, PLQoc-sc,
device Voc and PCE versus measured Er - Enomo (Figures 5.6 a — 5.6 b) are plotted. It
is clear from Figure 5.6a that as p-doping of HTL increases, there is a decrease in PLQgL
measured in the presence of the HTLs, and an increase in PLQoc-sc in complete devices,
suggesting that increased p-doping of our HTLs quenches PL emission at OC. This
correlates with the trend shown in Figure 5.6b showing that both increased Voc and
PCE derives from a reduction in HTL p-doping. It is thus evident that the devices with
the highest measured Voc, and therefore PCE, are those that employ least p-doped
HTLs.

5.4.3. Evidence of Surface Recombination

When combined, these data support the suggestion that the observed variations in
device performance are not related to shift of HOMO levels but most likely originate
from differences in surface recombination losses, and specifically that these surface
recombination losses are primarily determined by the extent of p-doping of the HTL
layer. To probe further the recombination losses in our device series analysis of device

optoelectronic performance is carried out.
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Figure 5.6 (a) Correlation of photoluminescence quenching efficiency in
HTL/MAPI bilayer films (PLQgL) and in complete devices between open circuit and
short circuit (PLQoc-sc), with the p-doping level of HTL that is estimated by the
difference of HOMO and Fermi level, Er - Enomo. (b) Correlation of device Voc
and PCE with the Er - Enomo of HTL.

One widely used assay of such recombination losses is to measure the evolution of Voc

with light intensity the derive an ideality factor ns from the slope of Voc -light intensity

q . Vo

KT sy where kT is the thermal energy, / the light intensity and ¢

relationship: n;; =

the unit charge. Figure 5.7 a shows the semi-logarithmic plot of steady state Voc versus
light intensity, and the n;s values obtained by fitting the plot between 0.04 — 4 Suns. The
most efficient devices i.e. those with higher Voc and PTPD and PTAA as HTLs, both
show rather large values of nig, 1.79 and 1.84 respectively. In contrast, devices with
lower Voc, as seen with PEDOT:PSS HTLs, exhibited lower niz of 1.70 and 1.12
respectively. A lower nisin combination with lower device Voc is typically attributed
the devices limited by monomolecular surface recombination at the contacts, 3%237:250
resulting in less steep increase of Voc with light intensity in the semi-logarithmic plot.
Interestingly, devices with high Voc and high PCE exhibiting nis values close to 2 have
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also been reported for efficient n-i-p, conventional PSC’s,"*” indicative of higher order
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losses such as bimolecular recombination. These data thus are consistent with non-
radiative recombination at open circuit in PEDOT:PSS cells being related to the
presence of monomolecular recombination at HTL/MAPI interface, often referred to as

surface recombination.

To support these hypotheses, and correlate the observed variation in Voc to modulations
in the p-doping of the HTL influencing surface recombination at the MAPI/HTL
interface, additional transient optoelectronic measurements are carried out at varying
illumination intensities to determine accumulated charge densities and charge
recombination lifetimes at open circuit as a function of device Voc. Figures 5.7 b plots
the excess (photogenerated) charge density (7) in these devices as a function of Voc, in
which all devices show an approximately exponential increase of n with Voc, assigned
to charge “stored” in the electronic states of MAPI and/or contact layers. The overall
charge recombination kinetics of the complete devices can be quantified by the lifetime
of charge carriers (1) derived from TPV decays, plotted in Figure 5.7 ¢ as a function of
charge density. The slope of the n vs Voc plots for all of the HTLs investigated are
similar (Figure 5.7b) suggesting that these devices are dominated by charge
accumulation in the MAPI layer. This is consistent with our recent work employing
PEDOT:PSS as an HTL in p-i-n devices, where it is found that at very low light
intensities photogenerated charge accumulated primarily on the device contacts and at
higher intensities, as employed for the data in Figure 5.7 b and 5.7 ¢, that charge
primarily accumulated within the MAPI layer.'*® It is striking that the PEDOT:PSS
device data in Figure 5.7b shows equivalent accumulated charge densities at much
lower measured Voc values than the devices with a lesser degree of p-doping. As the
accumulated charge density is a measure of the active layer quasi-Fermi level splitting,
this observation implies that when employing PEDOT:PSS as the HTL, the externally
measured Voc is substantially (~150 mV) less than active layer quasi-Fermi level
splitting. Analogous data have been shown in organic solar cells as a function of metal-
oxide HTL processing conditions, with the aid of device modelling, that such a

152



reduction in Voc relative to active layer quasi-Fermi level splitting is expected in the
presence of surface recombination losses.”>’ The presence of surface recombination
losses is further supported by Figure 5.7¢, which shows that increased HTL p-doping is
correlated with faster recombination kinetics for matched densities of accumulated
charge. This trend was also observed for organic solar cells with increased surface

recombination losses.>>® As a result of these slower recombination kinetics, devices
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Figure 5.7 (a) Evolution of device Voc as a function of light intensity, and the light
ideality factor niq derived from fitting the plot between 0.04 — 4 Suns. (b) Charge
carrier density # as a function of Voc in the solar cells with various HTLs. The solid
symbol corresponding to approximate 1-Sun condition. (¢) Charge recombination
lifetime 7 derived from transient photovoltage (TPV) decay as a function of x.
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with suppressed surface recombination can “store” more photoexcited charge within
the active layer under 1 Sun (these conditions are marked as solid symbols in Figure
5b). This gives rise to an additional increase of Voc by about 50 - 85 mV for the less p-
doped HTL’s compared to PEDOT:PSS. The approximate 1-Sun accumulated charge
densities are PTPD (2.3 x 10" em?) > PTAA (1.9 x 10! ¢cm?) > PEDOT:PSS (1.1 x
10" ¢cm™). These correlate with the order of their PLoc intensities, consistent with
higher accumulated charge densities resulting from suppressed non-radiative, in this
case surface, recombination and thus resulting in enhanced radiative recombination and
therefore PL. In summary, our ideality factor and transient optoelectronic
measurements all support enhanced surface recombination losses with more doped

HTLs, resulting in devices with reduced Voc.

5.5 Discussion and Conclusion

In this chapter the significance of p-doping in the HTL of p-i-n PSCs has been
demonstrated, specifically that a reduction in p-doping results in significant
improvements in device Voc and PCE. By employing a range of complimentary
techniques, including photoluminescence quenching, photoemission spectroscopy and
kelvin probe analyses, device ideality factor and measurements of charge carrier
densities and lifetimes at open circuit, it is concluded that the reduction in device Voc
observed in more p-doped HTLs results from enhanced surface recombination losses.
In particular it is found that measurement of the open-circuit-to-short-circuit (OC-to-
SC) PL quenching efficiency is an effective assay of such surface recombination losses,
with high device performance correlating with a high PL intensity at open circuit (where
charges are primarily confined to, and recombine in, the photoactive layer) and a low
PL intensity at short circuit (where charges are efficiently extracted to the external
circuit). It can therefore be concluded that minimisation of HTL doping is a key

consideration for the optimization of the performance of planar p-i-n PSCs.
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The enhanced surface recombination losses for p-doped HTL layers implies this
recombination is associated with the dark charge present in these layers, rather than
photoinjected charge. Typical carrier densities in PEDOT:PSS thin films are
approximately 2 x 10%° cm™,%! corresponding to 8 x 10'* cm™ for the 40 nm film
deposited in our devices. This is approximately 3-orders of magnitude greater than the
photogenerated charge density in PEDOT:PSS devices under 1-Sun illumination at
open circuit (1.1 x 10" cm™). Thus it can be concluded that when employing
PEDOT:PSS, the density of dark charge carriers in the HTL available to undergo
recombination processes is far higher than the density of photogenerated carriers. In
this context, the enhanced surface recombination with greater HTL p-doping can be
understood in terms of a loss of selectivity of the HTL due to the high dark carrier
density, enabling not only hole but also electron transfer to the HTL layer, resulting in
a net loss of photocarriers. It is apparent that this origin of surface recombination is
distinct from that often observed in other inorganic solar cells such as silicon or
cadmium telluride, where surface recombination is often reported to be mediated by
dangling bonds at surfaces or grain boundaries, resulting in trap mediated surface
recombination.' It is noted the mechanism of surface recombination found herein also
differs from that often discussed in n-i-p PSC’s employing TiO as ETL, where trap
states at the TiO/perovskite interface have been reported to mediate surface

252,253

recombination losses and has also been associated with the observation of J-V

79,185

hysteresis in the n-i-p devices, which is otherwise absent in the p-i-n devices

studied in this work.

In contrast to the conclusions drawn here for planar p-i-n PSCs, highly doped
PEDOT:PSS is widely used in OPVs?*’ and in hybrid silicon/PEDOT:PSS solar cells***
yielding excellent device performance. In such devices, efficient performance has also
been observed with other doped HTLs.?*>*> It is therefore interesting to consider why
PSCs are more susceptible to efficiency losses associated with surface recombination
with doped HTLs than OPVs. The difference in recombination mechanisms is described
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by the schematic in Figures 5.8 a — 5.8 c. Figure 5.8c illustrates a typical energy level
diagram for an OPV at open circuit. In this case, the build-in potential drops across the
photoactive layer, forming an electric field that drives holes to the HTL and electrons
to the ETL. As such, this built in field suppresses surface recombination losses at the
HTL/organic interface, even when this HTL is doped, as it drives electrons away from
this interface.'®? In contrast, in PSCs, screening effects caused by the diffusion of ionic
defects in the MAPI layer * confine the potential drop in the MAPI layer to a thin space
charge layer near the device interfaces, with the MAPI bulk being field-free,” as shown
in Figures 5.8a-b. Such field screening allows for considerable electron diffusion
towards the HTL/perovskite interface, and therefore the potential for photogenerated
electrons to recombine with holes in the HTL, resulting in surface recombination

(Figure 5.8b). This provides a rational for our observation herein that employing an
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Figure 5.8 Schematic drawing of open circuit band diagram and charge
accumulation/combination in the HTL interface in a p-i-n perovskite solar cells with
(a) an undoped HTL and (b) a doped HTL, and (¢) in a typical organic bulk
heterojunction (BHJ) solar cell with doped HTL.
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undoped, selective HTL is more critical for perovskite solar cells than for analogous

organic solar cells.

Our analyses indicate that non-selective, heavily doped contacts, widely used in OPVs,
are not desirable for PSCs. As lower doping levels reduce conductivity, the thickness
of the HTL must be controlled to minimise series resistance losses. For example, for
the devices studied in our work, increasing the thickness of the PTPD layer above 20
nm significantly reduced device FF and Jsc, whereas thickness variations of the
PEDOT:PSS and doped PTAA layers did not cause appreciable degradation of device

performance, Figure 5.9. The lower conductivity of the less p-doped HTLs can also be
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Figure 5.9 J-V characteristics of solar cells based on PEDOT:PSS, PTAA and PTPD
with varied HTL thickness.
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a potential problem for n-i-p PSCs where PTAA layer thicknesses much thicker than
those explored herein can be required to effectively cover the perovskite active layer —
hence in such circumstances doping of PTAA is typically required to improve
conductivity. Interestingly extreme doping of PTAA with lithium salts in such devices

has been reported to result in a> 200 mV loss in Voc,'* a case analogous to our results.

Our observation that the best performing p-i-n PSC studied here exhibits the highest
device PL efficiency, when measured under open circuit conditions, is comparable to
observations in inorganic solar cells.!?”!3*242 Under open circuit conditions, all charge
must recombine in the device; a high PL efficiency measured under these conditions
implies a suppression of undesirable non-radiative recombination losses, and thus an
enhancement of bulk, radiative recombination. This observation is agreement with the
trend in PL studies of neat perovskite films and with device electroluminescence studies,
where in both cases higher emission intensities correlated with higher photovoltaic
device performance.!'%?%*23¢ Qur observations are also consistent with a recent study
by Wolff et al,'”> which showed that introducing a charge blocking layer at the
perovskite/ETL interface resulted in enhanced bulk recombination relative to surface
recombination, and yielded a higher Voc. It is concluded that by suppressing surface
recombination, and thus confining recombination to the absorber layer, higher device
Voc and PCE can be achieved. As such, minimizing bulk non-radiative recombination

132

losses with in the MAPI layer, either by passivating bulk defects'°“ or optimizing the

62

perovskite composition,'®? as well as minimising recombination at the MAPI/ETL

interface, should lead to further improvements in device performance.
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6. Conclusions and Further Work

The last chapter aimed to summarise insights of the working principles of perovskite
solar cells. I started by fabricating p-i-n perovskite solar cells with PEDOT:PSS as the
HTL and PCBM as the ETL, with reference devices achieving a PCE of 14%. By
improving film crystallinity the PCE was improved to 16.9% (Chapter 3), and was
further improved to 17.4% through controlling microstructural defects in perovskite
films (Chapter 4). In these two chapters the role of perovskite film quality, including
crystallinity, orientation, etc, is clearly highlighted. However, these PCEs are still far
behind the reported values of state-of-the-art PSCs. 1 then move on to replacing
PEDOT:PSS with PTAA and PTPD while remaining MAPI film unchanged. A greater
PCE improvement up to 19.6% is achieved, showing that modifying charge transport

layers is more critical to improving device performance (Chapter 3).
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6.1. Bulk Recombination vs Surface Recombination

The primary question addressed by this thesis is whether PSCs are dominated by bulk
recombination loss or surface recombination loss. The answer is, both bulk
recombination losses exist, but surface recombination appears to be more dominant.
Although in Chapter 3 and 4 improvement of PCE enabled by controlling bulk
recombination is shown, these devices still suffer great surface recombination due to
the use of PEDOT:PSS — replacing PEDOT:PSS with PTAA or PTPD yields greater
improvement of PCE, suggesting that surface recombination is the primary loss

pathways in p-i-n PSCs.

Owing to sensitivity of processing methodology to the underlying HTLs, methods
adopted in Chapter 3 and 4 to improve film quality is not applicable on PTAA or PTPD.
Recently, we employed a post-treatment based on solvent annealing that can improve
the crystallinity of perovskite film regardless of film processing methodology, show in
Figure 6.1 a and 6.1 b the PCE of devices with PTPD, PEDOT:PSS as HTLs and device
no HTL, all comprising untreated and treated perovskite films. The devices are
anticipated to suffer even greater surface recombination when HTL is removed. In all
cases the post-treatment can improve device PCE, but more profound improvement is
observed when the device comprises PEDOT:PSS and when HTL is removed. It shows
that improving perovskite crystallinity in these devices increase their resistance against
surface recombination. This observation, highlighted by the schematic drawing of
Figure 6.1 ¢, consistent with our conclusion in chapter 5, implies that field screening
by ionic defects in the low-crystallinity perovskite films is partially responsible for the

vulnerability to surface recombination.

In addition, this study reveals PSCs exhibit apparently varied slope of n-Voc (Figure
5.7 b) when HTL is altered — these variations are frequently observed in OSCs and are
assigned to varied distribution of tail states in the photoactive layer.?*® The data herein
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highlights that the overall tail states distribution depends strongly on charge transport
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Figure 6.1 (a) PCE of devices with untreated perovskite films and treated perovskite
films with improved crystallinity, both in devices with PTPD, PEDOT:PSS as HTL
and in devices with no HTL. (b) Schematic drawing showing the layer composition
in the PSC. (¢) Schematic drawing the correlation of surface recombination/bulk
recombination with crystallinity of perovskite films.
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layers, and thus is an estimation of tail states or trap states in the full device instead of
in the perovskite layer. In other words, electronic trap states in charge transport layers
plays significant role in the energetics of full PSC. The lifetime derived from TPV
measurement, Figure 5.7 ¢, exhibit greater dependence on HTL than on perovskite
crystallinity. These results all support that surface recombination plays a greater role in

determining the performance of p-i-n PSCs.
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6.2. Re-interpretation of Photoluminescence

Quenching

The study reveals the complexity in interpreting photoluminescence quenching data of
a photoactive layer/charge transport layer heterojunction that was previously used to
estimate charge transfer efficiency: it can be caused by surface recombination. The
results in Chapter 5 clearly demonstrate PL quenching correlating to poor device
performance. The ambiguity herein is possibly owing that the typical
glass/HTL/perovskite sample configuration in PL measurement is equivalent to open
circuit condition, in such case photoexcited charge carriers accumulate at the
HTL/perovskite interfaces if surface recombination is minimised resulting in hindered
charge transfer and bulk recombination. Previously such ambiguity can be resolved by
probing the kinetics of the charge transport layers using nano-second TA
spectroscopy,'*® where charge transfer kinetics and the following interfacial

recombination kinetics can distinguished.
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Figure 6.2 (a) Schematic drawing showing the origin of PL of a full PSC at open
circuit and short circuit. (b) Typical PL spectra of a full PSC.
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To resolve the ambiguity using PL spectroscopy of charge transfer and surface
recombination we developed a methodology to measure PL emission of full device held
between open circuit and short circuit. As highlighted in Figure 6.2 a, efficiency of
charge extraction can be estimated by measuring the PL emission intensity at short
circuit while non-radiative recombination loss is characterized by the PL at open circuit.
Typical PL spectra is shown in Figure 6.2 b. The data in Chapter 5 reveals that PTPD
and PEDOT:PSS show reasonably low but comparable PL at short circuit, contrasting
the observation of bilayer PL emission, whereas a remarkable difference is seen at open
circuit. High PL at open circuit confirms that charge carriers predominantly accumulate

in perovskite layer.
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Figure 6.3 (a) J-V curves of two devices (with 250 nm and 750 nm perovskite films)
under 0.1 Sun illumination. (b) Typical PL spectra of a full PSC under laser
excitation with excitation intensity equivalent to 0.2 Sun. (¢), (d) J-V curves under
5 Suns illumination and PL spectra with excitation intensity equivalent to 6 Suns.
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The results highlight an issue that excellent PSCs show exhibit maximum PL at open
circuit but minimum PL at short circuit, in accordance with classical photovoltaic
principle. As such PSC operate more analogous to inorganic solar cells. In a broader
context the interpretation PL quenching strongly depends whether the measured sample
is close to open circuit or short circuit condition, in former case high quenching
efficiency indicates non-radiative recombination loss while in later case it implies

efficient charge extraction.

This method is adopted as an assay of charge extraction versus charge recombination
complementary to conventional PL quenching assay. Its validity can be further testified
by correlating the PCE of PSC with their PLoc/PLsc under different light intensities.
Figure 6.3 compares the J-V curves of two PSCs (with different perovskite thickness)
against their PL spectra under low light level and high light level. It can be seen that the
two devices exhibit contrasting behaviour depending on light intensity: the thick device
show better performance under low light but poorer performance under high light.
Interestingly, a consistent trend is shown by the PL spectra, that the thick device exhibit
remarkable difference between PLoc and PLoc under low light, while such difference
becomes less significant under high light. In accordance, the thin device exhibits
contrast the same trend between PCE and PL can be seen in the thin device. The results
herein, importantly, suggest that the performance of PSC is not only affected perovskite
film thickness but also by light intensity, with these changes all correlating to variations

of PL behaviours.
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6.3. Further Work

The final section summarises a couple of unresolved issues in this study as potential

further work:

Optimization of Device Fabrication and Performance

(1)

(i)

(iii)

PEDOT:PSS is a lost-cost hole transporting material with excellent
processability despite its relatively poor device performance. Fabrication of
high-quality thin-film perovskite may minimise the efficiency gap between
PEDOT:PSS device and PTPD device, and thus making device PCE less
sensitive to HTL. This would potentially bring PSC more analogous to

inorganic solar cells.

Having realised the limited versatility of the processing modifications employed
in this study (i.e. neither “MAI excess” nor “co-annealing” works for DE-
dripping method due to change of solvent), it is critical to develop a strategy,
most likely a post-treatment method, that is free from the influence of

underlying substrates or deposition method adopted.

The impact of ETL should be studied provided that suitable electron

transporting materials other than PCBM, such as non-fullerene acceptors, can

be found.

Charge Carrier Dynamics

(1)

(i)

In an attempt to distinguish charge transfer and surface/interfacial
recombination, nano-second TAS system need to be developed to monitor

charge carrier kinetics in the HTL or ETL.

Time-resolved PL spectroscopy should be carried out on HTL/perovskite/ETL
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(111)

(iv)

triple-layer stacks or even full devices. The PL decay dynamics should be very
different from those in bi-layer stacks. It is anticipated that the PL lifetime in
triple-layer stacks should be very different from typically used bi-layer stacks
and should be more relevant to charge recombination instead of charge

extraction.

PL spectroscopy can be carried out in full devices under varied light intensity
and varied applied bias. It would be interesting to measure PL emission intensity

across the J-V curve.

It also remains unclear why TPV (up to microsecond) lifetime is much longer
than typical lifetime of neat perovskite film (normally hundreds of nanosecond).
In this case what is the role of spatial separation of charge in the full devices —

this can be correlated to measurement of PL decay in a triple-layer stack.
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