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Abstract

Methylammonium lead halide perovskites have reached the forefront of next-generation
photovoltaic technologies, recently demonstrating a record 20.1 % power conversion
efficiency. This thesis details the optimization of solution-processed methylammo-
nium lead iodide perovskites in a planar, inverted device architecture. Sequential
deposition of the precursor materials, followed by thermally induced conversion into
crystalline perovskite, was found to produce the most uniform film morphology. By
controlling the processing atmosphere and relative quantities of deposited precursor,
reproducibly efficient perovskite devices were achieved.

A controlled investigation into the effects of water on the photovoltaic perfor-
mance of perovskites is also presented. Small volumes of water, consistent with those
absorbed by air-exposed solvents, were incorporated directly into the perovskite pre-
cursor solutions. Increasing water concentrations negatively impacted device perfor-
mance, exaggerated the current-voltage hysteresis, and introduced different transient
behaviours compared to the anhydrous devices. Unexpectedly, the addition of water

was also found to improve the long-term device stability.
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Chapter 1

Introduction

As the global population continues to grow, research into clean sustainable energy
sources has become increasingly urgent. Since the industrial revolution, coal and
fossil fuel combustion have accelerated rising atmospheric carbon dioxide levels, re-
sulting in serious environmental degradation. From an economic standpoint, the
price of oil is highly volatile, subject to the supply afforded by local and global
events. Although subject to debate, some estimations place peak oil within a couple
decades of the present date; meanwhile, global energy consumption is expected to
more than double by 2050 [1,2]. It is clear that renewable energy development is no

longer purely an environmental issue, but also one of serious economic importance.

Among the many clean-energy contenders, solar energy is widely considered to
be an attractive option, owing to its global accessibility and abundance. Enough
solar energy reaches the Earth’s surface in a single hour to meet the world’s cur-
rent energy demands for a year. Within the last five years, the cumulative world
photovoltaic capacity has grown tremendously; at the end of 2015 the world solar
power production accounted for 1.3% of the world’s total energy supply — up from
0.1% in 2012 [1,3]. Some of the most successful photovoltaic (PV) technologies such
as crystalline, multi-crystalline and amorphous silicon solar cells rely on lengthy,
high-temperature fabrication processes. Such procedures are both financially and
energetically expensive; however, under optimal operating conditions, complete en-

ergy payback of silicon PV systems may be achieved within two years [4].

Next generation PVs, such as organic, polymer and perovskite solar cells, aim to
address the limitations of existing commercial PV technologies. Next generation PVs
offer the advantage of low-temperature solution processability, which dramatically
reduces the financial and energetic costs of production. Low-temperature solution
processing also introduces the possibility of fabrication on flexible, plastic substrates.

Several limitations, such as material stability and lower power conversion efficiencies
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still limit the viability of this technology; however, addressing these issues could

allow next generation photovoltaics to revolutionize the solar industry.

1.1 Perovskites in the energy economy

Perovskite photovoltaics have rapidly entered the forefront of next generation tech-
nologies. Through basic improvements to device architecture, film coverage and
morphology, the efficiencies of methylammonium lead halide (CH3NH3PbX3; X =1,
Cl or, Br) perovskites have risen from a modest 3 % to a record 20.1 % in just over five
years [5,6]. The efficiencies of some perovskite PVs now rival those of commercially
available silicon solar cells. Yet, the appeal of perovskite PVs does not rest exclu-
sively on their strong performance; rather, the fact that such strong performance is
achievable through low-temperature solution processing. Many research groups have
shown that high device efficiencies can be achieved using facile solution processing
techniques, which are easily scalable for mass-production [7-13]. Slot-die coated and
inkjet printed perovskite devices have already achieved efficiencies in excess of 10 %,
which is a promising indicator for the commercial viability of this technology [14,15].
Currently, long-term stability remains the largest barrier to perovskite development.
The lifetime of organometal halide perovskites is known to be limited by several fac-
tors, including atmospheric, chemical, thermal and illumination conditions [16,17].
At present, record stabilities are reported on the order of 1000 hours, which is still
too low to be commercially attractive [18-20]. In order for these materials to be-
come commercially realized, the average device lifetime must be substantially raised

to reach the industry standard of approximately 20 years.

1.2 Organization of the thesis

The remainder of this thesis is organized into five chapters. The following chapter
will discuss the processes governing basic photovoltaic operation as well as the mea-
surement and significance of typical figures of merit. The chapter will end with a
brief description of some key properties of perovskite PVs and their operation. The
third chapter outlines the general experimental techniques employed in this work;

project specific fabrication details will be described further in relevant chapters. The
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main body of results are addressed in Chapters 4 and 5. Chapter 4 describes the
optimization of efficient inverted-architecture perovskite PVs within the Hill lab.
Chapter 5 examines the effects of unintentional water incorporation on perovskite
PVs. The final chapter summarizes the main conclusions drawn from this work, and
their relevance in the context of perovskite photovoltaics; direction for future work

is also suggested.



Chapter 2

Theory of photovoltaic operation

2.1 Overview

Solar photovoltaics (PVs) are electronic devices, which generate electrical energy
through the absorption of light. Solar PVs may be modelled as a current source
in parallel with a diode, where the magnitude of delivered current is proportional
to the incident light intensity. A photovoltage is also developed across the device,
enabling it to do electrical work on an external load. This chapter will discuss
the principles of photovoltaic operation in inorganic semiconductors, beginning with
photon absorption and charge separation. A description of the ideal diode model, and
device characterization using common figures of merit follows. The chapter concludes
with an overview of significant developments in the fabrication and structure of

perovskite PVs.

2.2 Processes in inorganic semiconductors

2.2.1 Photon absorption

To convert optical energy into electrical energy a photovoltaic device must gener-
ate and separate free charges (electrons and holes). Carrier generation is achieved
through the absorption of incident photons. When a photon of sufficient energy is
absorbed, an electron is excited into a higher energy state; this leaves a vacancy, or
hole, in its original energy level. The collection of electrons and holes by a cathode
and anode, respectively, produces a net photocurrent.

Carrier motion within a solar cell is facilitated by the presence of energy bands
within the photoactive material. Energy bands arise from the arrangement of atoms
in a crystalline lattice. When a large number of atoms are present, such as in a
crystalline solid, the atomic orbitals are split into a near-infinite number of unique

energy levels, which may be approximated as a continuum, or an energy band. A

4
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diagram illustrating the formation of energy bands from atomic orbital splitting is

shown in Figure 2.1.

Energy (eV)

# of atoms

Figure 2.1: Schematic illustrating the formation of energy bands in a crystalline
solid.

Depending on the occupancy of the original atomic orbitals, the resulting bands
may also be occupied (valence band), or vacant (conduction band). The forbid-
den range of energies separating the conduction and valence bands is the bandgap

(E

y), which is defined with respect to the valence band maximum (Ey, highest va-

lence band energy) and the conduction band minimum (F¢, lowest conduction band
energy). The difference between vacuum level and the valence band maximum is
defined as the ionization energy (), while the difference between vacuum level and

the conduction band minimum is defined as the electron affinity (E4).

Y = By — By (2.1)
Ea = Bpoe — Eo (2.2)

A labelled band diagram illustrating these features is shown in Figure 2.2 for brevity.

The absorption and charge transport properties of a material are dictated by its
electronic band structure. Photons with energy £/ > F, are easily absorbed; photons
with energy EF < FE, are not absorbed, and are transmitted through the material.
When the bands are either completely empty or occupied, no net charge transport
is possible; a partially filled band is necessary for transport. Photon absorption

results in the excitation of electrons to the conduction band, leaving a vacancy, or



Vacuum level

Electron affinity, (E,)

Bandgap, (Eg) lonization energy, (X)

Fermi level, (Ef)

Figure 2.2: Labeled diagram of a crystalline solid, illustrating the conduction band,
valence band, bandgap, electron affinity and ionization potential. The Fermi level is
also shown (assuming an intrinsic semiconductor).

hole, in the valence band. The presence of electrons in the conduction band and
holes in the valence band enables net charge transport to occur in an external field.
In the valence band, neighbouring electrons will easily move to occupy holes. For
convenience, however, charge transport in the valence band is defined in terms of hole
motion. Electrons and holes are both referred to as charge carriers and contribute
identically to current flow. The current resulting from photoexcitation is termed the
photocurrent.

The maximum photocurrent generated by a photovoltaic device occurs under zero
bias, and is referred to as the short-circuit current (/s.). The short-circuit current
can be related to a cell’s incident spectral irradiance (bs), and its external quantum
efficiency (QFE(F)), which is the probability that a single photon, of energy E, can

supply an electron to an external load.

The quantum efficiency is dependent on the material absorption, charge separation
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efficiency and charge collection efficiency. For an ideal solar cell, these processes are
assumed to be 100 % efficient above the bandgap, above which the quantum efficiency
is taken to be unity. The maximum current generated by an ideal photovoltaic is

therefore only dependent on the incident light intensity and spectrum.

2.2.2 Charge separation and transport: the pn junction

The separation of charge carriers is enabled by the electronic structure of the pho-
toactive material and the built-in electric field within a PV device. The presence
of energy bands ensures that photoexcited electrons remain in an excited state long
enough to be extracted at a potential energy above the ground state; without a band
gap the excited electrons would scatter into lower energy states within femtosec-
onds [21].

The driving force for carrier extraction may be provided by the difference in work
function between the two electrodes contacting the cell. The work function (¢,,) of a
metal is the minimum energy required to move an electron from the metal’s surface
to the vacuum level. More generally, it is equivalent to the difference between the

vacuum (FE,,.) and Fermi (Fr) levels

wa - Evac - EF (24)

where the Fermi level defines an equilibrium energy level with an occupancy probabil-
ity of 50 %, separating filled from empty states. When two materials are in contact,
electrons are thermodynamically driven to the higher work function material until
the Fermi levels of the two materials are aligned. When this occurs between the two
electrodes of a PV device, the redistribution of charge establishes an electric field,
which facilitates the separation of photogenerated charge carriers.

A Fermi level difference within a PV device can also occur between two compo-
sitionally different materials, ultimately giving rise to an electric field across their
junction. This effect is commonly modelled by a p-n junction, and forms the basis
for charge separation within a PV cell. For intrinsic (undoped) semiconductors at
absolute zero, the Fermi level lies halfway between the conduction and valence bands
(Figure 2.2); however, its position can be adjusted by doping, which is the controlled

addition of chemical impurities into the host crystal structure.
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Chemical impurities introduce energy states within the bandgap that are close
to the band edge relative to k7T (25 meV at room temperature). In n-type dop-
ing, occupied gap states are introduced near the conduction band edge, and excess
electrons are easily transferred into the conduction band. Meanwhile, p-type doping
introduces unoccupied gap states near the valence band edge. Electrons from the
valence band may easily occupy these states, introducing additional holes into the
valence band (Figure 2.3). Because they are in excess, holes and electrons are termed
the majority charge carriers in p- and n-type semiconductors, respectively. Despite
their excess of majority carriers, doped semiconductors remain electrically neutral
due to the balancing charge on the initial impurities. In doped semiconductors,
photogeneration leads to a comparatively greater increase in the minority carrier

population (electrons in p-type semiconductors and holes in n-type semiconductors).

O=0=0 0=0=0 O=0=0

neo

O¥®-0 O-0-0 0-0-0
0 0:0:0 w000 @ O0=0:0

Figure 2.3: Diagram illustrating the effect of (a) p-type and (c) n-type doping with
respect to an intrinsic semiconductor (b). When energy states are introduced near
the band edge, the energy required for carrier transfer into the valence and conduction
bands is easily satisfied at room temperature.

At a p-n interface, majority carriers are thermodynamically driven to diffuse
across the junction, leaving an oppositely charged ion core behind, bound in the

crystal lattice. The diffusion of majority carriers is known as the diffusion current,
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and the volume occupied by the remaining ion cores is the depletion region. The
oppositely charged ion cores in the depletion region generate an electric field across
the junction, limiting the diffusion current and the width of the depletion region. The
electric field across the interface also enables charge separation by helping to sweep

photogenerated carriers across the junction, towards their respective electrodes.

Diffusion current

<—
Drift current

Figure 2.4: Schematic illustrating charge separation across a p-n junction. The
photogenerated minority carriers are easily swept across the junction by the built-in
field. The spatial location of the ion cores remaining within the depletion region are
also illustrated.

2.3 Ideal diode behaviour

The short-circuit current in an ideal solar cell can be related to the cell’s quantum
efficiency and incident spectral irradiance as described in Equation 2.3. By conven-
tion, the photocurrent (1) is negatively signed. When an external load is connected
to the device, a potential bias develops in opposition to the photocurrent. The op-
posing current reduces the net current that may be extracted from the device, and
is referred to as the diode current (/). The overall current-voltage (IV') behaviour
of a PV device is well-approximated by the superposition of the photocurrent and

the diode current, as described by the ideal diode equation
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\4
I(V) = Iy(enT —1) — I, (2.5)
where ¢ is the elementary charge (C), V' is the applied bias (V), kj is the Boltzmann
constant (J/K), and 7" is the ambient temperature (K). The ideal diode equation is
modelled by a current source in parallel with a diode; an equivalent circuit is given
in Figure 2.5 (a). The relationship between the net current, photocurrent and diode

current is highlighted in Figure 2.5 (b), where the power generated

Ppen = —1V (2.6)

is also shown on the secondary axis.

25 T T — 25
9 Net current (mA) Power (mW)
20 H 20
< + e Photocurrent (mA)

I 15 Diode current (mA) 115
IphT l < 10} 110 _
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Figure 2.5: Equivalent circuit diagram for the ideal diode model of a photovoltaic
device (a), and its corresponding current-voltage behaviour (b).

2.4 Evaluation of device performance:

2.4.1 Current-voltage measurement:

As previously described, the power generated by an operating photovoltaic device
can easily be determined from the product of its bias and output current at a partic-
ular operating bias. However, additional information about a device’s performance
can be evaluated by measuring its current-voltage behaviour over a range of applied

biases. This can be done by using a source measure unit (SMU), sweeping a range of
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bias potentials across the device, while simultaneously measuring the resulting cur-
rent. Such current-voltage (V') measurements are performed both with and without
illumination. Given the range of global and temporal variations in solar intensity, a
calibrated light source must be used for measurements under illumination. Often,
the illumination source is designed to simulate AM1.5 light, which is a standardized
spectrum representing the spectral irradiance received at the Earth’s surface from
the sun at a 42° elevation angle. The AM1.5 illumination intensity is normalized to
1000 W/m?. (Other standardized spectra may also be used). Once the IV behaviour

is known, the maximum generated power can be identified by inspection.

2.4.2 Figures-of-merit:

In addition to its maximum power, the performance of a PV device is most commonly
described by four figures of merit: the open-circuit voltage (V,.), the short-circuit
current (Ig.), the fill factor (F'F) and the power conversion efficiency (PCE, n).
To eliminate the dependence of photocurrent on device area, it is common practice
to report the short-circuit current density (Jg.) in place of I,. This convention is
adopted for the remainder of the thesis.

For a device measured under illumination, the open-circuit voltage is the voltage
at which no net current is produced by the device. At the open-circuit voltage, the
photogenerated current is exactly matched by the dark current. The open-circuit
voltage is a measure of the rectifying behaviour of a device; a low V,,. reflects poor
rectification. Rearranging the ideal diode equation at open-circuit conditions shows
the dependency of V,. on the dark current.

kyT

Isc
Voe = T In(1+ ]—0) (2.7)
Since the dark current is dependent on recombination rates within the device, the
open-circuit voltage is, by extension, another indicator of device recombination.
Roughly speaking, the maximum open-circuit voltage can be approximated by the
difference between the electron affinity and ionization energy at the cathode and
anode interfaces, respectively.

The short-circuit current density represents the maximum current that can be



12

extracted from a device, which occurs under zero bias when the two contacts of oppo-
site polarity are shorted together. As previously described, the short-circuit current
(density) is dependent on the incident spectral irradiance and quantum efficiency
of a particular device (Equation 2.3). A higher incident light intensity results in a
greater number of photoexcited carriers and therefore a higher net current (density).
Meanwhile, the quantum efficiency envelops several internal properties of a device,
namely its absorbance, and charge separation and collection efficiencies. Although
a higher number of photons may be absorbed by using a thicker photoactive layer,
the charge separation and collection efficiencies may be compromised if the thickness
becomes large enough to limit the strength of the built-in field between electrodes.
The finite resistance of the photoactive layer may also become current-limiting if the

photoactive layer becomes too thick.

The fill factor (F'F') describes the ideality of a measured JV curve. It is the
ratio of the maximum measured power to the maximum power that is theoretically
achievable (schematically depicted in Figure 2.6). As the fill factor approaches unity,
the device behaves like an ideal infinite-step function. Maximum power generation

is achieved at the elbow of a JV curve, near the product of V. and J,..

Pmaa:

FF =
JSC‘/;C

(2.8)

In reality, internal losses such as series resistance and leakage current limit the max-

imum power that may be generated, reducing the device fill factor.

The power conversion efficiency is the most general figure of merit used to com-
pare photovoltaic devices; it represents the ratio of the maximum electrical power
extracted from the device (P,,4,) to the incident optical power (F;,). Equivalently,
the PCE may be represented as the product of the open-circuit voltage, short-circuit
current and fill factor compared with the incident power (Equation 2.9). An im-

provement to any of these parameters will increase the overall device efficiency.

Pmax o ‘/vOCISCFF
Pn P

n= (2.9)

The maximum theoretical PCE for a single junction solar cell was predicted to

be 30 % by William Shockley [22]. This limit stems from a trade-off between the
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Figure 2.6: Schematic depicting the calculation of a device fill factor from the maxi-
mum generated power, the open-circuit voltage and the short-circuit current density.

photocurrent and operating voltage, which both contribute to the generated power
(Equation 2.6). A higher photocurrent may be achieved from a smaller bandgap
material at the cost of a lowered operating voltage. Assuming the junction is illumi-
nated by a 6000 K black-body radiator, a maximum 30 % efficiency can be achieved

using a 1.1 eV bandgap material; this is known as the Shockley-Queisser limit.

2.5 Parasitic losses and non-ideal behaviour

In reality, the maximum efficiency of a photovoltaic device is restricted by inter-
nal losses, such as series and shunt resistances. In the presence of such parasitic
resistances, electric power is dissipated within the device, reducing the net power
generated. An equivalent circuit diagram incorporating parasitic losses is shown in

Figure 2.7 (a), for which the diode equation becomes:
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a(V—IRs) — IR,
[(V) :[0(6 kp T — 1) —]ph—i-vR—R
sh

where I, is the photocurrent, R is the series resistance and Ry, is the shunt resis-

(2.10)

tance.

Shunt resistance results from parasitic leakage current through the device. In
thin film devices, a low shunt resistance may be attributed to defects such as pin-
holes permeating through active layer. Figure 2.7 (b) illustrates the effect of lowered
shunt resistance, highlighting the decreased fill factor and generated power. For a
low enough shunt resistance, the open-circuit voltage may be reduced. Figure 2.7
(c) illustrates the similarly detrimental effect of increased series resistance on device
performance. A high series resistance limits current flow through the device. Series
resistance commonly originates from contact resistance at the electrode interfaces as
well as the finite conductivity of the photoactive materials. For a high enough series
resistance, the short circuit current of the device may be compromised. Ideal photo-

voltaic performance requires high shunt resistance and minimal series resistance.
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Figure 2.7: Equivalent circuit diagram for a photovoltaic device containing parasitic
resistances (a). The JV behaviour of a device with zero series resistance is shown in
(b) with varying shunt resistance. The JV behaviour of a device with infinite shunt
resistance is shown in (c¢) with varying series resistance.

2.6 A description of perovskite photovoltaics

The term perovskite refers to a class of materials sharing a common ABXj crystal

structure, where A and B are two differently sized cations coordinated with the X
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anion. The typical cubic perovskite stucture is shown in Figure 2.8 (a), which illus-
trates the six-fold coordination of the B cation and the octahedral cage surrounding
the A cation. Recently, the term perovskite has been adopted in reference to a partic-
ular family of perovskite-structured materials exhibiting photovoltaic properties, the
organometal halides. Of all the organometal halide perovskites, methylammonium
lead halides (MAPbX3) are the most well-studied, and have been shown to demon-
strate the highest power conversion efficiencies [6]. Figure 2.8 (b) illustrates the
tetragonal I/cm MAPDI3 crystal structure, which occurs at room temperature. The
tetragonal phase is known to undergo phase transitions at 330 K and 160 K into the
cubic Pm3m and orthorhombic Pnma phases, respectively. Lower dimensional 2D-
layered, 1D- and OD-nanostructured perovskites are also possible [23,24,24,25]. This
thesis deals exclusively with the methylammonium lead iodide material (MAPDI;),

which is loosely referred to as perovskite, herein.

(a) (b)

Figure 2.8: Figure illustrating the typical ABX3 cubic perovskite cyrstal structure
(a). The tetragonal methylammonium lead iodide crystal structure, which occurs at
room temperature is shown in (b).

Since their first use as light-sensitizers in dye-sensitized solar cells [5], perovskite
PV devices have made incredible progress. Aside from their solution-processability,
several unique properties contribute to the strong photovoltaic performance of MAPbI;
perovskites, making them promising candidates for next generation solar cells.

The bandgap of MAPbDI; is approximately 1.60 eV, close to the ideal bandgap pre-
dicted by the Schockley-Quiesser limit [22,26]. If the illumination source is assumed
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to be the AM1.5G (instead of black body) spectrum, the limit predicts that maxi-
mum photovoltaic efficiency (33 %) is achieved from a 1.4 eV bandgap material [27].
Above the bandgap, MAPDbI; perovskites exhibit optical strong absorption. This is,
in part, due to the high density of electronic states near the conduction and valence

band edges, which increases the number of possible photoexcitation events [26,28,29].

MAPDI3 perovskites demonstrate excellent charge transport properties. Upon
photoexcitation, free electrons and holes are generated. In most organic photo-
voltaics, photoexcited electrons and holes experience strong electrostatic attraction,
resulting in a bound electron-hole pair, called an exciton. In organic photovoltaics,
the exciton binding energy may be as high as 1.4 eV [30]. In comparison, the
measured binding energies in MAPDI; perovskites range between 37 - 55 meV, so
the bound electrons and holes are easily liberated at room temperature (k, ~ 25
meV) [31,32]. Once generated, the free carriers exhibit abnormally low recombination
rates, and by consequence long carrier diffusion lengths [33-35]. Studies have found
electron /hole diffusion lengths ranging from hundreds of nanometers to micrometers
in length [34,35]. Such long diffusion lengths are enabled by the defect tolerance
of the MAPbDI; structure [29]. In general, deep-level (mid-gap) defect states act as
carrier trapping and recombination centres, and limit the device V.. In MAPDbI;
perovskites, the formation energy for deep-level defect states is high; whereas, the
formation energy for shallow-level defect states is much lower [29,36,37]. The shallow-
level defect states are predicted to occur within + 0.05 eV of the band edges; some
are even predicted to occur within the conduction and valence bands [29,37]. As a

result, the effect of defect states on charge carrier trapping is minimal.

There are many variations to the perovskite device structure; however, the most
general form is based on a methylammonium lead halide perovskite layer sandwiched
between two charge-selective transport layers: a hole transport layer and an electron
transport layer. The order of the electrodes and charge-selective layers defines the ar-
chitecture of the device. Perovskite PVs in which electrons are collected through the
base of the device are said to be of normal architecture. Historically, this originates
from the first all solid-state structure perovskite device to evolve from perovskite-
sensitized solar cells [38]. It is worth clarifying that this naming convention is re-

versed in the more established organic PV field. Figure 2.9 illustrates the normal
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and inverted device architectures for a planar structured perovskite device.

Transparent o
substrate =~ -

(a) Normal architecture (b) Inverted architecture

Figure 2.9: Schematic illustrating the normal (a) and inverted (b) device architec-
tures for a planar structured perovskite solar cell.

A common variation to the planar device structure is the use of an additional
mesoporous scaffold on top of the bottom charge-selective transport layer. The
mesoporous layer is a nanoporous film of sintered metal oxide, which may act either
as an insulating scaffold such (e.g. Aly,O3), or a porous extension of the charge-
selective material (e.g. TiOs). The mesoporous structure is easily infiltrated by
solution-processed perovskite, which may form an additional “capping layer” on top
of the mesoporous film [39-41]. Mesoporous layers are not a requirement for high-
performance devices; however, they have been found to facilitate the formation of
continuous perovskite films [42,43]. Still, there is considerable motivation to move
away from the use of mesoporous layers in favour of inverted planar-structure de-
vices. The inverted device architecture enables the use of all organic charge-selective
transport layers, which may be formed by low-temperature solution-processing; as a
result, planar organic transport layers simplify device processing requirements, and
allow for fabrication on flexible substrates. In contrast, mesoporous metal oxide films
require extensive high-temperature treatment (typically at 500 — 550 °C), which is
above the melting temperature of most flexible substrates [39-41].

In perovskite devices, it is the charge-selective transport layers that provide the
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driving force for carrier separation. Through careful material selection, proper en-
ergy band alignment can be achieved such that the removal of a particular carrier is
energetically favoured by one material and discriminated by the other. The exclusive
removal of electrons and holes on opposite sides of the perovskite layer establishes a
carrier density gradient across the perovskite film, facilitating the separation of pho-
togenerated charge. Carrier migration to their selective transport layers is facilitated
by the excellent transport properties of the perovskite thin film.

The band diagrams illustrating the energy landscape for typical inverted and
normal device architectures are shown in Figure 2.10 for open-circuit and short-
circuit conditions. Under short-circuit conditions and thermodynamic equilibrium,
Fermi level alignment between the two metal contacts creates a potential differ-
ence across the device. The potential difference between the two contacts causes
electrons and holes to be preferentially collected by the low and high work func-
tion electrodes, respectively. In the inverted architecture device, the anode, hole
transport material, electron transport material and cathode are illustrated using in-
dium tin oxide (ITO), poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PE-
DOT), [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) and a calcium/aluminum
bilayer (Ca/Al), respectively. In the normal architecture device, the cathode, elec-
tron transport material, hole transport material and anode are illustrated using
fluorine-doped tin oxide (FTO), titanium dioxide (TiO,), 2,2',7, 7'-tetrakis-(N,N-
di-p-methoxyphenylamine)-9, 9'-bifluorene (spiro), and a molybdenum oxide/silver
bilayer (MoO,/Ag), respectively. Under non-equilibrium conditions, the work func-
tions of the ITO, Ca/Al, FTO and MoO,/Ag contacts are 4.7 eV, 2.9 eV, 4.5 eV
and 5.6 eV, respectively.
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Figure 2.10: Band diagrams illustrating the energy landscape within a typical in-
verted architecture device under (a) open-circuit and (b) short-circuit conditions.
Band diagrams for a typical normal architecture device are also shown under (c)
open-circuit and (d) short-circuit conditions. Electron affinities, ionization energies
and work functions (¢,) are indicated where relevant.



Chapter 3

Experimental techniques

3.1 Sample preparation

3.1.1 Cleaning

Substrate cleaning is an important step in thin film deposition, as debris and residues
can influence film formation and wetting. In this study, all substrate cleaning is
performed in a class 1000 clean room. Glass and indium tin oxide (ITO)-coated
glass substrates are cleaned by scrubbing in de-ionized (DI) water and Sparkleen™
detergent. The substrates are then ultrasonicated in a clean glass staining jar using
baths of detergent, DI water, acetone and ethanol. The ultrasonication is performed
by placing the glass staining jar in water bath, which is agitated with a high-frequency
transducer. As sound waves generated by the transducers propagate through the
solution, alternating low and high pressure pulses enable repeated cavitation and
collapse of microscopic bubbles. Contaminants are removed from all surfaces when
the bubbles collapse. After ultrasonication, the substrates are dried with filtered
compressed air to prevent residue formation.

UV-ozone treatment is used as a final cleaning step. The substrates are placed
in an isolated chamber and exposed to UV radiation, which causes dissociation of
organic contaminants, and the formation of atomic oxygen and ozone from diatomic
oxygen. The dissociated organic molecules react with the atomic oxygen to produce
volatile molecules such as CO,, HyO and Ny, which are removed from the substrate

surface [44].

3.1.2 Thin-film deposition: spin coating and thermal evaporation

Materials that are soluble, or easily dispersed are well-suited for solution processing.
Among the many solution processing techniques, spin coating is advantageous due to

the relative ease in which a thin film of uniform thickness can be obtained. Although

20
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higher throughput techniques (such as roll-to-roll processing) are possible, spin coat-
ing is ideal for material research and development due to its low cost, reproducibility,
and high turnover rate [45].

The entire spin coating procedure consists of three stages (Figure 3.1). During
the first stage, a volume of solution is dispensed onto a stationary, or spinning sub-
strate. As the substrate is accelerated to a desired rotational velocity, the interaction
between viscous and centrifugal forces dictates solution spreading and thinning. As
the substrate continues to spin, excess solution is expelled from the substrate, leaving
a thin fluid layer. During the last stage, solvent evaporation dominates the formation
of the final coating, eventually leaving a thin dry film of material. Choice of solvent,
solution concentration, solution temperature, rotational velocity, acceleration, and
spinning duration may all affect the thickness, morphology and molecular orienta-
tion of the final film. The resulting film thickness can be described by the empirical

relationship

h = kw® (3.1)

where w refers to the rotational velocity, and k£ and « are empirically determined
constants related to solute, solvent and substrate properties. The parameter « is
typically found to be -0.5 [46]. Colloquially, the rotational velocity of the substrate
is referred to as the spin speed, a term that is adopted throughout the remainder of
this thesis.

Thermal evaporation is necessary for the deposition of non-soluble, or poorly-
soluble materials; and, is carried out in a vacuum chamber below 4 x 10 torr base
pressure. The pressure is monitored throughout the deposition using an ion gauge
in which the measured ion current is directly proportional to the pressure in the
vacuum chamber. In an ion gauge, electrons are thermionically emitted from a
heated filament, and accelerated towards a positively biased wire grid. Collision of
electrons with gas molecules in the vacuum system results in positive ions, which
generate a current when collected. The ion current is directly proportional to the
density of gas molecules and, therefore, the pressure.

Once a suitable base pressure is reached, deposition is achieved by Joule heating

of an evaporation source, which may be a crucible, boat or basket containing the
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Figure 3.1: Schematic illustrating the three stages of spin coating: solution dispens-
ing, fluid layer thinning, and solvent evaporation.

evaporation material. The current is raised until the source temperature is sufficient
to cause evaporation of the material. Under good vacuum, the vaporized material
has a long mean free path and travels directly to the substrate, where it condenses;
therefore, a substrate may be easily patterned using a shadow mask. (An example
of a shadow mask is shown in Figure 3.2 (a)). The amount of material deposited
is monitored using a quartz crystal sensor, which vibrates at a specific frequency.
During deposition, the vibrational frequency of the crystal changes due to the accu-
mulation of deposited material. The frequency change is related to the mass of the
deposited material. For a sensor of a given area, knowing the mass and density, one
can calculate the thickness of the deposited layer.

Two deposition systems were used in this work. A bell jar was used for the de-
position of metal contacts on normal architecture devices (Figure 3.2 (b)), while a
second chamber, attached to an argon-filled glovebox, was used for the deposition of
metal contacts on inverted architecture devices (Figure 3.2 (¢)). Both vacuum cham-
bers contain multiple evaporation sources, which are separated by metal shim stock
to prevent cross-contamination between the sources. Project-specific spin coating

and thermal deposition parameters are detailed, as relevant, in Chapters 4 and 5.



23

B s
——
i

e

A. Sample position E. lon gauge A. Transfer chamber D. Evaporation
B. Crystal sensor F. Diffusion pump (to glovebox) sources
C. Shutter G. Roughing pump B. Sample position E. Crystal sensor
D. Evaporation C. Shutter arm F. lon gauge
sources
(a) (b) (c)

Figure 3.2: (a) An example of the shadow mask pattern used to thermally deposit
metal contacts. Each finger is used to contact a single device, which gives a to-
tal of 18 devices/substrate. The active area of the device is 0.035 cm?, as defined
by the overlap between the metal contact and the ITO strip in the middle of the
substrate. The location of the ITO strip is indicated by the dashed outline. (b)
Photograph showing the main components of the bell jar deposition system. The
main components of the second evaporation system are shown in (c).

3.2 Characterization techniques:

3.2.1 Optical microscopy:

Optical microscopy is a valuable tool for qualitatively characterizing solution pro-
cessed thin films. A basic light microscope and camera can be used to identify
undesirable film qualities such as over-crystallization, de-wetting, debris and other
defects.

WILD Heerbrugg and Zeiss Axio Imager.A2 microscopes were used for rapid
screening of solution processed thin films for further optimization. Samples were
examined in transmission mode under LED illumination. Representative images
of relevant films were collected using an AmScope camera and ToupView imaging
software, or an AxioCam [Cch camera and ZEN imaging software for the Heerbrugg

and Axio microscopes, respectively.
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3.2.2 Scanning electron microscopy

Scanning electron microscopy (SEM) is a high resolution technique that uses a fo-
cused electron beam to image a sample. The electron beam is generated by a tung-
sten filament, and is focused onto the sample using a combination of electromagnets.
The electrons incident on the sample are known as primary electrons. A small por-
tion of the primary electrons collide elastically with the bulk specimen, and are
backscattered at large angles (0 > 90°) into the sample chamber. The probability of
backscattering is proportional to the atomic number of the sample squared; there-
fore, the backscattered signal is sensitive to sample composition. Primary electrons
may also collide inelastically with the sample, releasing secondary electrons with a
lower kinetic energy. Most secondary electrons will continue to scatter inelastically
within the sample, before coming to rest; however, a small portion of secondary elec-
trons near the sample surface may be emitted into the sample chamber. Because
secondary electrons are only emitted from the sample surface, the secondary elec-
tron signal is highly dependent on the sample topography. Both backscattered and
secondary electrons may be detected, and are distinguished by their kinetic energy.
An SEM image is formed by scanning the electron beam back-and-forth across the
sample, continuously measuring the backscattered and/or secondary electron signal
to generate an image.

SEM images were collected using a Phenom benchtop microscope. The particular
Phenom model uses a tungsten filament, and contains detectors that are sensitive
to both secondary and backscattered electrons. By consequence, the SEM images
presented in this study reflect information about the sample topography, and com-

position.

3.2.3 Atomic force microscopy

Atomic force microscopy (AFM) is a powerful imaging technique, which can be used
to characterize surface features on a nanometer scale. An atomic force microscope
acquires data by using a sharp probe tip to scan back-and-forth across a surface to
“feel” 3D information. The back-and-forth scanning is referred to as a rastering, and
is controlled by motion of the sample stage relative to the probe tip. As the probe

is rastered across a surface, the tip interacts with topographic features, and samples



25

the height at each location. Each height sample is recorded as a pixel, and an array
of pixels can be used to generate a 2D image containing height information about
the surface. The resolution of the image can be improved by increasing the number

of pixels at the cost of a slower scan rate.

The AFM characterization in this work was performed using a Bruker Innova
microscope, interfaced with NanoDrive software (v 8.02). The sample stage and
AFM head are positioned beneath an optical microscope to allow for coarse manual
adjustment of the sample with respect to the AFM tip (Figure 3.3 (a)). All char-
acterization was performed in tapping mode using available probe tips: NCHV-A (f
= 320 kHz, k = 42 N/m) and NTESPA (f = 300 kHz, k = 40 N/m). In tapping
mode, the AFM probe is driven by a piezoelectric element to oscillate near its res-
onant frequency. Interactions between the probe tip and the sample modulate the
amplitude and phase of oscillation, which is monitored by an optical lever (Figure
3.3 (b)). The system adjusts the sample height to maintain a specified oscillation
amplitude, known as a setpoint. The deviation of the oscillation from the setpoint is
used to adjust the tip-sample distance to restore the setpoint value, thereby inferring

topographic information about the sample.

photodetector 4

drive signal
A. Positioning optics D. Coarse stage sample
B. AFM head adjustment
C. Sample stage E. Laser adjustment
(a) (b)

Figure 3.3: (a) A photograph indicating the main components of the Bruker Innova
AFM. A schematic depicting the principles of tapping mode AFM is shown in (b).
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Image post-processing was performed in NanoScope Analysis (v 1.40). Relevant
image processing steps involved data levelling, filtering, and roughness calculations.
Data levelling was performed using a second order polynomial to subtract the back-
ground plane. A low-pass filter was applied to smooth data when necessary. Rough-
ness measurements were calculated using a NanoScope tool; all reported roughness

measurements represent the root mean squared roughness (Rgass) of the surface.

(3.2)

3.2.4 Xray diffractometry

Among other applications, xray diffractometry (XRD) may be used to determine
the composition, crystal structure, and degree of ordering in a crystalline sample.
Every crystalline material has a unique diffraction pattern, which is determined
by the elemental content and arrangement of atoms in the crystal lattice. In the
Bragg-Brentano geometry, monochromatic xrays of wavelength A\ are incident on a
powder or thin-film sample as illustrated in Figure 3.4 (a). When the path length
difference between adjacent lattice planes is equivalent to an integer number of A,

then constructive interference is achieved, as described by Bragg’s law (Equation 3.3,
Figure 3.4 (b)).

nA = 2dsinf (3.3)

The constructive interference gives rise to a peak diffraction intensity for a particular
incident angle. A complete diffraction pattern is achieved for a powder sample by
sweeping the xray source and detector to vary the incident angle. A diffraction
pattern is typically plotted giving the detected intensity as a function of the scattering
angle (260, Figure 3.4 (a)).

XRD patterns were measured using a Siemens D5000 diffractometer. A copper
K-alpha xray source was used (A = 1.54 A). To facilitate comparison between vari-
ous perovskite thin-films, patterns were collected using specific instrument settings.
The scattering angle was measured using 0.05° increments with a 5 second dwell

time. The divergence, anti-scattering and receiving slits were 0.5°, 0.5°, and 0.1 mm,
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Figure 3.4: Schematics illustrating (a) the Bragg-Brentano diffraction geometry, and
(b) the Bragg diffraction condition.

respectively. The perovskite diffraction pattern was collected in a scattering angle

range of 20 = 10° - 60°.

3.2.5 UV-vis absorption spectroscopy

Absorption spectroscopy may be used to discern information about the nature of
electronic transitions in a material. Light absorption enables excitation of electrons
to a higher energy state, so transitions between occupied and unoccupied orbitals may
appear as distinct absorption bands. Shorter wavelength light can facilitate larger
energy transitions; while longer wavelength absorption corresponds to low energy
transitions. The minimum excitation energy that may be absorbed corresponds to
the optical bandgap of the material. Lower energy photons are not absorbed.
Absorption measurements were performed in transmission mode, using an Agilent
Cary 60 spectrophotometer. A single wavelength of light from a xenon flash lamp
is generated by a scanning monochromator, and is incident normal to the thin film
sample. The intensity of transmitted light (I) is detected by a silicon diode and
compared with the reference intensity (Ip) incident on the sample. The absorbance

is calculated (Equation 3.4), and reported in absorbance units (Abs).

A= —logyo(I/1o) (3.4)
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The absorption measurements were automated using Agilent software (Cary Scan),

programmed to scan through the desired spectral range at 300 nm/min.

3.2.6 Photoluminescence spectroscopy

Photoluminescence (PL) spectroscopy is a useful complement to absorption spec-
troscopy. Photoexcitation of electrons, leads to eventual decay processes when the
electrons relax back into a ground state. The decay processes may occur through
radiative (photoluminescence), or non-radiative pathways. The radiative emission
spectrum is easily detected, and may provide useful information regarding the mate-
rial bandgap and level of disorder. The intensity of PL is also a qualitative indicator
of the number of non-radiative pathways in a particular material. High intensity PL,
suggests a lower number of non-radiative recombination pathways.

PL measurements were performed in reflectance mode, using an Agilent Cary
Eclipse spectrophotometer. A particular excitation wavelength is selected from a
xenon flash lamp using a scanning monochromator. Radiative decay from the pho-
toexcited sample is detected using a second scanning monochromator, and a pho-
tomultiplier tube. The measurement procedure was automated using Agilent soft-
ware (Cary Scan), programmed to scan through the photoemission spectrum at 120

nm/min. A 520 nm excitation wavelength was used for perovskite samples.

3.2.7 Current-voltage measurements

Current-voltage measurements were performed in an argon-filled glovebox, under
simulated AM1.5G sunlight at 100 mW /cm?. The solar spectrum was generated
using a xenon arc lamp in a ScienceTech solar simulator. The illumination intensity
was calibrated using a reference thermopile/KG5 glass filter combination. Measure-
ments were recorded using a Keithley 236 SMU, interfaced with a modified LabView
program, originally developed by Jon-Paul Sun.



Chapter 4

Optimization of methylammonium lead iodide perovskite in

a planar-structure inverted device architecture

4.1 Overview

Like most semiconductor electronics, the quality of perovskite solar cells is strongly
affected by processing conditions. Among other factors, the morphology, electronic
properties and photovoltaic performance of solution-processed perovskite films are
known to be influenced by the choice of: fabrication atmosphere, deposition method,
precursor stoichiometry, thermal treatment protocol, solvent, substrate and precursor
materials [10,26,43,47-60]. In addition, inherent variations between different equip-
ment and fabrication facilities make many processing details laboratory-specific. This
chapter describes the optimization of solution-processed methylammonium lead io-
dide perovskites within the Hill group laboratory, using a planar-structured inverted
device architecture. The effects of deposition conditions, deposition method, fabri-

cation atmosphere and precursor concentrations are described.

4.2 Experimental detalils

Perovskite thin films are commonly fabricated using one of two solution-processing
methods: single-step deposition, or sequential-step deposition.

The single-step deposition method is considered to be the simpler of the two,
as it requires only one solution-processing step [61]. The lead halide and organic
halide components are dissolved in a single precursor solution, which is deposited
onto the desired substrate. The precursor film is then annealed at a temperature
ranging between 90 °C to 150 °C to drive the perovskite conversion [60,62]. The
phase purity of the completed perovskite film is influenced by the choice of precursor
stoichiometry, annealing temperature and annealing duration [49,55,60]. Single-step

deposition methods are most commonly employed on mesoporous substrates, which

29
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have been found to enable higher surface coverage [39,40,63]; however, high-quality
perovskite films have also been demonstrated on planar substrates using similar
methods [8,43,64].

In contrast to single-step processing, sequential-step deposition is considered
to enable better control over film morphology [51,61]. The lead halide layer is
first deposited from a solvent such as gamma-butyrolactone, n,n-dimethylformamide
(DMF), n,n-dimethylacetamide or dimethyl sulfoxide. Since lead halides are very
poorly soluble in most other solvents, the perovskite conversion is easily achieved
through further solution-processing. Most commonly, the lead halide layer is im-
mersed in a solution of the organic halide, or a layer of organic halide is spin-coated
on top of the lead halide layer [10,41]. When the organic halide layer is spin-coated,
thermal annealing is required to drive the conversion to perovskite [10,62]; however,
when the lead halide film is immersed in organic halide solution, the perovskite con-
version occurs at room temperature within minutes [41]. The degree of conversion
achieved via solution immersion is dependent on the solution concentration and im-
mersion duration; however, a single 60 second immersion in a 10 mg/mL organic
halide solution has been reported to produce optimal device performance [41,42,65].
Variations of both the single-step and sequential-step deposition methods were ex-

amined in this study; the fabrication details are outlined below.

4.2.1 Perovskite film fabrication
Single-step deposition

The single-step deposition procedure employed in this study was based on that re-
ported by Xue et al. [9]. A solution of methylammonium iodide (MAI), lead iodide
(Pbly) and lead chloride was mixed in anhydrous DMF, stirring at 60 °C for at
least 12 hours. The precursors were mixed in a 4:1:1 molar ratio to produce a 40
wt% solution. Prior to use, the precursor solution was passed through a 0.45 pm
pore filter. The perovskite layer was formed by spin-coating, 250 nL of solution
onto a glass, or ITO/glass substrate coated with poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS). The precursor film was then annealed in an
argon-filled glovebox at 100 °C for 60 minutes. The effects of solution tempera-

ture, substrate temperature (during spin-coating) and substrate spin speed on the
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resulting film morphology were examined.

It is important to note that although anhydrous solvents and precursor materials
were used, all single-step solution processing was performed in an ambient environ-
ment. At the time that these experiments were performed, the effects of moisture on
the photovoltaic properties of perovskite films had not been quantified; these effects
are detailed in Chapter 5.

Single-step deposition with solvent washing

Solvent washing treatments are reported as an effective method to achieve compact
dense perovskite films with high surface-coverage [66-68|. Effective solvent washing
requires careful selection of an orthogonal solvent, in which the perovskite precursors
are non-soluble. When the precursor film is washed with the orthogonol solvent dur-
ing spin-coating, rapid crystal nucleation is induced and grain ripening is hindered.
The resulting solvent-washed films are reported to exhibit compact crystal grains
with high surface-coverage, crystallinity and photovoltaic performance [66-68]. The
effect of solvent-washing was studied on the previously described single-step per-
ovskite films using 1 mL of toluene as an orthogonal solvent. The perovskite film
morphology was examined as a function of the time delay between the start of spin-

coating and the solvent-wash treatment.

Sequential-step depostion: sequential spin-coating

The sequential spin-coating method used in this study was modified from a procedure
reported by Xiao et al. [10]. A 450 mg/mL solution of lead iodide was mixed in
anhydrous DMF, stirring at 70 °C for a minimum of 12 hours, to ensure dissolution.
Prior to deposition, the Pbl; solution was passed through a 0.45 pm pore filter into a
clean glass vial, also held at 70 °C. A layer of Pbl, was spin-coated at 6000 rpm onto
a room-temperature PEDOT:PSS-coated substrate using 300 pnL of solution. The
completed film was heated on a 70 °C hotplate for 15 minutes to maximize solvent
removal. A filtered solution of MAI in isopropanol was spin-coated onto the cooled
Pbl, film, and the Pbl, /MAI bilayer was annealed under argon at 100 °C for 2 hours.

The sequential spin-coating procedure was optimized both in ambient, and an

argon-filled glovebox. Maximum device performance was achieved by optimizing the
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concentration of the MAI solution. It is also important to note that the spin-coating
duration for the Pbl, film was significantly increased for fabrication under argon, in
which the lead iodide film was observed to dry up to 6 times slower. This observation
is supported by other work [69]. Under argon, the lead iodide spin duration was

increased to 6 minutes (from 1 minute in ambient).

4.2.2 Device fabrication and measurement
Inverted architecture devices

Inverted architecture perovskite devices were fabricated on patterned I'TO-coated
glass substrates. The substrates were cleaned by scrubbing with detergent and de-
ionized (DI) water, then ultrasonicating in baths of detergent, DI water, acetone and
ethanol for 20 minutes each. Finally, the substrates were treated with UV-ozone for
20 minutes. The PEDOT:PSS hole transport layer was formed in air by spin-coating
90 pL of filtered PEDOT:PSS (Clevios Al 4083) onto each ITO substrate at 3000
rpm for 60 s. The films were annealed at 140 °C for 60 minutes. The perovskite
layer was completed as detailed previously, either in ambient, or an argon-filled
glovebox. Following perovskite fabrication, the [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM) electron transport layer was formed. A 70 °C solution of PCBM (30
mg/mL in chlorobenzene) was spin-coated onto the cooled perovskite films at 1000
rpm for 180 seconds. When devices were made under argon, the PCBM layer was
annealed at 100 °C for 45 minutes [70]. The devices were completed by thermally
depositing 15 nm of calcium and 100 nm of aluminum at a base pressure of ~10°
Torr. For devices fabricated in ambient, a 40 mg/mL solution of PCBM was used.
The PCBM layer was not annealed, and devices were completed with a top contact
containing 0.5 nm of lithium fluoride and 100 nm of aluminum.

The thicknesses of the PEDOT: PSS, perovskite and PCBM layers for the devices
were estimated to be 50 + 5 nm, 280 £+ 70 nm and 80 4+ 10 nm, respectively,
using a Dektak profilometer. (The reported uncertainties represent the standard
deviation of 9 measurements). The area of the completed devices was 0.035 cm?
or 0.04 cm?, depending on the ITO pattern. Current density-voltage (JV') data of
completed devices were measured under 100 mW /cm? simulated AM1.5G sunlight

using a ScienceTech solar simulator, and a Keithley 236 SMU. The illumination
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intensity was verified using a calibrated thermopile/KG5 glass filter combination.

Normal architecture devices

Normal architecture devices were produced following a procedure described by Liu
and Kelly [42]. The devices were fabricated on glass substrates coated with fluorine-
doped tin oxide (FTO). The substrates were cleaned by scrubbing with detergent
and de-ionized (DI) water, then ultrasonicating in baths of detergent, DI water,
acetone and ethanol for 20 minutes each. Finally, the substrates were treated with
UV-ozone for 20 minutes. Three coats of zinc oxide nanoparticles were cast onto
the cleaned FTO, spinning at 3000 rpm for 60 seconds. For each coat, 0.3 mL of a
filtered nanoparticle suspension (6 mg/mL in n-butanol, chloroform and methanol)
was used. The zinc oxide films were baked at 120 °C for 5 minutes between each coat.
The perovskite layer was formed using another sequential-step deposition method.
A layer of Pbl, was spin-coated on the completed zinc oxide at 3000 rpm for 60
seconds, using 0.3 mL of filtered 1 M solution. To maximize surface coverage, both
the solution and substrate were held at 70 °C prior to deposition. The completed
lead iodide film was cooled, pre-wetted with isopropanol for 2 seconds, and immersed
in a solution of MAI (10 mg/mL in isopropanol). The substrate was removed after
60 seconds, rinsed with isopropanol and dried under a stream of filtered compressed
air. A layer of doped spiro-OMeTAD (80 mg/mL in chlorobenzene) was spin-coated
at 4000 rpm for 90 seconds, using 0.2 mL of filtered solution. For each milliliter
of spiro-OMeTAD solution, 28.5 ul. of 4-tert-butylpyridine and 17.5 pL of lithium-
bis(trifluoromethanesulfonyl)imide (520 mg/mL in acetonitrile) dopants were added
[42]. The devices were completed with 150 nm of silver, thermally deposited at a
base pressure of ~10% Torr. The active area of the completed devices was 0.0277

cm2 .

Zinc oxide nanoparticle synthesis

The zinc oxide nanoparticles were fabricated using an established hydrolysis and
condensation method as described by Liu et al. [42]. Zinc acetate dihydrate (0.295
g) was dissolved in 12.5 mL of methanol, stirring at 65 °C. A solution of potassium

hydroxide (0.148 g in 6.5 mL of methanol) was added to the zinc acetate solution,
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dropwise with stirring. The potassium hydroxide solution was introduced over the
course of 15 minutes. The mixture was stirred rapidly at 65 °C for 2.5 hours. The
cooled reactants were centrifuged at 4750 rpm for 30 min, decanted and rinsed with
2 mL of methanol. The centrifuge and rinsing step was repeated twice. The final
suspension was formed by adding 7 mL n-butanol, 0.5 mL methanol and 0.5 mL of
chloroform to the precipitate to produce a 6 mg/mL nanoparticle solution. The par-
ticle radius was measured using AFM to be approximately 25 nm. This is comparable

to the AFM tip radius, and therefore the actual particles may be smaller.

4.3 Results and discussion

4.3.1 Effect of spin-coating conditions on film morphology and

performance

A well-functioning photovoltaic device must generate and separate charge. High
surface-coverage by the active layer(s) is needed to maximize photon absorbance
and maintain the rectification properties of the device (e.g. Figure 4.2 (b)). Voids
through the device will result in lowered carrier generation, and serve as shunt path-
ways, allowing photogenerated charge carriers to recombine. By consequence the
established photovoltage and the net harvestable current will be reduced.

The perovskite film morphology was found to be highly sensitive to solution-
processing conditions, particularly when single-step deposition methods were used.
Figure 4.1 illustrates the effect of substrate spin speed on the morphology of single-
step perovskite films. Because DMF is a high boiling-point solvent (152 °C), low
spin speeds were found to result in slow solvent evaporation, allowing preferential
crystal nucleation and ripening. Perovskite films spun at 1000 rpm contained large
crystal domains, greater than 10 pm across (Figure 4.1 (a)); however, the surface-
coverage was low, with up to 10 pm of separation between perovskite domains. Higher
rotational velocities were found to increase the rate of solvent evaporation, in turn
causing rapid crystal nucleation and limited grain ripening (Figure 4.1 (c)). At 4000
rpm, the perovskite domains were limited to 3 pm in size, and higher surface coverage
was achieved.

Barring equipment limitations, the maximum feasible spin speed is restricted by
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(a) (b) (c)

Figure 4.1: Optical microscope images of perovskite films spun onto PEDOT:PSS
using a single-step deposition method precursor. Films were made by spinning at
(a) 1000 rpm, (b) 2000 rpm and (c) 4000 rpm. Scale bars represent 10 pm. The
images were collected using bottom illumination; the darker regions correspond to
the perovskite domains.

the resulting film thickness, which decreases at higher rotational velocities (Equation
3.1). When the absorbing layer is too thin, photon absorption is reduced. To main-
tain the perovskite layer thickness while increasing the rate of DMF evaporation, the
precursor solution and substrates were heated. Figure 4.2 illustrates the effect of so-
lution temperature on the resulting perovskite film. When the solution temperature
was increased to 60 °C, the substrate coverage was dramatically improved; however,
micrometer-sized voids were still evident by scanning electron microscopy (Figure
4.3 (a)). When the substrate temperature was also increased to 60 °C, the number

of large voids was substantially reduced (Figure 4.3 (b)).

It was unclear from SEM images whether the features in Figure 4.3 represented
pinholes through the entirety of the perovskite layer; in this regard, the current
density-voltage data was more revealing. Figure 4.4 shows two JV-curves corre-
sponding to perovskite devices prepared by spin-coating a 60 °C precursor solution
at 4000 rpm onto a room-temperature and a heated substrate. In both cases, the JV
measurements show weak diode behaviour that is linear through the origin, suggest-
ing that numerous shunt pathways remained throughout the perovskite layer. The

lowered shunt resistance of the device would account for the resistive contribution to
the JV behaviour.

To improve substrate coverage by the perovskite layer, a toluene solvent-wash
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Figure 4.2: Optical microscope images of perovskite films spun from a single-step
precursor onto a room temperature PEDOT:PSS-coated substrate. Films were spun
at 4000 rpm using (a) a room temperature solution, and (b) a 60 °C solution. Scale
bars represent 10 pm. The images were collected using bottom illumination; the
darker regions correspond to the perovskite domains.

(a) (b)

Figure 4.3: Scanning electron microscope images of perovskite films spun from a 60
°C precursor solution onto (a) a room temperature, and (b) a 60 °C PEDOT:PSS-
coated glass substrate. Scale bars represent 10 pm.

treatment was incorporated into the previously described single-step deposition pro-
cedure. The delay time between when the precursor solution was cast and when the
solvent-wash was performed was varied between 7 - 35 seconds (as measured using

a stopwatch). Figure 4.5 shows the strong relationship between the perovskite film
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Figure 4.4: JV-curves for inverted architecture perovskite devices deposited using a
single-step method on a room temperature and heated substrate.

morphology and the solvent-wash timing. As expected, smaller crystal grains were
observed when rapid crystallization was induced; however, as the delay time was
increased, the crystal grains began to cluster into wetted and non-wetted domains
(Figure 4.5 (d-e). The high-sensitivity of the film morphology to the solvent-wash
timing is illustrated in Figure 4.6; both films were fabricated with a 7 second delay
before solvent-washing. It is clear that in some instances, the morphology of solvent-
washed films was greatly improved, with localized regions even resembling films in
published studies [66]; however, the washing treatment was poorly reproducible.
Furthermore, the macroscopic film quality was worsened by solvent-washing, which
caused localized damage where the solvent was dispensed, and cracking in the final
film.

4.3.2 Effect of deposition method

Despite various modifications made to the single-step deposition procedure, repro-
ducible uniform perovskite films were not achieved. In contrast, similar modifications

to a sequential deposition procedure produced high surface coverage perovskite films
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(a)

Figure 4.5: Scanning electron microscope images of perovskite films spun using a
toluene solvent-wash treatment on a single-step precursor film. The time delay before
the solvent-wash was (a) 7s, (b) 8, (¢) 9s, (d) 11 s, and (e) 35 s. Scale bars represent
10 pm.

(a) (b)

Figure 4.6: Scanning electron microscope images of perovskite films spun using a
toluene solvent wash treatment on a single-step precursor film. The time delay
before the solvent wash treatment was 7 s in each image. The scale bar represents 6
pm.

with excellent photovoltaic performance. Figure 4.7 (a) shows several JV curves
from normal architecture devices, fabricated using a sequential deposition method
(Figure 4.7). (The deposition method was modified from published studies as pre-
viously detailed [41,42]). The resulting devices showed strong performance, with an
average V. of 0.99 +0.02 V and J,. of 23.6 & 0.5 mA /cm? (Table 4.1). The highest
measured device efficiency was 13.4 %, which is competitive with some of the highest
performances reported using similar fabrication methods [41,42]. A top-view SEM

image is shown in Figure 4.7 (b), illustrating the crystalline morphology that was
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achieved through control of the solution and substrate temperatures.
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Figure 4.7: JV curves for a set of normal architecture perovskite devices fabricated
by sequential deposition (a). A top-view SEM image illustrating the crystalline
morphology of the perovskite layer is shown in (b).

Table 4.1: Performance summary for a set of normal architecture perovskite devices
fabricated by sequential deposition. Uncertainties represent the maximum deviation
from the average within the group of six devices.

PCE (%) Voe (V) Jse (mA/cm?) FF
Average 12.7 £ 0.7 0.99 4+ 0.02 23.6 £ 0.5 0.54 £+ 0.03
Maximum 134 1.01 24.0 0.58

Given the overwhelming experimental evidence favouring the morphology and
performance of sequentially-deposited perovskites, the single-step deposition method
was discontinued. Instead, a sequential spin-coating deposition method was adopted,
based on several studies that had shown reproducible, high-efficiency perovskite de-
vices in an inverted architecture [10,62,71]. With no optimization, the sequential
spin-coating procedure yielded reproducible perovskite films with excellent surface
coverage. Figures 4.8 (a) and (b) show top-view SEM images of two separate per-
ovskite films fabricated using the same reported procedure; both films are visually
identical, and exhibit a compact planar morphology. Figure 4.8 (c¢) shows JV curves
corresponding to perovskite devices fabricated using the same sequential spin-coating
method, with no optimization. The photovoltaic performance of the measured de-
vices was modest, with an average PCE of 3.11 £+ 0.2 % (Table 4.2). The JV be-

haviour was greatly improved in comparison to the single-step fabrication method,
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but continued to exhibit resistive contributions. The abnormally low V,. and J.
suggest that device performance was limited by carrier recombination. Although
the average device performance was substantially lower than reported in the origi-
nal studies [10, 62, 71], the morphology of the perovskite films demonstrated strong

potential for improvement with further optimization.
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Figure 4.8: Top-view SEM images of unoptimized sequentially spin-coated perovskite
films (a & b), illustrating the reproducible, compact morphology of two separate
samples. The JV curves in (c) are the first devices made using the unoptimized
procedure.

Table 4.2: Performance summary for a set of inverted architecture perovskite de-
vices fabricated by sequential spin-coating. Uncertainties represent the maximum
deviation from the average in the group of four devices.

PCE (%) Vi (V)  Js (mA/cm?) FF
Average 3.1 £0.2 0.56 + 0.04 11.6 & 0.6 0.48 + 0.01
Maximum 3.3 0.59 12.2 0.50

4.3.3 Optimization of ambient fabrication conditions

Following the preliminary device results, further improvements in photovoltaic per-
formance were achieved by tailoring the perovskite layer thickness and the concen-
tration of MAI precursor solution.

The effect of MAI concentration on device performance is illustrated in Figure

4.9 (a). A MAI solution concentration of 50 — 60 mg/mL was found necessary to
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produce any substantial photocurrent. Figure 4.9 (b) shows the corresponding x-ray
diffraction patterns for perovskite films prepared using 40 mg/mL, 50 mg/mL and
60 mg/mL MAI solutions. An increase in the relative intensity of the (001) Pbl,
diffraction peak was observed in films fabricated with lower concentrations of MAI
solution, suggesting a larger Pbl, phase presence. This trend is anticipated to con-
tinue for lower MAI concentrations, and likely accounts for the reduced photocurrent
at these concentrations. The wide bandgap Pbly phase (~ 2.3 eV, [72]) is expected
to limit photon absorption and contribute to series resistance within the perovskite
film.
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Figure 4.9: JV curves illustrating the effect of MAI solution concentration on the
performance of sequentially spin-coated perovskite devices (a). The x-ray diffraction
patterns corresponding to the higher performing devices are shown in (b). The
calculated Ijecm powder diffraction pattern and peak positions are indicated in red.
The position of the (001) Pbl, diffraction peak is indicated by the asterisk.

Using a 60 mg/mL solution of MAI, the effect of perovskite layer thickness on
device performance was also examined. The perovskite layer thickness was adjusted
by varying the spin speed of the substrate during the sequential spin-coating pro-
cedure. Figure 4.10 shows the JV curves for devices made using three perovskite
layer thicknesses. The overall effect of thickness on device performance, however, is
minimal. A slight increase in the short circuit current density was observed, likely re-

sulting from increased photon absorbance; but, the lower fill factor of thicker devices
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resulted in decreased photovoltaic performance. The maximum PCE was measured

to be 8.8 %, from a 235 nm thick perovskite layer.
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Figure 4.10: JV curves illustrating the minimal dependence of photovoltaic perfor-
mance on perovskite film thickness for devices fabricated by sequential spin-coating
in an ambient atmosphere.

4.3.4 Effect of fabrication atmosphere

Despite substantial improvement in photovoltaic performance, the overall device ef-
ficiencies remained low in comparison to published methods [10,62]. In addition,
the JV behaviour of the devices was found to be highly variable, both across a sin-
gle substrate and between “identically” prepared substrates. Figure 4.11 (a) shows
the JV performance of 17 devices fabricated under ambient conditions, on a sin-
gle substrate. A large spread in V,. is observed, ranging from 0.46 to 0.81 V. The
spread in fill factor and J,. are similarly large, and a maximum PCE of only 5.5
% is achieved (Table 4.3). Figure 4.11 (b) summarizes the batch-to-batch variation
between the maximum performing devices on identically prepared substrates. The
V,e and fill factor are especially varied, ranging from 0.81 to 0.92 V and 0.55 to 0.58,

respectively.
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Figure 4.11: JV curves exemplifying the high performance variability of sequentially
spin-coated perovskite devices prepared in ambient. Shown in (a) are JV curves from
17 devices on a single substrate. The highest efficiency device on three identically
prepared substrates is shown in (b), each prepared approximately one week apart.

Table 4.3: Performance spread for a set of inverted architecture perovskite devices
fabricated by sequential spin-coating under ambient conditions. Uncertainties rep-
resent the standard deviation of the mean.

PCE (%) Voe (V) Jse (mA/cm?) FF

Average 3.5 £0.2 0.57 £ 0.03 142 £ 0.4 0.44 £+ 0.01
Maximum 5.5 0.81 17.0 0.55
Minimum 2.5 0.46 11.7 0.38

In addition to the inconsistent device performance, many of the perovskite films
were found to exhibit variable surface textures when fabricated using identical pro-
cedures (Figure 4.12). The film in Figure 4.12 (a) contains numerous ridge-like
features, which exceed 200 nm in height. In contrast, the film in Figure 4.12 (b),
exhibits a planar morphology with a significantly lower root mean square roughness
(18.2 nm, in comparison with 54.4 nm). The variable surface roughness is thought to
be the most likely cause for the inconsistent device performance. Given the surface
feature height in Figure 4.12 (a), the perovskite is likely to protrude through the
PCBM layer in certain places. Without the charge-selective PCBM layer, increased
recombination would occur at the perovskite-metal interface, resulting in a lowered

photocurrent and open-circuit voltage. The degree of recombination would depend
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on the roughness of the perovskite layer, which would explain the high JV variability
between devices.
R,..=54.4 nm R,,..=18.2 nm
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Figure 4.12: AFM images illustrating the variable grain structure of perovskite films
prepared by identical sequential spin-coating methods in an ambient environment.

The large difference in film morphology illustrated in Figure 4.12 was speculated
to originate from uncontrolled humidity conditions during ambient fabrication. The
ridge-like structures, shown in (a) are resemblant of those reported for Pbly-rich
films [73,74]. It has been speculated that high ambient humidity favours rapid
precipitation of small Pbl; domains, and that the smaller domains enable more
facile incorporation of MAI into the Pbl, lattice [73]. It is possible that the film
in Figure 4.12 (b) was fabricated under higher humidity conditions; however, the
ambient humidity was not quantitatively recorded at the time.

To reduce uncertainty surrounding the fabrication atmosphere, all further per-
ovskite fabrication was performed in an argon-filled glovebox. With little optimiza-
tion, the fabrication under argon was observed to produce higher fill factor devices
with lower performance variability across a given substrate (Figure 4.13 (a)). Fabrica-
tion under inert gas was also observed to yield a less variable surface texture (Figures
4.13 (b) & (c)). It is important to note that the AFM images presented in Figure
4.13 represent perovskite films fabricated in a nitrogen-filled glovebox. Nitrogen has

been shown to elicit significantly faster solvent evaporation than argon [69]; however,
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no AFM data was collected when argon was used as an inert gas. It is likely that
the morphology presented in Figure 4.13 is not representative of that produced by
fabrication under argon; but, the repeatable surface texture from sample-to-sample

is noteworthy.

R,..=31.7 nm R, =37.4 nm

200.0 nm

-100.0 nm

Current density {(mAfcm?)

15 |

-20

0.00 u.l25 u.lsu u.|75 1.00 59
Voltage (V)

(a) (b) (c)

Figure 4.13: JV data for perovskite devices fabricated by sequential spin-coating in
an argon-filled glovebox (a). Each JV trace represents one of 18 devices fabricated
on a single substrate. AFM images in (b) and (c) illustrate the more consistent
surface texture of sequentially spin-coated films prepared in an inert environment.

4.3.5 Effect of precursor stoichiometry

The electronic properties of methylammonium lead iodide perovskites are strongly
influenced by the film stoichiometry and preparation method [26,75]. Hall effect
measurements have shown that the perovskite doping character is determined by the
relative precursor content of the final film, where an excess of MAI produces p-type
qualities and an excess of Pbly produces n-type qualities [75]. X-ray photoelectron
spectroscopy (XPS) and ultraviolet photoelectron spectroscopy have also shown that
the ionization energy is similarly affected; films with a higher relative organic (MATI)
content have a lower ionization energy, by up to 0.7 eV [26]. Since the optical bandgap
of the perovskite is unchanged, the shift in ionization energy is also accompanied by a
shift in electron affinity. The sensitivity of the perovskite band energies to precursor
stoichiometry is an issue of consierable importance, as improper band alignment

between the perovskite and charge selective transport layers could result in charge
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extraction barriers, severely reducing device performance. Therefore, determination
of the correct precursor stoichiometry is paramount in achieving high-performance

devices.

Systematic work has shown that the ionization energy is dependent not only on
the composition, but also the processing condition of the perovskite film [26]. As
a result, structural characterization alone is insufficient to identify ideal fabrication
conditions. X-ray diffraction and XPS studies have shown that few structural dif-
ferences are observable with varying composition, even when one of the precursors
is incorporated in large excess [26,75]. It is suggested that non-stoichiometries do
not necessarily contribute to additional phases, but may be incorporated at inter-
stitial sites, making them undetectable by XRD [26]. Furthermore, a small amount
of residual Pbl, has been reported to have a passivating effect on perovskite grain

boundaries and interfaces, resulting in improved device performance [72,76,77].

To optimize perovskite fabrication in an argon-filled glovebox, photovoltaic per-
formance was examined as a function of the reactant availability. The thickness of
the Pbl, was held constant, and the availability of MAI to the perovskite film was
varied with the concentration of MAI solution (40 — 50 mg/mL). Figure 4.14 (a)
shows the JV curves from the highest performing devices fabricated using a range
of MAI concentrations. As shown in Table 4.4, a maximum PCE of 9.8 % was
achieved using a 47.5 mg/mL solution of MAI. Below 47.5 mg/mL, lower device
performance was observed. The lowest performance using a 45 mg/mL solution is
likely an abnormality, possibly resulting from an error in the fabrication procedure.
The reduced performance at lower MAI concentrations, however, is in agreement
with the higher ionization energies reported in MAI-deficient films [26]. If the per-
ovskite ionization energy is sufficiently raised, an injection barrier would be formed
at the perovskite/PCBM interface, hindering carrier extraction. Above 47.5 mg/mL,
increased MAI content in the perovskite layer resulted in a dramatic loss of photo-
generated current. It is possible that the additional MAI may have induced p-type
doping in the perovskite layer, thereby increasing the majority carrier concentration.
A higher carrier concentration could result in increased carrier scattering in the per-
ovskite layer, which would reduce the net current that is extracted [75]. It is also

possible that if the spin-coated MAI layer was too thick, then a layer of residual
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MAI may remain at the perovskite-PCBM interface after annealing. Since MAI is
thermally stable until 245 °C, it is unlikely for residual MAI to be removed during
the annealing phase [56].
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Figure 4.14: JV curves for inverted architecture perovskite devices fabricated by
sequential spin-coating under argon (a). The JV traces represent the highest per-
forming device made with each concentration of MAI precursor. Measurements were
performed using a 0.1 V /s sweep rate. The XRD pattern corresponding to the high-
est performing MAT concentration is shown in (b). The (001) Pbl, peak position is
indicated with an asterisk.

It is interesting to note that the maximum device performance was not achieved
using phase-pure perovskite. A XRD pattern of an equivalently fabricated perovskite
film is shown in Figure 4.14 (b), highlighting the presence of the (001) Pbl, diffraction
peak at 12.63°. This observation is in alignment with other studies that report on the
passivation of perovskite grain boundaries by residual Pbl, [72,76,77]. XPS studies
have also reported improved photovoltaic performance in slightly Pbls-rich devices,

even when no crystalline Pbl, is evident [26].

4.4 Conclusions

The results of this investigation strongly favour the use of sequential deposition meth-
ods in order to achieve high efficiency planar-structured perovskite devices. In com-

parison with single-step methods, the sequential spin-coating procedure was found
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Table 4.4: Performance summary for sequentially spin-coated perovskite devices pro-
cessed under argon with varying concentrations of MAI precursor. The devices were
measured using a 0.1 V/s sweep rate. Uncertainties represent the standard deviation
of the mean for each fabrication condition. The figures in parentheses represent the
highest value achieved for each figure-of-merit.

[MAT] (mg/mL) PCE (%) Voe (V) Jse (mA/cm?) FF

40 8.2 =+0.1 0.876 £ 0.003 12.7 £ 0.1 0.741 £ 0.005
(8.7) (0.898) (13.5) (0.762)

42.5 7.6 £0.2 0.821 £ 0.008 12.3 £ 0.2 0.752 £+ 0.003
(8.6) (0.857) (13.4) (0.772)

45 6.5+ 0.1 0.804 £ 0.004 12.2 £ 0.1 0.667 £ 0.006
(7.2) (0.849) (13.1) (0.714)

47.5 9.0 £ 0.1 0.873 £ 0.003 14.7 £ 0.2 0.697 + 0.007
(9.8) (0.889) (16.3) (0.740)

50 5.8 £0.1 0.918 £ 0.003 9.2 £0.2 0.688 £ 0.003
(6.6) (0.941) (10.4) (0.708)

to easily produce compact dense perovskite films with high surface-coverage. By ex-
ercising careful control of the fabrication atmosphere and precursor stoichiometry, a
maximum PCE of 9.8 % was achieved in an argon-filled glovebox. This figure is not
among the highest efficiencies reported using similar fabrication methods [10,62]; but,
it is competitive with many other reports for planar structured inverted architecture
devices [11,12,26,78,79].



Chapter 5

The impact of water on the formation and performance of

perovskite photovoltaics

The content of this chapter has been published in RSC Advances and is reproduced
from Ref. [80] with permission from the Royal Society of Chemistry.

5.1 Overview

The stability of any emerging technology is always a serious concern. Methylam-
monium lead iodide perovskites have long been known to be extremely sensitive to
liquid water, degrading irreversibly to lead iodide through the removal and even-
tual decomposition of the methylammonium cation [81,82]. Perovskite degradation
under ambient humidity, however, is reported to be at least partially reversible via
the formation of an intermediate hydrate phase [83,84]. For example, Leguy et al.
documented the evolution in photovoltaic performance for perovskite device under
ambient humidity. Upon exposure to a humid environment, a 90 % reduction in
the short circuit current density and a 0.2 V decrease in the open circuit voltage
were observed; however, the original photovoltaic performance was recovered after
exposure to dry nitrogen for four hours. Through similar investigations, recent work
has shown that exposure to ambient water vapour is less detrimental to perovskite
photovoltaics than previously thought. Indeed, exposure to ambient moisture during
the precursor, deposition, annealing or post-fabrication stages has been reported to
significantly enhance the final device performance [58,73,85-87].

Despite growing interest in this topic, there is no consensus on the effect of
precursor exposure to moisture. Using a sequential spin coating procedure, Wu et
al. reported a dramatic improvement in the morphology of neat Pbl, films with
the addition of 2 wt% H,O to the precursor solution. Their optimized fabrication
procedure yielded an 18 % efficient device in comparison with their anhydrous control

device, which achieved a maximum power conversion efficiency of 0.0063 % [88]. Also

49



20

using a sequential deposition procedure, Adhikari et al. noted an optimized device
performance with the addition of 5 vol% H,O to the methylammonium iodide dipping
solution [89]. Conings et al. performed a similar study using a well documented
mixed halide, single-step deposition procedure. They observed little overall change
in device performance with the substitution of up to 10 vol% of the anhydrous DMF
solvent with deionized H,O, suggesting that the required fabrication environment
may be more flexible than previously thought [90]. In contrast, Gong et al. reported
enhanced photovoltaic performance and stability with the addition of 2 wt% H,O to
the same single-step precursor solution [91].

The large discrepancy in observations indicates that the effects of water on methy-
lammonium lead halide perovskites are still not well-understood, and that more work
is needed to determine the precise mechanism(s) through which the two materials
interact. Understanding the impact of precise quantities of water on perovskite thin
films would be beneficial for further development of solution-processing techniques.
In this study, the effects of water on the properties and photovoltaic performance
of solution-processed perovskites were examined under highly controlled fabrication

conditions.

5.2 Experimental methods

5.2.1 Fabrication details

To minimize uncontrolled exposure to moisture, synthesis and testing of perovskite
devices were performed in a dry, argon glovebox (< 0.1 ppm Hy0O). All materials
used for perovskite fabrication (Pbly (Alfa Aesar, 99.9985 %), MAI (Dyesol, > 98%),
anhydrous isopropanol (Aldrich, 99.5 %), and anhydrous DMF (Aldrich, 99.5 %))
were opened and stored in the glovebox; and, all vials and stir bars were baked at
~120 °C in the glovebox, prior to use.

A sequential spin-coating fabrication method was chosen to reduce any effect that
the contrasting water-solubility of Pbl, and MAI may have on film homogeneity [87].
The effects of moisture were examined by incorporating small volumes of de-ionized
water into the Pbly precursor solution to produce solutions containing 0, 1, 2, 4

and 6 mol% water with respect to the solute (i.e. mol% H,O = [Hy0]/[Pbly] x
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100, where [Pbly] = 450 mg/mL = 0.976 M). These moisture concentrations were
chosen to mimic the range of water concentrations expected to be inadvertently
incorporated into perovskite precursor solutions during ambient fabrication. Hui et
al. reported a water concentration of 0.025 mol/L in a DMF-based solution after 20
minutes exposure to a 50 % relative humidity environment [92]. In a 450 mg/mL
Pbl, solution, this equates to roughly 2.6 mol%.

“Wet” Pbl, solutions were mixed using appropriate ratios of anhydrous solvent
and “wet” solvent (a 10 pL/mL mixture of de-ionized HoO in anhydrous DMF). The
“wet” solvent was mixed and added to the Pbls solution 8 hours prior to fabrication
to minimize the extent to which DMF may be hydrolyzed into formic acid and
dimethylamine, while maximizing dissolution of the Pbl,, which is poorly soluble
in water [93]. Large volumes of “wet” Pbl, solutions were mixed to minimize head
space in the vial, an especially crucial measure considering the low concentrations of
water that were examined. Assuming 2 mL of head space in a standard 4 mL glass
vial, the partial pressure of water at 70 °C corresponds to ~2.19x107° mol of H,O
loss from solution. In a solution containing 6 mol% water, this represents nearly 20
% of the added water, or over 100 % of the added water in a solution containing 1
mol% water.

The MAI was mixed to produce a 47.5 mg/mL stock solution in anhydrous iso-
propanol, which was used for the fabrication of all films and devices. To avoid
including foreign particles in the final films, all solutions were passed through 0.45
pm filters into clean, glass vials prior to use. The “wet” solutions were resealed

immediately after filtering to minimize water loss.

5.2.2 Device fabrication and measurement

ITO substrates (2.5 x 2.5 cm) were patterned using a Kapton tape mask and etched
in a 12 M HCI bath. The substrates were cleaned by scrubbing with detergent and
de-ionized (DI) water, then ultrasonicating in baths of detergent, DI water, acetone
and ethanol for 20 minutes each. Finally, the substrates were treated with UV-ozone
for 20 minutes. The PEDOT:PSS layer was formed in air by spin-coating 90 pL of
filtered Clevios Al 4083 onto each ITO substrate at 3000 rpm for 60 s. The films were

annealed at 140 °C for 60 minutes, then rapidly transferred into an argon glovebox
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for the remainder of the fabrication. 300 pL of 70 °C Pbl; solution was spin-coated
onto the cooled PEDOT:PSS at 6000 rpm for 180 seconds, then 8000 rpm for 180
seconds. The completed lead iodide films were dried on a 70 °C hotplate for 15
minutes. The perovskite was formed by spin-coating 400 pL. of MAI solution onto
the lead iodide film at 6000 rpm for 150 seconds, then annealing at 100 °C for 2
hours. 150 pL of 70 °C PCBM solution (30 mg/mL in chlorobenzene) was spun on
the cooled perovskite films at 1000 rpm for 180 seconds, then annealed at 100 °C for
45 minutes. The devices were completed by thermally depositing 15 nm of calcium
and 100 nm of aluminium at a base pressure of ~10 Torr. The thicknesses of the
PEDOT:PSS, perovskite and PCBM layers for the devices were estimated to be 50
nm, 270 nm and 80 nm, respectively, using a Dektak profilometer. The area of the
completed devices was 0.035 cm?.

Current density-voltage (JV') data were measured under 100 mW /cm? simulated
AM1.5G sunlight using a ScienceTech solar simulator, and a Keithley 236 SMU.
The illumination intensity was verified using a reference thermopile/KG5 glass filter
combination. JV data were collected by sweeping from 1.5 V to -1.0 V (reverse scan)
and -1.0 V to 1.5 V (forward scan) using two scanning rates: 1.0 V/s and 0.1 V/s.
Transient photocurrent measurements were performed by biasing the device at 1.5
V for 2 seconds, then measuring the short circuit current density over time for up to

500 seconds.

5.2.3 Film fabrication

To preserve the integrity of the perovskite devices, films were made specifically to
perform the characterization procedures. To ensure that the films were representa-
tive of the devices, the two were made within a few minutes of each other. The films
were made on glass slides (2.5 x 2.5 cm), cleaned in the same manner as the ITO
substrates, then coated with PEDOT:PSS and the perovskite, as specified. Several
copies of each film were made to avoid confusing any trends with potentially destruc-
tive measurements, such as x-ray diffractometry and scanning electron microscopy.
The completed films were stored in the glovebox until measurement. All charac-
terization was performed in ambient within 24 hours of device measurement, unless

otherwise specified.
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5.3 Results and discussion

5.3.1 Device performance
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Figure 5.1: JV curves from the champion devices made with varying concentrations
of HyO in the Pbl; solution. The devices were measured using (a) a 1.0 V/s scan rate,
and (b) a 0.1 V/s scan rate. Reverse sweeps are indicated by the shaded symbols,
while forward sweeps are indicated by the unshaded symbols.

Figure 5.1 compares the JV curves under one sun illumination (100 mW /cm?) for
the champion device measured at each HyO concentration. The anhydrous control
device was found to demonstrate excellent photovoltaic performance, with a maxi-
mum PCE of 13.6 % (measured at 0.1 V/s), comparable with published efficiencies
for devices of the same architecture and fabrication method [10,62,71]. An undeni-
able decrease in photovoltaic performance was observed when higher concentrations
of water were incorporated into the Pbly precursor solution. The addition of only
1 mol% of HyO lowered the average open circuit voltage by nearly 100 mV, and
the fill factor by approximately 0.1 (Table 5.1). As shown in Figure 5.2, the loss of
open circuit voltage and fill factor was maintained when the concentration of water
in the Pbl, solution was further increased. A reduction in photocurrent was also
observed in devices fabricated with water. Together, these three trends produced a
detrimental effect on the overall device efficiency, as illustrated in Figure 5.2.

The trends observed in this dataset are contrary to existing studies, where the

addition of water is reported to either: yield a peak device performance at a specific
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Table 5.1: JV performance summary for devices with varying moisture contents in
the Pbl, solution. Errors represent the standard deviation of 9 - 16 devices measured
with a 0.1 V/s scan rate. The figures in parenthesis represent the highest measured

performance for each figure-of-merit.

[HzO]prQ Voe Jse PCE Fill factor
mol% (V) (mA/cm?) (%)

0 0.98 +0.04 146 +1.7 104 +15 0.73 +£0.04
(1.00) (18.1) (13.6) (0.76)

1 091 +£0.02 139+23 794+17 0.62+0.03
(0.95) (17.2) (10.8) (0.66)

2 0.88 +£0.02 106 +15 6.24+08 0.67+ 0.02
(0.92) (14.7) (8.5) (0.70)

4 090 +0.01 131 +1.2 7.64+0.7 0.65+0.02
(0.92) (14.7) (8.8) (0.68)

6 0.90 +0.01 11.7+1.1 71407 0.68+ 0.02
(0.93) (13.9) (8.2) (0.70)

water concentration [88,89,91]; or, produce no observable effect on the overall device
performance and morphology [90]. Similar to this study, Conings et al. note a drop
in open circuit voltage when water is added to the perovskite precursor solution, but
the effect is compensated by an increased photocurrent, so no change in the overall

device performance is observed [90].

The variety of observations are difficult to resolve; however, the reported device
fabrication procedures differ from study to study. It is possible that the added water
may interact differently when used in different perovskite precursors (i.e: single-step
mixed halide precursor in comparison with sequential spin-coating of the two per-
ovskite precursors). Currently, the only two other studies to examine the impact
of added water on sequentially deposited perovskites are not well-controlled; and,
report fabrication under ambient conditions, where atmospheric water vapour may
also contribute to the observed trends [88,89]. In addition, we have chosen to investi-
gate much smaller concentrations of water (by up to two orders of magnitude), with
the belief that it is more representative of the water which may be inadvertently
incorporated into precursor solutions during ambient processing. It is also worth

highlighting the superior performance of our control devices.
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Figure 5.2: Statistical distribution of JV performance metrics for devices made using
varying concentrations of HoO in the Pbl, solution. Data are representative of 9 -
16 devices tested by sweeping in the reverse direction at 0.1 V/s (blue) and 1.0 V/s
(green). The spread of the data, mean, median and outliers are represented by the
vertical bars, small square, horizontal line and crosses, respectively. An outlier was
defined to be 1.5 times the interquartile range above or below the 75th and 25th
percentile, respectively.

5.3.2 Hysteresis and transient behaviours

Transient behaviours are a well-known issue in perovskite photovoltaics. Photocur-
rent, and photovoltage transients often manifest as pronounced hysteresis in JV
measurements. As a result, the measurable performance of a perovskite device may
be greatly affected by biasing history, as well as scan-rate, and scan-directional de-
pendencies [94-97]. This issue is a serious concern in the context of establishing

an accurate representation of device performance; however, the transient effects,
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broadly classified as anomalous hysteresis, are not fully understood. Although con-
vincing theories and experimental evidence have attributed such behaviours to the
migration of mobile ions, or capacitive effects there is still no universally accepted
explanation [70,95,97-106]. It is, therefore, of great interest to understand the origin

and nature of the observed hysteresis.

In comparison with other studies, very little scan-directional hysteresis was ob-
served when JV measurements were taken at 0.1 V/s; the reverse- and forward-
direction JV curves are nearly identical (Figure 5.1). This is further illustrated in
Figure 5.3, which summarizes the batch statistics for several devices made using the
same fabrication conditions. The scan-directional hysteresis is most reflected by a
difference in open-circuit voltage, which may be up to ~ 100 mV, for devices with
water added to the Pbl, solution. JV measurement at 1.0 V/s, resulted in a greater
amount of hysteresis (Figures 5.1 and 5.4), which was exaggerated by further addi-
tion of HyO to the Pbl; solution. The low levels of hysteresis observed in this study
are not entirely surprising given that reduced hysteresis is often reported in inverted
architecture perovskite devices [7,10,12,88,107,108]. It has been suggested that the
level of hysteresis is heavily influenced by the particular charge selective transport
layers [104, 108, 109], where PCBM is additionally thought to passivate trap states
within the perovskite that contribute to photocurrent hysteresis [70,110].

Device hysteresis was further studied by measuring the effect of biasing history on
photovoltaic performance. Each device was held at +1.5 V bias under 1 sun illumina-
tion for 2 seconds before measuring the short-circuit current density over 20 seconds.
Although strong evidence has been shown to suggest that bias history, and not light
soaking, is responsible for hysteresis [96, 97|, each device was held at zero bias in
the dark for 1 minute before measurement to minimize any possible contributions
from competing light driven effects [94,111-113]. The measured transient photocur-
rents are shown in Figure 5.5 (a), normalized to their initial short circuit current
density (at t = 0 seconds). Interestingly, opposite transient dynamics were observed
for devices made using anhydrous precursors and devices made using hydrated pre-
cursors. Anhydrous devices were seen to exhibit a photocurrent decay; whereas, all
devices fabricated with added water demonstrated photocurrent growth over the 20

second period. As observed by other authors, the transient behaviour for each device
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Figure 5.3: Statistical distribution of JV performance metrics for devices made using
varying concentrations of HoO in the Pbl, solution. Data are representative of 9 - 16
devices tested by sweeping at 0.1 V/s in the reverse direction (black) and the forward
direction (red). The spread of the data, mean, median and outliers are represented
by the vertical bars, small square, horizontal line and crosses, respectively. An outlier
was defined to be 1.5 times the interquartile range above or below the 75th and 25th
percentile, respectively.

was observed to be biexponential [96,98,104]. The time constants extracted from
a biexponential fit to each of the photocurrent transients are shown in Figure 5.5
(b). The magnitude of the time constants was seen to increase gradually with the
device moisture content. An anomaly, however, was observed in devices made using
2 mol% H,0 in the Pbl, solution, which demonstrate an initial photocurrent decay,
followed by monoexponential growth. Such behaviour suggests that two competing
transport mechanisms may coexist within perovskite films. In general, the slow time

components of the short-circuit photocurrent growth were similar in magnitude to
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Figure 5.4: Statistical distribution of JV performance metrics for devices made using
varying concentrations of HoO in the Pbl, solution. Data are representative of 9 - 16
devices tested by sweeping at 1.0 V/s in the reverse direction (black) and the forward
direction (red). The spread of the data, mean, median and outliers are represented
by the vertical bars, small square, horizontal line and crosses, respectively. An outlier
was defined to be 1.5 times the interquartile range above or below the 75th and 25th
percentile, respectively.

those reported by Eames et al., who reported transient growth on the timescale of

seconds after reverse biasing.

To further study the anomalous device hysteresis, the transient photocurrent mea-
surements were repeated over 500 seconds, as shown in Figure 5.6 (f). In addition,
the reverse, then forward JV sweeps of the corresponding devices were measured
at 1.0 V/s, 0.1 V/s, then 0.01 V/s. Again, devices fabricated from anhydrous Pbl,
solution exhibited a photocurrent decay; whereas, devices fabricated from hydrated

precursors demonstrated a photocurrent growth over the 500 second measurement.
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Figure 5.5: Representative transient photocurrent behaviours, at short-circuit, for
devices with varying concentrations of HyO in the Pbly solution, (a). The time
constants extracted from a biexponential fit of each curve are shown in (b), where 7y is
shown on the left axis (black), and 7 is shown on the right axis (red). The anomalous
behaviour of the 2 mol% device was treated by applying a single exponential fit to
the transient growth to extract the second time constant.

The steady-state photocurrent for the device in Figure 5.6 (a) is observed to nearly
converge with the JV trace measured at the slowest scan rate. As indicated by other
authors this suggests that only very slow JV measurement rates (<0.01 V/s) are
truly representative of steady state device operation [94]. Unexpectedly, the tran-
sient photocurrent growth observed in hydrated devices was not accompanied by an
increased photocurrent at slower scan rates, but rather a decreased photocurrent and

an increased open-circuit voltage.

5.3.3 Suggested model of transient effects

A model describing the observed transient behaviours is suggested based on the mi-
gration of mobile ions within the perovskite film. Under an external bias, mobile
ions are expected to accumulate in specific areas of a device, thereby altering the
internal field and charge extraction efficiency. Experimental and theoretical studies
have, in fact, suggested ion migration to give rise to transient behaviours and anoma-
lous hysteresis in perovskite devices [70,95,97-101]. Although the activation energy

associated with the migration of each ion varies between studies, the iodide ion, I,
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Figure 5.6: Rate dependent JV measurements (for reverse sweeps) and transient
photocurrent behaviours for the corresponding device with varying concentrations of
H>0 in the Pbly solution, (a) - (e). The transient photocurrents are shown in green,
and correspond to the time axis from 0 to 500 seconds. The transients shown in (a) -
(e) are contrasted in (f), normalized to the initial photocurrents. (The measurements
shown in this figure were taken 20 days post-fabrication.)

is consistently found to exhibit the lowest activation energy, followed by MA™ and
Pb** [98-100,114]. Shao et al. have also produced convincing experimental evidence
linking I migration with hysteresis [101]. A model for the transient effects observed
in the anhydrous devices will first be described. A description of the hydrated de-

vices, accounting for the difference in transient dynamics, will follow.

Figure 5.7 shows a band diagram for an inverted architecture perovskite device
under short-circuit and forward biasing conditions. Under normal operating condi-
tions, free electrons and holes are collected by the aluminum and I'TO, respectively;
however, extended forward biasing could enable the I" ions to migrate freely toward
the device anode. Assuming that ion migration is confined to the perovskite layer,
the two-second forward bias treatment would cause an accumulation of I" ions near
the PEDOT /perovskite interface, resulting in an internal electric field, which would

facilitate carrier extraction. Once the device is short-circuited, I ion diffusion away
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from the interface would result in a decreased charge collection efficiency, and a
decreased photocurrent over time (Figure 5.6). This behaviour is also reflected in
the sequence of JV sweeps in Figure 5.6; reverse sweeps performed at slower scan
rates allow greater relaxation of the ionic concentration gradient, resulting in a de-
creased charge collection efficiency, and a lower photocurrent. A similar migration
model has also been suggested for normal architecture devices, where forward biasing
was reported to enable I" migration toward the perovskite/anode interface, leaving
positively charged iodide vacancies at the opposite interface. In this case, the ion
redistribution was suggested to produce band bending at the perovskite interfaces,

leading to improved carrier extraction through tunnelling [103,115].
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Figure 5.7: Band diagrams illustrating ion migration and carrier extraction within
the perovskite device (a) under forward bias and (b) under short-circuit conditions,
post-biasing. Over time, the iodide ions are expected to diffuse away from the PE-
DOT /perovskite interface, resulting in a time-dependent charge extraction efficiency.

In the presence of water, H,O incorporation into the perovskite is thought to be
energetically favourable, leading to its spontaneous infiltration into the lattice [114,

116]. Both computational and experimental studies suggest that the absorbed water



62

interacts strongly with the methylammonium cation and surrounding iodine atoms
through hydrogen-bonding [114,116]; however, the ultimate degradation pathway(s)
caused by water exposure are not agreed upon. Some authors propose an acid-base
reaction, whereby a single water molecule may be sufficient to degrade the material,

but an excess of water is required to dissolve the by-products [82,117].

n [(CH;NH,*)PbL;] + H,O — [(CH;NH, ™), (CH;NH, )nPbl,][H,0] —
HI + CH;NH, + H,O + Pbl, + (n — 1)[(CH;NH,;")Pbl,] (5.1)

Other authors suggest a reversible hydration of the perovskite, where irreversible
degradation is only achieved if an excess of water is present to dissolve the CH3NH3™

83, 84].

4 (CH4NH,)Pbl, + 4 H,0 == 4 [CH,NH,Pbl, - H,0] ==
(CH,NH,),Pbl, - 2H,0 + 3Pbl, + 2H,0 (5.2)

Based on the proposed reactions, it is speculated that structural and chemical
changes resulting from water incorporation favours the motion of MA™ ions over I"
ions. In the pure monohydrate and dihydrate perovskite phases, water is incorporated
between the [Pblg|* octahedra with the methylammonium cation, resulting in an
arrangement of [Pblg|* octahedra separated by methylammonium ions and H,O
[84,118,119] (Figure 5.8). Although no crystalline hydrate phases were observed in
this study (Figure 5.11), it is possible that sufficient water was incorporated into the
perovskite lattice to disrupt the caging of the MA™ cation, and facilitate its migration
throughout the film. The presence of HoO has also been suggested to deprotonate the
methylammonium cation [82,117], which could allow liberated HT ions to migrate
throughout the lattice. The energy barrier for H" migration is suggested to be lower
than for intrinsic ionic species such as CH3NH3™ and T [98,120]. Regardless of
which reaction pathway is more likely, the addition of water to the perovskite is
seen to increase the population of mobile ions within film. Furthermore, changes
to the perovskite lattice may also lower the activation energy for the migration of
certain ionic species, such as MA™. A larger number of mobile ions would explain
the increased hysteresis observed when higher concentrations of water were included

in the perovskite film (Figure 5.3).
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Figure 5.8: Diagram illustrating the methylammonium lead iodide perovskite struc-
ture in its anhydrous (a), monohydrate (b), and dihydrate (c) phases. The presented
views are projections along the [112], [010] and [001] directions, respectively. The
hydrogen atoms are not shown.

The suggested changes in ion mobility could account for the difference in transient
dynamics observed between anhydrous and hydrated devices. Under the two-second
forward bias treatment, the mobile MA™ (and possibly H) ions would migrate to-
wards the device cathode, resulting in an accumulation of positive charge at the
perovskite/PCBM interface (Figure 5.9 (b)). The accumulation of positive charge
would create a localized potential well, trapping electrons and decreasing the mea-
sured photocurrent. Once the device is short-circuited, the MA™ ions would diffuse
away from the interface, allowing for more efficient charge collection over time. This
behaviour is also reflected in the sequence of JV sweeps presented in Figure 5.6 when
considering the entire biasing history of the device. After the first measurement at
1.0 V/s, the device was immediately scanned from -1.0 V to +1.5 V before it was
measured from +1.5 V to -1.0 V at 0.1 V/s. Therefore, the most recent biasing his-
tory of the device before the reverse sweep at 0.1 V/s was 1.5 seconds at increasing
forward bias, which would cause positive ion accumulation at the perovskite/PCBM
interface. The effect would be exaggerated for progressively slower scan rates; thus,

the slowest scan rate (which was previously forward biased for the longest amount
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of time) should experience the largest photocurrent suppression. Although the sug-
gested model of ion migration agrees well with experimental data, a more detailed

investigation is necessary to verify these concepts.
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Figure 5.9: Band diagrams illustrating ion migration and carrier extraction within
the perovskite device under (a) forward bias and (b) short-circuit conditions, post-
biasing. Over time, the methylammonium ions are expected to diffuse away from
the perovskite/PCBM interface, resulting in improved charge extraction efficiency.

5.3.4 Effect of water content on film morphology:

As previously discussed, film morphology is known to have a significant impact on
the performance of perovskite photovoltaics [43,51,64]. Poor surface coverage by
the perovskite film decreases photon absorption, and enables the formation of shunt
pathways through the device, both of which lower the photogenerated current. Even
when full surface coverage is achieved, grain morphology can also affect the device
efficiency. Larger crystal grains are favourable, as they lower the probability of

carrier trapping by defect states at grain boundaries [101]. It is therefore of interest
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to characterize the impact of added water on the morphology of the perovskite layer.

0 mol%

Figure 5.10: Top-view SEM images of films made with varying concentrations of H,O
in the Pbl, solution: (a) 0 mol%, (b) 1 mol%, (c¢) 2 mol%, (d) 4 mol% and (e) 6 mol%.
A film of unconverted Pbly with 0 mol% H»O is shown for comparison, (f). The scale
bar on all films represents 6 pm. Images were taken in regions corresponding to the
device locations on the substrate.

Figure 5.10 shows a series of top-view SEM images for the perovskite films fabri-
cated with varying concentrations of water in the Pbl, solution. In order, the images
show films fabricated with 0 mol%, 1 mol%, 2 mol%, 4 mol% and 6 mol% H,O in
the Pbly solutions, respectively. The final image is of a Pbl, film with 0 mol% H,O,
illustrating the high surface coverage of the Pbl, layer. Overall, the perovskite films
were seen to exhibit a compact, dense morphology and a high surface coverage. Films
fabricated with less than 4 mol% H,O in the Pbl; solution demonstrated the highest
surface coverage, with the majority of grain sizes falling below 200 nm and a small
fraction of grains exceeding 500 nm in size. In contrast, a much higher fraction of
grains exceeded 500 nm when films were fabricated with 4 mol% and 6 mol% H,O

Pbl, solutions; some grains sizes appeared to exceed 1 pm. These films, however,
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showed a lower surface coverage and an increased density of pinholes and cracking
between larger grains. Similar trends regarding increased grain size and pinhole for-
mation have also been reported in other studies when moisture is introduced during
the perovskite fabrication procedure [58,73,86,87,90,91].

The observed film morphology is consistent with trends in measured device per-
formance. Increased cracking and pinhole formation in films with more moisture
would introduce a greater number of shunt pathways, explaining the reduction in
short-circuit current and open-circuit voltage for devices made with higher concen-
trations of water (Figures 5.1 and 5.2). It is also possible that larger perovskite
grain sizes could be accompanied by increased film roughening in the z-direction,
leading to incomplete coverage by the PCBM layer and greater recombination at the

interface between the perovskite and top contact.
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Figure 5.11: Unnormalized XRD patterns of perovskite thin films with varying con-
centrations of HyO in the Pbl, solution, (a). The red ticks indicate the calculated
powder perovskite diffraction pattern of the tetragonal I/cm phase; while, the black
asterisk marks the location of the (001) Pbl, diffraction peak. Patterns are offset
by 1200 counts for clarity. The FWHM of the (110) perovskite peak is plotted as a
function of HyO concentration, (b).

Figure 5.11 shows a series of XRD patterns for perovskite films prepared with
varying moisture content. The patterns indicate that the tetragonal (Ijcm) MAPDI;
perovskite phase was successfully formed in all instances, with strong preferential

orientation in the (110) direction. All films were also seen to exhibit similar relative
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peak intensities, which suggests that the preferential grain orientation was not greatly
affected by the presence of water. Interestingly, perovskite films fabricated with low
concentrations of HyO in the Pbly solution (0 mol% and 1 mol%) contained detectable
amounts of crystalline Pbly, while the other films did not. Other authors have also
observed incomplete conversion and residual crystalline Pbly when sequential-step
perovskite conversion was carried out in a low humidity environment (RH = 1%),
while conversion under higher relative humidity was observed to yield phase pure
perovskite [73]. Whether the observation of residual Pbl, in this study was due to
degradation during annealing, or simply due to incomplete conversion is unknown.
Gangishetty et al., suggest that moisture may facilitate MAI incorporation into the
Pbl, /perovskite lattice by introducing a less-compact intermediate hydrate phase,

thereby facilitating the perovskite conversion [73].

It is interesting to note that the higher performances of the 0 mol% and 1 mol%
H50O devices correspond to films with residual Pbly, which is consistent with the
passivating effects of lead iodide suggested by other authors [72,76,77]. Although this
hypothesis is well-supported by the presented data (Figure 5.11), it is important to
note that the presence (or absence) of crystalline Pbl, in Figure 5.11 (a) be regarded
with caution due to the inherent limitations of using the Bragg-Brentano diffraction
geometry to indicate phase composition in thin-film samples. Finally, as described
by the Debye-Scherrer equation, the slight broadening of the (110) perovskite peak
may be correlated with a higher proportion of smaller crystallites within the bulk of

the films.

In this study, no significant enhancement in the diffraction intensity was observed
with increasing moisture in the Pbl, solution, which suggests that all films were
similarly crystalline. The fact that other studies have observed increased crystallinity
in perovskite films annealed under relative humidity suggests that ambient moisture
may facilitate solvent vapour annealing of the perovskite films [58]. It is interesting
to note that very similar effects to those reported of ambient moisture treatments
have also been observed in perovskite films treated with DMF solvent vapour [71].
It seems possible that the enhanced crystallinity and performance observed in such
reports may be primarily a consequence of improved film morphology, rather than

any chemical change resulting from the water inclusion in the perovskite lattice.
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5.3.5 Photophysics of the perovskite devices

Methylammonium lead iodide perovskites are known to exhibit strong absorption
across the visible light region. Regardless of the water content, all perovskite films
produced an absorption spectrum characteristic of methylammonium lead iodide
(Figure 5.12 (a)). The absorption spectra of all films appeared similar, but suggest
a marginally lower absorption intensity with increasing water concentration. It is
difficult to verify the significance of this trend, however, since the apparent absorption
of any material may be influenced by light scattering off crystal grains, or light
transmission through cracks and pinholes. An accurate quantification of such effects

would require a more rigorous experimental set-up.
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Figure 5.12: The UV-vis absorption spectra (a), and photoluminescence spectra (b)
of perovskite thin films made with varying concentrations of HoO in the Pbl, solution.
Spectra were measured within 24 hours of device testing.

As previously described, photoluminescence (PL) measurements can provide a
good indication of the types of recombination pathways in photovoltaic materials.
High PL intensity is often attributed to less non-radiative recombination of photo-
generated carriers; and therefore, better photovoltaic performance. Steady state PL
measurements of the perovskite thin films were collected using a Cary Eclipse spec-
trophotometer, operating at a 520 nm excitation wavelength. A distinct emission

peak was observed at ~790 nm, with the highest emission intensity corresponding
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to the anhydrous perovskite film. In general, the PL intensity was seen to decrease
with increasing water concentration in the Pbl, solution, which suggests an increased
number of non-radiative recombination pathways. This trend is consistent with the
decreased device performance observed in perovskite films with added moisture (Fig-
ure 5.1). Peak fitting indicates a slight blue shift (AA =~3 nm) in the maximum
luminescence intensity with the addition of increasing quantities of water (Figure
5.12 (b), inset). Similar trends have also been reported by other authors upon ex-
posure of the perovskite to ambient humidity [121,122]; the observed blue-shift is
suggested to arise from lattice strain resulting from water incorporation into the

perovskite crystal [122].

5.3.6 Effect of moisture content on device stability:

The long-term stability of any emerging technology is always an issue of consider-
able importance. In this regard, methylammonium lead halide perovskites currently
fall short of realistic goals, particularly in the presence of water. However, when
JV measurements were repeated 20 days post-fabrication, the inclusion of moisture
into the perovskite layer was, remarkably, observed to have a stabilizing effect on
the long-term device performance. Figure 5.13 compares the JV curves for several
devices tested 24 hours post-fabrication with the same devices tested 20 days post-
fabrication. The precise performance metrics are summarized in Table 5.2. The best
anhydrous device was observed to experience, roughly, a 25 % decrease in power
conversion efficiency (PCE) and a 30 % decrease in photocurrent after 20 days of
storage. The severity of the performance loss was alleviated by the inclusion of water
in the Pbl, solution, with the best 1 mol% device yielding the greatest stability and
a higher PCE than the best anhydrous device after 20 days. Only a 9 % decrease in
the measured PCE was observed in the 1 mol% device after 20 days. It is important
to note that all devices in this study were stored under argon, and were at no point
exposed to an ambient atmosphere. Wu et al. and Gong et al. also report good sta-
bilities for their optimized devices, in comparison to their anhydrous control device,
reporting a 10 % and 8 % loss of PCE after 40 and 6 days, respectively [88,91]. As
far as we know, however, this is the first report where long-term device stability un-

der inert conditions is explicitly linked to all devices with included moisture. These
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results are both unexpected and interesting, and should be considered an important

topic of future investigation.
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Figure 5.13: JV curves for perovskite devices made with varying concentrations
of water measured 1 day (unshaded symbols) and 20 days (shaded symbols) post-
fabrication. The JV curves represent measurements from forward to reverse bias at
two scan rates: 1.0 V/s (black) and 0.1 V/s (red). The PCE loss after 20 days is

summarized in (f).

5.4 Conclusions

This study has shown that the incorporation of controlled volumes of water into the
Pbl, precursor, similar to those expected due to inadvertent exposure of Pbl,/DMF
solutions to moist air, causes significant changes in the performance of sequentially
spin-coated perovskite devices. Contrary to recent publications, increasing concen-
trations of water are observed not only to reduce overall device performance, but
also to exaggerate the scan-rate and scan-directional dependent current-voltage hys-
teresis. We propose that the addition of water to the precursor solution results in
a larger population of mobile ions in the final perovskite film, which migrate under
bias, causing JV hysteresis. Surprisingly, the inclusion of water in the perovskite film

is also observed to stabilize long-term device performance. At best an approximately
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Table 5.2: Comparison of JV performance metrics for devices made with varying
moisture contents in the Pbl, precursor solution. Devices were measured before and
after 20 days storage in an argon glovebox.

[H20] (mol %) Voc (V) Jsc (mA/cm?2) PCE (%) FF
Day1 Day20 Dayl Day20 Day1l Day20 Day1l Day 20

0 0.998  0.995 16.8 11.4 12.7 8.8 0.76 0.77
1 0.949  0.916 17.2 17.1 10.8 9.8 0.66 0.63
2 0.878  0.865 9.5 9.5 5.4 5.1 0.65 0.61
4 0.894  0.845 14.6 14.1 8.3 6.8 0.63 0.57
6 0.917  0.861 12.8 12.7 8.0 6.9 0.68 0.63

9 % decrease in PCE was observed for a device with 1 mol% H,O after 20 days. In
comparison, a device fabricated from completely anhydrous precursors experienced
a loss in PCE of nearly 25 %. In addition, the PCE of the best 1 mol % H,O device
exceeded that of the best anhydrous device after 20 days. The suggested model for
ion migration must still be verified; and, the precise mechanism through which water
enhances long-term device stability is yet to be determined. Both issues should be

considered an important subject for further investigation.



Chapter 6

Conclusions and future work

6.1 Conclusions

Perovskite materials are widely considered to be the up-and-coming PV technology.
Of the many fabrication methods reported for perovskite thin-films, sequential-step
solution-processing projects the most promising avenue for further development. The
morphology control offered by sequential deposition, allows high-performance per-
ovskite solar cells to be achieved in multiple device structures and architectures.
Above all, the planar inverted device architecture, is currently the most environmen-
tally and economically sensible option, owing to is its simplicity, and low-temperature
processing requirements. Optimizing perovskite devices of this design would enable
the most facile transition to commercial mass-production techniques, assuming the
stability issues can be resolved.

Still, many facets of methylammonium lead halide perovskites must be under-
stood: among them, the effect of moisture on device performance and stability. The
results of this study imply that careful environmental control must be exercised in
order to achieve maximum photovoltaic performance. It is possible that the imme-
diate and dramatic effect of moisture on photovoltaic performance could contribute
to the wide variation of published efficiencies. While strict environmental control
may not always be possible, the precise fabrication environment should be diligently

reported.

6.2 Future work

The scope of this thesis has identified several unique and some unexpected behaviours
that merit further investigation.
In particular, Chapter 5: the impact of water on the formation and performance

of perovskite photovoltaics, bears several shortcomings in its present state. First

72
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and foremost, the water content in the final perovskite film was not quantified. It is
possible that the water incorporated into the Pbly precursor solutions was entirely
evaporated during the two hour annealing treatment at 100 °C, which was required to
convert the Pbly/MALI bilayer into crystalline perovskite. If this is true, then partially
hydrated MAPbDI3 perovskite phases cannot contribute to the observed transient be-
haviours as described in the suggested model of ion migration. X-ray photoelectron
spectroscopy may provide some enlightenment in this regard provided that the re-
maining HoO concentrations are within the instrumental detection limit (typically
one part per thousand). Another possibility would involve dissolving the perovskite

films to perform Karl Fischer titration.

This study would also benefit from a more conclusive identification of the pres-
ence and species of mobile ions, which would greatly influence the suggested model
describing transient behaviours. Although other authors have used techniques such
as energy-dispersive x-ray spectroscopy to identify element redistribution throughout
the perovskite film, it may be possible to obtain similar information through other
means [101]. In particular, it would be interesting to modify factors, other than
moisture content, which affect ion migration. For example, higher concentrations of
MALI in the final perovskite film may favour the migration of MA™ over I" ions, and
mimic the transient behaviours observed in hydrated perovskite devices. The use of
other organic cations should also exhibit different migration dynamics based on their
molecular weight. It is conceivable that smaller organic cations would migrate more
freely through the perovskite lattice leading to more rapid transient behaviours (i.e.
with shorter migration time constants), while larger organic cations should exhibit
slower transient effects. The formamidium cation (CH(NHz),") would be a sensible
starting point, as it is only slightly larger than the methylammonium cation, and has
been shown to demonstrate competitive performance to MAPbI3 perovskites [123].
Numerous other organic ammonium salts such as ethylammonium iodide are also
commercially available; although they have not been as extensively studied, they
would be natural follow-ups. Ion migration has been experimentally linked with
grain boundaries and defects [101]; therefore, it may also be of interest to perform
similar transient measurements on single crystal perovskites. If ion migration is the

only source contributing to the observed transient effects, single crystal perovskite
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devices should exhibit little to no transient behaviours.

A repeated study examining the incorporation of water into the MAT precursor so-
lution is another possible avenue of exploration. If the effects of water are manifested
only in the MAPDbI3 product, then results similar to those presented in Chapter 5
should be expected. It is likely, however, that water interacts more favourably with
one of the two perovskite precursors, especially given the high water solubility of
MAI. Experimental and theoretical evidence has also suggested hydrogen bonding
interactions between the MA™ cation and HoO [114,116]. It is therefore possible that
such a study may elicit more dramatic results than those presented here. The water
solubility of MAI would also enable a much larger range of water concentrations to
be easily studied in comparison to Pbl,, which has a very limited solubility in water.

Finally, a mechanism enabling the (surprising) enhancement of device stability
via water inclusion in the Pbly precursor solution has not been identified. Given that
long-term stability remains one of the greatest obstacles to perovskite photovoltaics,
this should be considered an important subject for further investigation. It is pos-
sible that slow water loss from the hydrated perovskite devices leads to improved
JV performance, counterbalancing the overall device degradation and causing an
apparent improvement to long-term stability. This postulate should be verified by
monitoring HyO evolution from the perovskite layer over time. Such a study could
be performed using techniques such as energy-dispersive x-ray spectroscopy or x-ray
photoelectron spectroscopy, assuming that the H,O concentrations in the perovskite
films remain within instrumental detection limits. Another possibility would involve

dissolving similarly prepared and aged perovskite films for Karl Fischer titration.
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