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Abstract
Organic-inorganic perovskite solar cells (PSCs) have shown enormous success in the past
decade, increasing in power conversion efficiency from ~4% in 2009 to >22%. One of the
critical properties that contributed to this success is “defect tolerance”: in organic-inorganic
perovskites, the majority of point defects with low formation energy are shallow, with energies
within or near the conduction or valence band. Defects with deep states, which act as electronic
traps, are expected to be much less common due to their high formation energies. In this thesis,
we demonstrate that, despite the preference for shallow defects, point defects play an integral
role in materials properties and PSC device performance.
We first study the role of point defects on nanoscale luminescence properties of inorganicorganic perovskites by using cathodoluminescence in scanning transmission electron
microscopy (STEM). By correlating local luminescence properties with compositional
variations using STEM, we demonstrate that iodide segregation induced by the electron beam
is correlated with a spatially-localized high-energy emission. Similar high-energy emission
has been observed in photoluminescence (PL) measurements for films made in the presence
of excess methyl ammonium iodide, demonstrating that the observed defect segregation is
3

relevant to practical device design.
Next, we study the effects of directional point defect segregation under an applied electric
field on current extraction from PSCs. Specifically, we use electron beam-induced current
measurements in a scanning electron microscope to measure the inhomogeneity in current
extraction before and after forward biasing the device. These measurements point to
preferential defect migration at extended defects and allow us identify low frequency
capacitive elements related to compensation of charged defect segregation under applied
biasing.
Finally, we directly track the migration of deep defects in PSCs through
photoluminescence mapping of laterally biased perovskite films. Removal of defect states by
mild voltage biasing results in over an order of magnitude increase in luminescence. Using
Monte Carlo simulations of defect drift and diffusion to model these time dependent
luminescence maps, we extract the mobility of these point defects and provide evidence of
grain boundary-mediated point defect migration. The work presented in this thesis
demonstrates the ways in which deep and shallow defects play a critical role in PSCs and
suggests that, despite their “defect tolerance,” the ultimate stability and performance of PSCs
will be dependent on either minimizing the presence of point defects in these materials or
inhibiting defect migration.

Thesis Supervisor: Silvija Gradečak
Title: Professor
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Chapter 1 : Introduction
Throughout human history, advancements in materials technologies have had a dramatic
impact on day-to-day life. Modern society has now entered the “digital age,” defined in large part
by development of sophisticated semiconductor technologies. Innovations based on semiconductor
materials have enabled unparalleled advancements in areas ranging from communication, to
transportation, to entertainment. While there have been great achievements leveraging the unique
properties of semiconductors to enable new technology, there remains a great deal of un-tapped
potential, both in novel applications of existing materials and the discovery of new materials with
unique properties.
In particular, novel semiconductor materials are positioned to facilitate dramatic change in
energy production in coming decades. The world’s dependence on fossil fuels for energy
production has led to significant changes in climate,1 as well as international conflict centered
around access to these natural resources. In efforts to slow the advance of climate change and
facilitate equitable access to energy, renewable forms of energy production have been gradually
gaining a significant share of the world’s electricity production, reaching 24% in 2016.2 While
wind and hydro power are currently the largest contributors to renewable energy, solar power –
based on semiconductor technology – outpaced their annual growth in capacity for energy
production in 2016 and is likely to play a key role in the future renewable energy landscape.2
In this chapter, the basic principles of semiconductors and their use in solar cell devices are
first introduced. We then discuss limitations to this energy resource to understand its potential to
impact the global energy market. Next, various solar cell technologies and materials are described,
noting the advantages and disadvantages to both current technologies and potential alternatives.
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The main part of this chapter is then dedicated to a specific class of materials for solar cell devices
that has seen tremendous growth in recent years: organic-inorganic perovskites. By discussing the
potential of this materials system, as well as important scientific challenges that impede its
commercialization, we will motivate the work discussed in the remainder of this thesis which aims
to address stability issues in organic-inorganic perovskite materials caused by mobile point defects.

Fundamentals of photovoltaic devices
1.1.1

Semiconductor materials

Photovoltaic (PV) devices, such as solar cells, are devices that convert energy from light into
electricity. PV devices are based on semiconductor materials, which are defined by an electronic
resistivity between that of metals and insulators (~10-2 to 109 ohm-cm).3 The majority of useful
properties attributed to semiconductors are a result of their electronic band structure. Electrons in
a bulk crystalline material have a set of “allowed” energies that form continuous bands separated
by forbidden energy levels, as a consequence of their periodic crystal lattice. In insulating
materials, all energy levels in a given band are either empty or filled with electrons whereas in
metals there are partially filled bands, allowing for electrons to move between states within a band.
Semiconductors, in contrast, have multiple bands which are partly filled/empty at room
temperature, and the ability for carriers to gain or lose energy to move between bands allows for
many of the interesting properties of these materials. (Figure 1-1) In semiconductors, the highest
mostly-filled energy band is called the valence band and the lowest mostly-empty energy band is
called the conduction band. The difference between the highest energy in the valence band and the
lowest energy in the conduction band is the band gap of the material.
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Figure 1-1. Energetic band filling of crystalline materials. (a) Band energies of insulators, metals
and semiconductors with grey shading indicating energy levels which are filled with electrons.
Insulators have only fully empty or filled bands, metals have partially filled bands (or overlapping
conduction and valence bands) and semiconductors have multiple partially filled bands separated
by a small (~0.2 – 10 eV) energy separation, allowing electrons to move between bands. (b)
Schematic of band filling in semiconductor materials, showing the Fermi distribution of electrons
centered around the Fermi level, EF. States far from the bottom of the conduction band are mostly
empty while those far from the top of the valence band are mostly filled. This distribution is highly
dependent on temperature and will be broadened at high temperatures and approach a step function
at low temperatures.
For semiconductor materials, the filling of allowed energy levels is defined by the material’s
Fermi level (𝐸𝐹 ) and temperature. The Fermi level is the highest occupied energy level at 0 K, and
the distribution of electrons across the available energy levels at a given temperature is given by
the Fermi-Dirac distribution:
𝑓𝐸 =

1
𝐸− 𝐸𝐹
1+ 𝑒 𝑘𝐵 𝑇

(1.1)

where 𝑓𝐸 is the probability that a state of energy 𝐸 is occupied by an electron, 𝐸𝐹 is the Fermi level
of the material, 𝑘𝐵 is the Boltzmann constant and 𝑇 is the temperature. As is evident from Eq. 1.1,
at 0 K, for an intrinsic semiconductor (a pure semiconductor with a Fermi level half-way between
the valence band edge and conduction band edge) the probability of finding an electron in the
conduction band goes to zero while the probability of finding an electron in any state in the valence
17

band goes to 1. Therefore, at 0 K these materials will act as insulators due to their completely
filled/empty valence and conduction bands. At room temperature, however, there will be some
non-zero probability of finding electrons in the conduction band and, by consequence, there will
be un-filled states in the valence band. These un-filled states are termed “holes” and the physics
that determines the movement of electrons can be applied analogously to these positively charged
electronic carriers.
By changing the concentration of electrons or holes in an intrinsic semiconductor, either by
intentional doping with foreign species or by the introduction of defects in the crystal lattice, the
Fermi level is shifted to reflect the distribution of charge carriers in the material. For example,
when phosphorus atoms are introduced into a silicon crystal lattice, there are excess electrons due
to the higher valence number of phosphorus atoms (which have one more valence electron than
silicon) (Figure 1-2). This addition of excess electrons is termed “n-type” doping and shifts the
Fermi level to higher energies, closer to the conduction band. By contrast, introducing atoms such
as boron leads to a deficit in electrons, termed “p-type” doping and the Fermi level is shifted
towards the valence band. In the next section, we will see how combinations of n- and p- type
doping can be used to form PV devices from semiconductor materials.

Figure 1-2. Semiconductor doping. Simple 2D silicon crystal lattice representation showing
silicon bonding and silicon crystal lattice with one silicon atom replaced with phosphorus,
contributing an extra electron due to its higher number of valence electrons.
18

1.1.2

P-N junction devices

The most common PV device is formed by combining n- and p-type materials to make a p-n
junction. In this section, we briefly discuss the formation of p-n homojunction devices (where the
p- and n-type materials are the same apart from doping) and how they can be used to generate
current under illumination.
When p-type and n-type materials are brought together, electrons move by diffusion from the
n-type material (where there is a high concentration of electrons) to the p-type material (where
there is a low concentration of electrons), and analogously, holes diffuse from the p-type material
into the n-type material. (Figure 1-3a) Since the original materials had zero net charge, the
migration of electrons from the n-type material and holes from the p-type material leave behind
positively and negatively charged ions respectively at the interface between them. This stationary
charge (termed “space charge”) builds up to form an electric field which resists further diffusion
of electrons and holes (Figure 1-3b). The movement of charged carriers by this electric field is
called drift, and a p-n junction reaches an equilibrium state when the magnitude of the drift current
is equal and opposite to that of the diffusion current (Figure 1-3c). At equilibrium, a depletion
region – in which excess electrons and holes have been removed from the n- and p-type materials,
respectively – forms at the interface between the two materials.
In many of the solar cell devices discussed later in this chapter, a p-i-n junction (where i stands
for intrinsic) is used in place of a p-n junction. The main difference between these two standard
types of devices is related to the depletion region; in a p-i-n junction, the depletion region generally
extends throughout the entire intrinsic region between the p- and n-type materials, resulting in a
much larger depletion region compared to a p-n junction.
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Figure 1-3. Schematic of p-n junction formation. Schematic shows the migration of charge
carriers by drift and diffusion as a p-n junction approaches equilibrium. The corresponding valence
(EV) and conduction (EC) band energies as well as the Fermi level (EF) in the two materials are
also represented.

Applying a voltage across a p-n (or p-i-n) junction device disturbs the achieved equilibrium by
increasing or decreasing the electric field at the interface between the materials. Under forward
bias, for example, the electric field decreases, resulting in a decrease in drift current and net current
in the direction of carrier diffusion. (Figure 1-4). In contrast, reverse biasing increases the electric
field at the interface, allowing net current in the direction of carrier drift. The current produced by
a given biasing voltage (V) is defined by the equation:
𝑞𝑉

𝐼 = 𝐼0 (𝑒 𝑘𝐵 𝑇 − 1)

(1.2)

where 𝑞 is the charge of the carriers, 𝑘𝐵 is the Boltzmann constant, 𝑇 is the temperature and 𝐼0 is
the saturation current. The saturation current results from the diffusion of minority carriers (holes
in n-type materials and electrons in p-type materials) into the depletion region. 𝐼0 is independent
of biasing voltage but is temperature dependent, since it is facilitated by the thermal generation of
electron-hole pairs in the materials. The reverse saturation current is given as:
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𝐷𝑝 𝑛𝑖2

𝐼0 = 𝑞𝐴 (√ 𝜏

𝑝

𝑁𝐷

𝐷 𝑛2

+ √ 𝜏 𝑛 𝑁𝑖 )
𝑛

𝐴

(1.3)

where 𝐴 is the area of the device, 𝐷𝑝 and 𝐷𝑛 are the diffusivity of holes and electrons respectively,
𝜏𝑝 and 𝜏𝑛 are the lifetimes of holes and electrons respectively, 𝑛𝑖 is the intrinsic carrier
concentration in the material, and 𝑁𝐷 and 𝑁𝐴 are the concentrations of electrons and holes in the
n-type and p-type materials, respectively.

Figure 1-4. Schematic of p-n junction under voltage biasing and illumination. (a) p-n junction
under reverse biasing generates current by the drift of carriers caused by the enhanced electric field
at the interface. (b) p-n junction under forward bias generates current by the diffusion of carriers
over the decreased barrier at the interface. (c) p-n junction under illumination has enhanced
minority carrier concentrations, causing increased drift of carriers.

The equilibrium state of a p-n (or p-i-n) junction device can also be disturbed by the injection
of carriers by incident light. When a semiconductor material is irradiated with light, electrons in
the valence band can be excited into the conduction band if the energy of the absorbed photons is
greater than or equal to band gap energy of the material. To allow for the absorption of solar
irradiation, PV devices are based on semiconductors whose band gaps are compatible with
absorption of most of the visible spectrum.
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Under illumination, there is an increased concentration of minority carriers (electrons in p-type
materials and holes in n-type materials) that can be collected as current. (Figure 1-4c) Carriers
created within the depletion region are collected by drift while those created outside the depletion
either recombine or diffuse to the depletion region to be collected. Since p-i-n junction devices
have an extended depletion region, this architecture is often used for solar cell devices to increase
the percentage of carriers generated by illumination that can be collected. The creation of excess
minority carriers under illumination leads to a modified equation for the current collection of a
device, given as:
𝑞𝑉

𝐼 = 𝐼𝐿 − 𝐼0 (𝑒 𝑘𝐵 𝑇 − 1)

(1.4)

where 𝐼𝐿 is the current generated by the carriers created by absorption of incident light. The
resulting power output from this photogenerated current is given as the product of the current (I)
and the voltage across the device. For a given solar cell, there will be a maximum power point,
which is the voltage at which this product (and therefore the power output) is maximized. In the
next section, we will see how measurements of current under varied voltage biasing under
illumination can be used to determine the maximum power output and overall quality of a PV
device. We will then discuss limitations to the efficiency of these devices both in terms of
theoretical and practical restrictions.

1.1.3

Current-voltage measurements

Figure 1-5a shows a typical current-voltage measurement for a theoretical solar cell in the dark
and under illumination, demonstrating the expected exponential dependence of current on applied
voltage (Eq. 1.4). Current-voltage measurements under illumination have three features of interest:
the current at short circuit (JSC), the voltage at open circuit (VOC), and the fill factor (FF). The fill
factor quantifies the shape and area of the curve in the fourth quadrant and is defined as:
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𝐹𝐹 =

𝑃𝑀

(1.5)

𝐽𝑆𝐶 𝑉𝑂𝐶

where 𝑃𝑀 is the maximum power output (the product of the current and voltage at the point on the
curve at which this value is maximized) (Figure 1-5b). The power conversion efficiency (PCE) of
a solar cell device, defined as the percentage of the input power, 𝑃𝑖𝑛 , which is output as usable
energy, is given by:
𝑃𝐶𝐸 =

𝐹𝐹∗𝐽𝑆𝐶 ∗𝑉𝑂𝐶
𝑃𝑖𝑛

𝑃

= 𝑃𝑀

𝑖𝑛

(1.6)

Under standard solar irradiation simulation conditions, the input power is 100 mW/cm2.

Figure 1-5. Typical current –voltage and power measurements for solar cell devices. (a) Currentvoltage curve in the dark (black) and under illumination (red) with device relevant parameters
(open-circuit voltage (VOC), short circuit current (JSC) and fill factor (FF)) indicated. (b) Device
power as a function of voltage.

In a perfect solar cell, the output power would equal the input power. However, in practice,
several sources of loss prevent solar cells from reaching 100% PCE. In the next section we will
discuss these loss mechanisms and how they inform materials selection and device optimization.
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1.1.4

Efficiency limitations

Before discussing the loss mechanisms of non-ideal solar cells, we first discuss a theoretical
upper bound on solar cell efficiency under ideal conditions. In 1961, Shockley and Queisser
introduced the concept of detailed balance for p-n junction solar cell efficiency, which calculates
the maximum solar cell efficiency under a number of assumptions.4 Two of the major assumptions
in this model are that all recombination is radiative and that all photons incident on the device with
energy greater than the bandgap of the material are absorbed and create one electron-hole pair.4
As is evident by the second assumption, the maximum theoretical efficiency of a solar cell will be
dependent on the band gap of the semiconductor material. As the band gap is decreased, more
photons will have the required energy to be absorbed and more electron-hole pairs will be created
in the device. However, the energy of charge carriers generated by absorbed photons will be
limited by the band gap of the material, as photons with energy greater than the band gap will
create electron–hole pairs that relax to the conduction band minimum and valence band maximum,
respectively, through thermal losses. The energy collected from a device will depend both on the
number of collected carriers (current) and the energy of those collected carriers (voltage) and there
exists an optimal band gap to balance these competing criteria. Taking into account losses from
only 1) black-body radiation, 2) radiative recombination, 3) spectrum losses and 4) impedance
matching (fill factor), the Schockley-Queisser limit estimates the maximum theoretical efficiency
for a single junction solar cell to be 33.7% for a material band gap of 1.34 eV.5
In reality, there are other factors that influence the efficiency of solar cell devices. First, the
Shockley-Quiesser limit assumes only radiative recombination, but defects and interfaces in solar
cell devices commonly serve as points of non-radiative recombination. The most prominent
sources of loss come from series resistance and shunt resistance. Figure 1-6 shows a basic circuit
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diagram for a solar cell device with series resistance and shunt resistance. As is evident from the
circuit diagram, series resistance captures the resistance to current flow through the diode while
shunt resistance is the resistance to current flow in alternate paths. Therefore, in an ideal device,
series resistance will be minimized while shunt resistance is maximized. To understand the
influence of these resistance terms on the current-voltage measurements discussed previously, Eq.
1.4 can be modified to include series resistance (𝑅𝑆 ) and shunt resistance (𝑅𝑆𝐻 ):
𝐼 = 𝐼𝐿 − 𝐼0 exp [

𝑞(𝑉+𝐼𝑅𝑆 )
𝑛𝑘𝑇

]−

𝑉+𝐼𝑅𝑆
𝑅𝑆𝐻

(1.7)

As is evident in Eq. 1.7, the total current, I increases with increased 𝑅𝑆𝐻 and with decreased 𝑅𝑆 .
There are a number of physical sources of increased series resistance, including interfacial
resistances and resistivity of each layer of the device stack. Shunt resistance can be decreased by
morphological imperfections, such as pinholes in device layers that lead to unintended contact
across non-adjacent layers of the device.

Figure 1-6. Circuit diagram for PV devices. Current from illumination (IL), series resistance (RS)
and shunt resistance (RSH) are indicated as well as the direction of current and voltage for which
power is produced from the device.

There have been many advances in overcoming limitations in non-ideal solar cells, facilitated
by improved material quality, optimized device interfaces and light trapping techniques.6 In the
next section, we will discuss the state of modern solar cells and compare the current leading
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technology with emerging solar cell technologies that offer promise to overcome many of the
remaining challenges to these devices.

Solar cell technologies
1.2.1

Conventional solar cell materials

The first practical solar cell for commercial use was created in Bell Labs in 1954 and was based
on silicon p-n junction technology.7 Since then, silicon solar cells have continued to dominate in
the field of solar cell technologies for over 60 years. Crystalline silicon solar cells made up 93%
percent of commercial solar cell production in 2016,8 and have a record efficiency of 25.8%.9 With
each year, the cost of silicon modules continues to drop and production continues to grow, although
solar cell technology still makes up less than 2% of global electricity production.8 Despite efforts
to make silicon solar cells thinner, these devices remain relatively thick, rigid and heavy. As a
result, the cost reduction of solar technology is largely limited by installation costs rather than
materials costs, and many applications that require flexible, light-weight or semi-transparent
devices are yet to be realized.
The required thickness of silicon solar cells is a consequence of silicon’s electronic band
structure. Silicon is an indirect band gap material, which means that absorption of photons can
only be achieved with the simultaneous absorption or emission of phonons. Practically, this
decreases silicon’s absorbance and therefore silicon solar cells must be made thicker than other
common PV materials to absorb an appreciable amount of incident solar irradiation. This limitation
of silicon opens up the possibility of finding replacement materials that could overcome the need
for heavy, rigid modules and facilitate a range of new applications for solar cell devices.
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1.2.2

Alternative materials

Although silicon continues to dominate the solar cell market, there are a number of promising
materials that offer potential for low cost, flexible, and light-weight devices. Figure 1-7 shows the
National Renewable Energy Laboratory’s (NREL’s) Best Research-Cell Efficiencies chart which
tracks the record research lab solar cell efficiencies for various solar cell technologies. For the
purposes of this thesis, we will only address single-junction solar cells, although many
advancements have been made in pushing the efficiency limits of solar cell devices through the
use of multiple junctions made from materials developed for single-junction solar cells.

Figure 1-7. National Renewable Energy Laboratory’s record of certified solar cell device
efficiencies over time, sorted by technology.9
As is evident from Figure 1-7, for the past 10 years gallium arsenide (GaAs) has held the
record for single-junction solar cell efficiency. However, traditional GaAs solar cells depend on a
thick substrate for epitaxial deposition, making them expensive and rigid. Advancements have
been made to “lift-off” GaAs thin film solar cells and reuse their substrates, however these
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processes have not yet been scaled to accommodate large-scale manufacturing.10–12 Thin film
technologies, such as cadmium telluride (CdTe), copper indium gallium diselenide (CIGS), and
hydrogenated amorphous silicon (a-Si:H) have reached commercialization but are limited by
toxicity (CdTe), scarcity of raw material (CdTe and CIGS), high temperature fabrication (CdTe)
or efficiency (a-Si:H).10 To address some of these concerns, there has been a push to find earth
abundant materials for high efficiency, inexpensive, and non-toxic solar cells. In this effort, several
classes of materials have emerged, each with their own set of benefits and limitations.
The class of “emerging” solar cell technologies includes: copper zinc tin sulfide (CZTS),
organic solar cells, dye sensitized solar cells (DSSCs), quantum dot (QD) solar cells, and organicinorganic perovskite solar cells (PSCs). CZTS devices are considered an earth abundant analog to
CIGS devices, however they are limited in efficiency by issues related to point defects.10,13 Organic
solar cells and DSSCs have the advantage of being made from earth abundant, non-toxic materials
and they are relatively easy to fabricate at low cost. However, both technologies suffer from
degradation under illumination and heating and have reached relatively low efficiency compared
to competing technologies.10,14,15 QD solar cells, typically made of inorganic lead or cadmium
chalcogenide materials, such as lead sulfide, are easy to fabricate at low cost with earth abundant
materials, but generally contain toxic components.16 Efficiencies and stability of QD solar cells
outperform organic solar cells and DSSCs; however, maximum efficiencies have only reached
13.4%, similar to that of a-Si:H.9
The most recent addition to the class of “emerging” solar cell technologies is organic-inorganic
perovskite solar cells. Named for their perovskite crystal structure, PSCs have shot up in efficiency
from ~3%17 to >22%9 in less than a decade. These solution-processable devices made from earth
abundant materials have received incredible interest due to their unprecedented rise in efficiency
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since their discovery in 2009.17,18 However, issues of stability and toxicity pose challenges to the
eventual commercialization of PSC devices. In the next section we will discuss the progress made
in this materials system and challenges that are the topic of current research efforts. Chapters 2-4
of this thesis will then focus on our work to better understand one of the fundamental limitations
to the stability and reliability of PSCs.

Organic-inorganic perovskite solar cells
As mentioned in the previous section, PSCs are the latest addition to the selection of possible
alternatives to silicon solar cells, and they have garnered incredible interest in the past decade due
to their high efficiency and easy processability. Companies such as Oxford Photovoltaics were
founded to commercialize perovskite solar cells as early as 2010, only one year after the first report
of solar cells based on PSC materials. In this section, we first give an overview of organicinorganic perovskite materials and their beneficial properties for solar cell applications. We then
discuss the architectures and fabrication methods used for PSCs and highlight the scalability of
common fabrication methods. Finally, we address remaining challenges to the commercialization
of PSCs, with a particular focus on instabilities that relate to the migration of point defects.

1.3.1

Organic-inorganic perovskite materials

The most common PSC material is methyl ammonium lead iodide (CH3NH3PbI3,) made up of
a methyl ammonium cation at the A site, lead at the B site and iodide at the X site of the ABX3
perovskite crystal structure (Figure 1-8). Perovskite materials used for solar applications are direct
band gap materials, with band gaps ranging from 1.2 eV to 2.3 eV.19,20 These materials demonstrate
strong absorption of visible light and have suitable electron and hole mobilities (on the order of
tens of cm2/V sec) for thin film PV applications.21 Additionally, PSC films are made from earth
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abundant materials and can be fabricated from simple solution processing techniques, enabling
inexpensive, scalable methods of device production.

Figure 1-8. Crystal structure of organic-inorganic perovskite materials. Components of the most
common organic-inorganic perovskite material (CH3NH3PbI3) are indicated with arrows to a
representative lattice site.22
PSCs can be made with perovskite materials of varied composition. In addition to iodide,
bromide and chloride have been used as the halide in PSC materials and halide modifications have
been found to change the band gap from around 1.53 eV for iodide based perovskites to 2.24 eV
for bromide based perovskites and 2.97 eV for chloride perovskites.18 Mixtures of chloride and
iodide in the precursors for perovskite films generally improve film morphology but have been
found to leave little to no chloride in the resulting film.23 In contrast, bromide/iodide hybrid films
have been successfully formed with a variety of compositions, allowing for continuous tuning of
the band gap between that of pure iodide perovskites and pure bromide perovskites.24 However,
segregation of iodide and bromide under illumination of perovskite films has limited the stable
compositions available for practical applications.25
In addition to modifying the halide in PSC materials, there have been efforts to substitute the
organic component. Combinations of methyl ammonium with formamidinium (CH(NH)2) have
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been used to tune electronic properties of organic-inorganic perovskite materials25 and cesium has
been used for all-inorganic perovskite materials as well as in combination with varied organic
components to enhance stability.26–28 The highest efficiency devices currently are made with a
combination of various cations and anions, with a common formulation consisting of formadidium
and methylammonium cations at the A site and iodide and bromide anions at the X site.29
Finally, there is great interest in replacing lead in these materials due to issues of toxicity.
Unfortunately, progress has been slow and a suitable replacement has not yet surfaced. Tin is the
most common substitute under investigation, but tin based devices have only reached a maximum
efficiency of ~8% and are extremely sensitive to oxygen due to the rapid oxidation of tin from its
2+ state to its 4+ state.30,31 Bismuth has also been considered as a possible alternative to lead, but
bismuth-based PSC devices have produced power conversion efficiencies of less than 1%.32,33
Devices made from mixed lead/tin perovskite materials have reached efficiencies as high as 15%34
but these materials do not overcome the concerns of using toxic materials in commercial solar cell
devices.
Understanding the precise role that composition plays in the efficiency and stability of organicinorganic perovskite solar cells is still under active investigation, but it has become clear that mixed
composition materials will continue to dominate in the highest performing devices. Additionally,
high performing, non-toxic perovskite materials have yet to be discovered and are likely to serve
as important directions for research as perovskite materials approach commercialization.

1.3.2

Device architectures and fabrication

The first PSCs, reported by Kojima et.al. in 2009, were based on DSSCs and consisted of
mesoporous TiO2 scaffolds decorated with nanoparticles of PSC material (Figure 1-9a).35 To
overcome stability issues related to the use of liquid electrolytes in these early devices, a small
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organic molecule material first used in dye-sensitized solar cells, 2,2',7,7'-Tetrakis-(N,N-di-4methoxyphenylamino)-9,9'-spirobifluorene (abbreviated Sprio-OMeTAD),36 was introduced as a
solid hole transport material for PSCs.37 Additionally, it was quickly discovered that electron and
hole mobilities in common PSC materials were high enough to facilitate thicker layers of PSC
material, up to a few hundred nanometers, allowing for increased absorption and carrier generation
(Figure 1-9b).38

Figure 1-9. Common organic-inorganic perovskite solar cell device architectures.
Further taking advantage of the beneficial electronic properties of PSC thin films, it was shown
that a mesoporous electron transport layer was not necessary for high performing devices.
Consequently, simpler and easier-to-process planar devices made from PSC thin films on compact
electron transport layers were introduced (Figure 1-9c).38,39 The most common device
architectures to date are n-i-p devices that consist of fluoride doped tin oxide (FTO),
compact/mesoporous TiO2, perovskite, Spiro-OMeTAD, and gold. In this architecture, light
incident on the FTO side of the device passes through the glass, FTO and TiO2 into the perovskite
material where most of the light is absorbed. Absorption of the incident light creates electrons and
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holes in the perovskite material, which then travel (primarily by drift) to the electron transport
layer (n-type TiO2) and the hole transport layer (p-type Spiro-OMeTAD), respectively, to be
collected (Figure 1-10). Multiple theoretical and experimental studies suggest that carriers in
organic-inorganic perovskite materials are most likely free carriers and not bound excitons, due to
their relatively low exciton binding energies, allowing for this treatment of PSCs as n-i-p junction
devices.40,41

Figure 1-10. Working mechanism of organic-inorganic perovskite solar cells. (a) Schematic of
planar PSC architecture showing direction of illumination and the generation and direction of
extraction of electrons and holes. (b) Flat-band diagram of a typical PSC device showing excitation
and collection of an electron hole pair. Energies are based on those for FTO, TiO2, CH3NH3PbI3,
Spiro-OMeTAD and gold for the transparent contact, electron transport layer (ETL), perovskite,
hole transport layer (HTL) and top contact layer respectively.
There are a number of notable limitations to the most common FTO/TiO2/Perovskite/SpiroOMeTAD/Au architecture that dominates the perovskite literature. Deposition of TiO2 requires a
high temperature annealing step (~400 – 500 oC) to achieve highly crystalline TiO2 and is therefore
not compatible with many substrates, such as those used in flexible solar cell devices. Additionally,
although synthesis of the perovskite material is inexpensive, Spiro-OMeTAD and gold are quite
costly, limiting the cost savings of these devices over their silicon counterparts. Therefore,
researchers have searched for alternative materials and architectures that could facilitate low cost,
33

flexible devices and scalable processing.
Inverted devices (p-i-n type) (Figure 1-9d), in which light enters the p-type hole transport layer
rather than the n-type electron transport layer as is the case in the traditional (n-i-p) architecture,
have shown promise in overcoming limitations of the traditional architecture, but are yet to reach
record efficiencies of their non-inverted counterparts. The most common inverted architecture
consists of indium tin oxide/poly(3,4-ethylenedioxythiophene) polystyrene sulfonate/Perovskite/
[6,6]-phenyl-C61-butyric acid methyl ester/Ca/Al (ITO/PEDOT:PSS/Perovskite/PCBM/Ca/Al).
These materials are deposited at low temperatures and are therefore compatible with temperature
sensitive flexible substrates, and use of a Ca/Al electrode removes the need for expensive gold
contacts. Recently, such inverted devices have reached 20.1%,42 suggesting that these inverted
devices could soon match the efficiencies of record n-i-p perovskite solar cells.
In addition to the architectures discussed above, many modifications to perovskite solar cell
architectures have been used to enhance device performance and stability. Inorganic materials,
such as copper iodide (CuI) and copper thiocyanide (CuSCN) have been used as inexpensive
replacements to Spiro-OMeTAD43,44 and SnO2 has shown great promise as a low temperature
alternative to TiO2 which has higher resistance to adverse effects related to ultraviolet (UV) light
irradiation (discussed further in the next section).45–47 In addition, a variety of passivation layers
have been incorporated into perovskite devices to enhance band alignment and passivate interfacial
defects.48,49
Fabrication of PSC devices is relatively straightforward, as many of the layers are deposited
by solution-based techniques. Given the variety of contacts and electron and hole transport layers,
we do not discuss details here regarding their deposition. Most of these layers are deposited by
either sputtering, spin-coating from solution or, in the case of metal contacts, thermal evaporation
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from pure metal sources. However, the specific method chosen for deposition of the perovskite
layer itself has proven critical to the resulting film quality and eventual scaling up of devices for
commercial applications.50
Organic-inorganic perovskite thin films are formed by combining an inorganic precursor (such
as lead iodide) and an organic precursor (such as methyl ammonium iodide) and allowing them to
react with mild heating (~100C). The first perovskite films were formed by mixing these
precursors together in solution and spin-coating the mixture onto a substrate to form a thin layer,
which was then annealed to drive off remaining solvent and to facilitate crystallization (Figure
1-11a).17 For better control over film morphology, the inorganic component is first deposited from
solution by spin-coating and this inorganic film is then reacted with the organic component either
by dipping the film in a solution of the organic material,51 by spin-coating a solution of the organic
material onto the inorganic thin film,52 or by reaction of the spin-coated inorganic film with the
organic component in vapor form (Figure 1-11b).35 Again, reaction and crystallization were
encouraged by annealing. Perovskite films have also been formed by co-evaporation of the solid
precursors or by roll-to-roll techniques such as slot-die coating or printing of perovskite “inks”
(Figure 1-11c,d), allowing for larger areas of highly uniform perovskite films.39,53,54 In addition
to this large variety of fabrication methods, solvent mixtures and atmospheric conditions were
tailored to optimize grain growth and control film quality.50,55 State-of-the-art perovskite films are
generally formed by a variation on the original mixed solution method (Figure 1-11a) in which an
anti-solvent of the precursors is dropped on the substrate during spin-coating to control grain
growth (Figure 1-11e),56 or by the two-step method shown in Figure 1-11b in which a solution of
organic cations is spin-coated onto the inorganic film.29
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Figure 1-11. Common fabrication methods for organic-inorganic perovskite materials. Methods
are shown using the standard precursors, lead iodide (PbI2) and methyl ammonium iodide (MAI)
but apply to perovskite materials of a variety of compositions.
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A corollary of the low-temperature, solution-based processing of perovskite materials is that
they are soluble in a wide variety of solvents and decompose at high temperatures. These
considerations limit the methods available for depositing subsequent device layers, which are
typically small molecules or polymers deposited at low temperature in solvents such as
chlorobenzene, in which the perovskite material is only moderately soluble. Additionally, the high
solubility of perovskite materials in common solvents and their sensitivity to heat make perovskite
films remarkably unstable under typical atmospheric conditions. In the next section, we will
discuss such environmental instabilities as well as other challenges which currently limit the
commercialization of PSCs.

1.3.3

Challenges

While PSCs have seen enormous success in recent years in terms of solar cell efficiency, the
commercialization of these materials will depend on researchers finding solutions to several key
challenges. Primarily, researchers studying PSC materials are faced with concerns of 1) toxicity,
due to the presence of lead in the most successful PSC materials, 2) stability to environmental
factors, such as moisture, oxygen, and heat, and 3) internal instabilities, which we will describe in
detail in the following section. The first of these issues, toxicity, was described previously in this
chapter in the context of compositional variations that have been explored to improve the
performance of PSCs. While lead-based perovskite materials are currently legally permitted for
use in solar cell technologies, due to an exemption that allows for the production of CdTe solar
cells, this exemption should not be relied upon in the long term.57 Unlike CdTe, PSC materials are
highly water soluble and are therefore considered a much greater public hazard with an uncertain
regulatory future.
PSC materials are also highly sensitive to a number of environmental factors leading to
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questions regarding their long-term reliability and stability. PSC materials are soluble in water and
have been show to quickly degrade in the presence of moisture in the air.58 Even in the absence of
moisture, exposure to oxygen during illumination can degrade PSC materials.59 Oxygen has been
found to diffuse into perovskite materials and form highly reactive superoxide species, facilitated
by the presence of halide vacancies.60 PSC devices have also been found to degrade under exposure
to UV irradiation, and researchers propose that this UV light degradation is due to interaction
between photogenerated holes and oxygen radicals at the surface of the TiO2 hole transport layer
commonly used in these devices.61
To overcome these instabilities, a number of methods of encapsulation both built into the
device architecture and in the form of external encapsulation have been proposed. Interfacial
layers, such as Al2O3 or moisture blocking hole transport layers, have been used within PSC
devices to protect the perovskite material from moisture and/or oxygen,62,63 and replacements for
the TiO2 electron transport layer, such as Al2O3, show signs of enhanced stability to UV
irradiation.61 External encapsulation with epoxy and glass slides has shown that although
protection from oxygen and moisture can prevent rapid degradation, internal sources of instability
must be addressed to achieve highly reliable and stable PSC devices on the time scales needed for
commercial applications.62
Internal instabilities are arguably one of the largest challenges to the commercialization of
PSCs. Soon after PSCs were first discovered, it was observed that current-voltage measurements
of these devices were dependent on scan direction (whether voltage was scanned from negative to
positive values or the reverse). This hysteresis (Figure 1-12) was found to be dependent on scan
speed, device architecture, material quality and surface passivation.64–66 Aside from its
implications for device stability, the observed dependence of device performance on previous
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biasing states allowed for flawed practices in device measurement, which inflated the reported
efficiencies achieved for these materials and raised questions regarding the best way to evaluate
the quality of PSC devices.67 Progress has been made in determining reproducible methods of
characterization and reporting requirements to discourage questionable measurement practices, but
the implications of this hysteresis for device stability and reliability motivate further investigation
into its causes.

Figure 1-12. Typical hysteresis in organic-inorganic perovskite solar cell current-voltage
measurement. Arrows indicate the scan direction, showing improved solar cell performance for
measurements taken by scanning from positive voltage to negative voltage.
There have been several mechanisms proposed as the source of this hysteresis. The most widely
explored explanations include: electronic trapping effects,68 ferroelectric effects,69–73 and the
migration of charged point defects (ion migration).74,75 Electronic trapping effects could come
from a number of sources, including trap filling and interfacial effects, however the timescale
expected for these electronic effects is shorter than the tens of seconds time scale associated with
current-voltage hysteresis.76 The possibility of ferroelectric effects, largely thought to be
associated with the rotation of methyl ammonium ions in the perovskite crystal lattice, has gained
significant attention, but evidence suggests that these effects are unlikely to be observed at room
temperature.71 Finally, the migration of charged point defects has been widely supported by a
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variety of different measurements and, while it is inconclusive if defect migration is the sole
contributor to hysteresis, it is widely accepted that charged point defects in organic-inorganic
perovskite materials are highly mobile and likely to affect the stability and electronic nature of
these devices.22,74,77–79 Additionally, the expected rate of point defect migration has also been
found to be consistent with the time scale of hysteresis.75
Chapters 2-4 of this thesis focus on our work towards understanding the role of point defects
in the optical and electronic properties of PSCs. In the next section, we therefore briefly review
the basics of point defects in crystalline semiconductors. We then discuss what is currently known
about the nature of point defect migration in PSC devices and its impact on the performance and
stability of these devices.

1.3.4

Point defects in crystalline semiconductors

There are three basic types of intrinsic point defects, shown in Figure 1-13. Vacancies (𝑉𝐴 ) are
unoccupied sites in which an atom (A) would be present in a perfect crystal. Interstitials (𝐴𝐼 ) are
sites with an atom which would be unoccupied in a perfect crystal. Finally, anti-site point defects
(𝐴𝐵 ) are defects in which atom A sits on a site intended for atom B. In all cases, the defect is
represented by the atomic symbol of the defect species (or V for vacancies) with a subscript
indicating the nature of the site on which the atom sits.
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Figure 1-13. Schematic of point defect types in crystalline materials.
Just as adding phosphorus atoms to a pure silicon lattice added excess electrons to the material,
many point defects have a charge associated with them. For example, an iodide vacancy
corresponds to the loss of one negatively charged iodide ion, leaving behind a positive charge:
𝑛𝑢𝑙𝑙 → 𝑉𝐼∙ + 𝐼 −
Here 𝑛𝑢𝑙𝑙 represents the perfect crystal lattice and the superscript dot above 𝑉𝐼 indicates a plus one
charge. In reality, many defects come in pairs, maintaining charge neutrality in the material (and
therefore causing no net doping). For example, Frenkel defects are a vacancy-interstitial pair in
which an atom is displaced to an interstitial position, leaving behind a vacancy. Schottky defects
are pairs of vacancies of opposite charge.
The formation and migration of point defects both require energy, defined as the formation
energy and energy of migration respectively. Point defects with lower formation energies are
generally expected in higher concentrations. Point defects are also associated with an energy level,
which is the energy of charge carriers that sit at the point defect site. Shallow point defects are
defined as having energy levels within about 3𝑘𝐵 𝑇 (where 𝑘𝐵 is the Boltzmann constant and T is
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temperature) of the valence band maximum or the conduction band minimum of the bulk material.
Deep defects, in contrast, have energy levels within the band gap of the bulk material, relatively
far from the conduction and valence band energies. As a result, deep defects often act as “trap
states” which prevent charge carriers from moving away from the defect site and facilitate carrier
recombination.
In many semiconductors, the energy of migration for charged point defects is high, and these
defects are considered relatively stationary in the material. In this case, the main effect of these
point defects is to act as non-radiative recombination centers (in the case of deep defects),
contribute charge carriers to the material (in the case of shallow defects which are not formed as
charge-neutral defect pairs) and to decrease charge carrier mobility through scattering effects. By
contrast, in organic-inorganic perovskite materials these defects are considered mobile, and the
migration of the point defects can have significant impacts on materials properties and device
performance.

1.3.5

Defect migration

As discussed in the previous section, there are three types of point defects that can be expected
in crystalline materials: vacancies, interstitials and anti-site defects. To understand which types of
point defects are relevant to PSC materials, Yin et.al. performed theoretical calculations of the
formation energy of possible point defects in the most common PSC material (CH3NH3PbI3) under
varied synthesis conditions.80 This study provided evidence that the defects with the lowest
formation energies (and therefore the most likely to occur) were those with shallow defect energy
levels (energy levels near the valence band or conduction band of the PSC material) (Figure
1-14).80 As a consequence, point defects in PSC materials largely do not act as trap states, which
helps explain the unexpectedly high carrier mobilities in these solution processed materials.
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Figure 1-14. Theoretical defect energies for possible point defects in CH3NH3PbI3. Reprinted
from Yin, W.-J., Shi, T. & Yan, Y. Unusual defect physics in CH3NH3PbI3 perovskite solar cell
absorber. Appl. Phys. Lett. 104, 63903 (2014), with the permission of AIP Publishing.
Although point defects in PSC materials are generally not considered trap states, their presence
has been shown to be highly detrimental to PSC devices due to their high mobility. Initial
investigations into the mobility of point defects in organic-inorganic perovskite materials were
motivated by knowledge of the high ionic mobilitiesa measured in oxide perovskites.22,81
Theoretical calculations by Eames et. al. found that iodide vacancies are expected to be particularly
mobile at room temperature, with an activation energy for migration of 0.6 eV.22 Ionic mobilities
in PSC materials from theoretical calculations and experimental measurements vary greatly78,79,82–
85

and have been estimated to be as high as 10-9 cm2/Vsec86 and as low as 10-12 cm2/Vsec.75 In

Chapter 4 of this thesis we will discuss results that illuminate possible causes for this variation in
measured and calculated mobility, but there remain many open questions regarding the type and
mobility of migrating point defects in PSC materials.

a

Note that in this thesis, mobile ions and mobile point defects both refer to charged migrating species in PSC materials
and language is selected to match the literature, which uses both terminologies depending on the context.
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Theoretical predictions of potentially high ionic mobilities in PSC materials are supported by
a large number of experimental results that point to the migration of charged point defects under
mild voltage biasing or illumination. Xiao et. al. demonstrated that PSC materials biased by lateral
electrodes generated photocurrent after removal of the biasing voltage, and that the direction of
the photocurrent was determined by the polarity of the previous biasing condition.87 They
hypothesized that migration of ions in the PSC material facilitated the formation of a p-n junction
by segregating positive and negative defects to opposite sides of the biased film. Since then,
researchers have observed evidence of local compositional changes74 and doping86 as well as low
frequency capacitance effects88 under voltage biasing and have attributed these results to the
migration of mobile ions. Additionally, compositional changes under illumination point to the
possibility of light-induced ion migration effects.89 This light-induced migration has been
associated with segregation of iodide and bromide in mixed halide perovskite materials and
temporary enhancements in PSC device performance under light soaking.25,89,90 It is largely
expected that the most mobile species are either iodide vacancies or methyl ammonium vacancies
(in methylammonium lead iodide), although which of these contributes most to observed hysteresis
effects is actively up for debate.74,86,91,92
Migration of point defects in PSCs is linked to several detrimental consequences. First, the
observed hysteresis in current-voltage measurements makes it difficult to accurately evaluate the
efficiency of these devices as they would perform in typical operating conditions. As the
distribution of defects is expected to be dependent on the history of a PSC device, variation in
device performance over time is expected, but not predictable, due to the complex ionic and
electronic processes involved. Additionally, migration of point defects has been linked to both
irreversible degradation of PSC devices under biasing due to ion interactions with interfacial
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layers, and reversible degradation, which is characterized by recovery after “resting” devices in
the dark with no biasing.92–94 Commercial solar cell devices are typically expected to maintain
close to maximum efficiency for decades, and the long term effects of ion migration on device
stability are still under investigation.
In this thesis, we explore the nature of these migrating point defects and the effect they have
on material quality and device performance. By understanding how these defects migrate and how
their migration affects device performance, researchers can reduce the effects of ion migration and
better predict device performance under inevitably varied operating conditions.

Thesis overview
In this thesis, we explore the effects of point defects and their migration on PSC materials and
devices. We first demonstrate that segregation of ions affects local luminescence properties of
perovskite thin films, correlating local composition with luminescence intensity and wavelength.
We then look at how current extraction in PSC devices is affected by ion migration across the
thickness of the perovskite film under voltage biasing, relating ionic and electronic effects to gain
a holistic picture of the changes PSC devices experience under voltage biasing. Finally, we
demonstrate methods to directly track the migration of charged point defects which act as trap
states and show that point defect migration takes place predominantly at grain boundaries,
providing a structural tuning knob to control the movement of point defects.
Specifically, in Chapter 2, we examine how the segregation of ions in perovskite thin films
affects local optical properties of these materials. Using cathodoluminescence (CL) in scanning
transmission electron microscopy (STEM), we demonstrate local variations in CL intensity under
the electron beam and correlate regions of high luminescence with dark STEM contrast. We then
relate these findings to compositional variations using energy dispersive x-ray spectroscopy (EDS)
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in STEM to show that areas with dark STEM contrast (which showed strong luminescence) have
increased iodide content relative to lead. Additionally, monochromatic CL-STEM reveals spectral
variations in perovskite thin films under electron beam exposure, and we propose that high energy
emission peaks which appear and subsequently blue-shift under the electron beam are due to beaminduced iodide migration.
In Chapter 3, we look at the effect of point defect (or ion) migration on current extraction in
PSC devices. We use electron beam-induced current (EBIC) measurements to map the local
current extraction in PSC devices before and after applying forward bias to the device for one
minute. Changes in local heterogeneity of current extraction after biasing suggest that point defects
have preferential pathways for migration, such as extended defects (ex. grain boundaries). By
tracking the decay of current enhancement following bias removal, as well as simultaneous dark
currents, we propose a model of cooperative ionic and electronic process under voltage biasing.
In Chapter 4, we examine the migration of point defects that act as electronic traps and
demonstrate methods for directly tracking the migration of these defects. Using
photoluminescence (PL) mapping of laterally biased perovskite thin films, we observe an
enhancement in PL which, with the support of Monte Carlo simulations of point defect migration,
we attribute to the removal of point defects from between the biased electrodes. By performing
these experiments on films of varied grain structure, we further support the importance of grain
boundary-mediated point defect migration, suggesting that varied point defect mobilities reported
in the literature could be due to differences in grain structure across studies.
In Chapter 5, we discuss the experimental methods used in Chapters 2-4 and finally in Chapter
6 we conclude this thesis by highlighting our main findings and suggesting directions for future
research to apply this work to the advancement of PSC devices.
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Chapter 2 : Impacts of Ion Segregation on Local
Optical Properties in Mixed Halide Perovskite
Films
This chapter is adapted with permission from:
Hentz, O., Zhao, Z. & Gradečak, S. Impacts of Ion Segregation on Local Optical Properties in
Mixed Halide Perovskite Films. Nano Lett. 16, 1485–1490 (2016). Copyright 2016 American
Chemical Society.

Abstract:
Despite the recent astronomical success of organic-inorganic perovskite solar cells (PSCs), the
source of microscale film inhomogeneities remains poorly understood. In this chapter, we study
CH3NH3PbI3 perovskite films using cathodoluminescence in scanning transmission electron
microscopy and show that localized regions with increased luminescence intensity correspond to
iodide-enriched regions. These observations constitute direct evidence that nanoscale
stoichiometric variations produce corresponding inhomogeneities in film luminescence intensity.
Moreover, we observe the emergence of high-energy transitions attributed to beam-induced iodide
segregation, which may mirror the effects of ion migration during PSC operation. Our results
demonstrate that such ion segregation can fundamentally change the local optical and
microstructural properties of organic-inorganic perovskite films in the course of normal device
operation and therefore address the observed complex and unpredictable behavior in PSC devices.
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Motivation
As mentioned in the introduction to this thesis, organic-inorganic perovskite solar cells (PSCs)
have recently garnered significant interest due to their high efficiencies,95–97 easy processability,98
and relatively inexpensive fabrication.99 Early attention focused on increased device efficiency via
novel fabrication methods,35,51,100 varied architectures,95,101,102 and material selection,103–106 but
frequently reported device instability and variability has motivated further research into the
fundamental optoelectronic properties of organic-inorganic perovskite materials.107–109,21 In
particular, maximizing radiative recombination is critical for reaching the thermodynamic
efficiency limits of solar cells and other optoelectronic devices,110 so understanding carrier
behavior in organic-inorganic perovskite materials is required for controlled improvement in the
stability, reliability, and scalability of organic-inorganic perovskite-based devices. To this end,
fluorescence microscopy of CH3NH3PbI3 films has revealed variations in luminescence intensity
between grains and strongly quenched luminescence at grain boundaries, suggesting that point
defect distribution is likely non-uniform across the film and offering a route to improvement
through targeted passivation of corresponding trap states.111 However, studies thus far have an
assumed focus on homogenous, stoichiometric CH3NH3PbI3 films without consideration of
possible nanoscale variations in local film chemistry that could result from point defect
segregation.
In this chapter, we study these local fluctuations using cathodoluminescence in scanning
transmission electron microscopy (CL-STEM) in combination with energy dispersive x-ray
spectroscopy (EDS), which enables us to directly correlate local microstructure, composition, and
optical properties in the CH3NH3PbI3 perovskite film with nanoscale resolution. This study reveals
that spatial luminescence intensity variations are directly related to iodide content fluctuations.
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Hence, the local stoichiometry of organic-inorganic perovskite films has a measurable impact on
radiative carrier recombination. Additionally, localized low-wavelength spectral features that
appear under electron beam illumination in cathodoluminescence in scanning electron microscopy
(CL-SEM) and CL-STEM are likely attributable to electron beam-induced iodide segregation.
Similar features can arise from ion migration during device operation and may impact device
figures of merit including the short circuit current (JSC), open circuit voltage (VOC), and
consequently power conversion efficiency.

Cathodoluminescence
Like photoluminescence, cathodoluminescence is light emission caused by the relaxation of
excited carriers in a sample. While PL measurements are based on carriers excited by incident
light, in CL measurements carriers are excited by the electron beam either in a scanning electron
microscope (SEM) or a scanning transmission electron microscope (STEM). In the case of
semiconductor samples, energy from the electron beam excites carriers from the conduction band
to the valence band, and the recombination of the resultant electrons and holes emits light with an
energy equal to the difference in the energy of the initial and final state of the electron (Figure
2-1a). This emitted light is then collected by a parabolic mirror which directs the light to either be
measured for its integrated intensity across wavelengths (parallel-detection mode) or sorted by
wavelength to give a spectrum of the light emitted from the sample (serial-detection mode) (Figure
2-1b). Since carriers are excited locally by the electron beam, scanning of the beam across a sample
of interest forms a map of the luminescence across the image. In parallel-detection mode, this
results in a panchromatic map of luminescence intensity (Figure 2-1c) while in serial-detection
mode this can be used to form a monochromatic map of the luminescence at a specific wavelength
of interest (Figure 2-1d). While quantitative CL measurements can be performed under ideal
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conditions, in this study we focus on relative CL across the sample of interest.

Figure 2-1. Schematic for cathodoluminescence and example output of parallel- and serialdetection modes. (a) Schematic of CL in STEM. (b) Band diagram showing the generation of light
from semiconductors excited by the electron beam. (c) Example panchromatic CL map measured
in parallel-detection mode. (d) Example CL spectrum and monochromatic CL map measured in
serial-detection mode.
The resolution of CL measurements will be determined by several factors. First, CL resolution
will be limited by the imaging resolution of the electron microscope, and therefore STEM-CL will
provide higher resolution than SEM-CL due to the high energy and small spot size of the STEM
electron beam and the thin samples used for STEM measurements. In addition, carriers generated
by the electron beam can diffuse in the material before recombining, and therefore the measured
luminescence will correspond not only to the excited region but to the area to which carriers have
diffused. Finally, for the STEM measurements the thickness of the material will affect resolution
as the interaction volume of the electron beam with the material will increase as the thickness of
the material increases.
CL is a particularly powerful technique in its ability to map luminescence on a nanoscale and
to correlate luminescence properties with structural properties of the sample measured with
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traditional electron microscopy. In this work, we leverage this capability by comparing local
luminescence properties with contrast in dark field STEM. Dark field STEM measures transmitted
electrons which have been scattered at high angles. Regions of the sample which are either thick
or contain heavy elements will result in more scattering and appear bright in dark field STEM,
while regions which are either thin or made up of lighter elements will appear dark. For samples
of uniform thickness, STEM contrast is therefore a good indicator of material composition.

Results
2.3.1

Cathodoluminescence of perovskite films

We investigated transmission electron microscopy (TEM) samples derived from the same
synthesis methods used for high-efficiency PSC devices. Highly efficient PSC devices have been
reported with the organic-inorganic perovskite film cast on ZnO (standard device architecture) and
PEDOT:PSS (inverted device architecture).105,112 Note that we used ZnO rather than the standard
TiO2 electron transport layer to avoid high temperature annealing which would damage the TEM
grid. To mimic these architectures and prepare device-relevant samples for TEM, PEDOT:PSS or
ZnO was spin-coated on carbon-supported copper TEM grids followed by spin-coating of a
mixture of 1:3 PbCl2:MAI to form the CH3NH3PbI3 directly on the grid. Identical films with a
nominal thickness of 350-400 nm were formed on ITO/glass substrates and showed X-ray
diffraction characteristic of CH3NH3PbI3 as well as strong bandgap photoluminescence centered
at 767 nm (Figure 2-2). Hence, the as-synthesized CH3NH3PbI3 films are comparable to those
used in high quality device fabrication.
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Figure 2-2. Characterization of CH3NH3PbI3 thin films on ITO glass. (a) SEM image of
CH3NH3PbI3 film on PEDOT:PSS on ITO glass. Scale bar is 5 µm. (b) PL and (c) XRD spectra
of the perovskite film with (110) and (220) reflections indicated. The asterisk marks trace PbI2 in
the film.
To maximize the CL yield, we first performed low temperature (93 K) panchromatic CLSTEM mapping. CL-STEM measurements were performed at an accelerating voltage of 120 kV
on a JEOL 2011 TEM equipped with a Gatan MONOCL3+ CL system, and the sample was cooled
52

using a liquid nitrogen-filled cryo-holder. Panchromatic images were obtained using a
photodetector that records the integrated CL intensity irrespective of the emission wavelength. All
CL experiments, unless noted otherwise, were performed on previously unexposed regions of the
sample to minimize possible electron beam-induced artifacts.
CL-STEM images of as-prepared CH3NH3PbI3 films show strong spatial variations in
luminescence intensity (Figure 2-3), consistent with previously reported fluorescence microscopy
measurements.111 In contrast to previous studies that attribute variations in luminescence solely to
high densities of trap states at surfaces and grain boundaries,113 we further correlate luminescence
intensity with local stoichiometric variations in film chemistry. By directly comparing
panchromatic CL maps to their corresponding dark field STEM images in various film regions
(Figure 2-3a,b), it can be observed that highly luminescent areas correspond to regions of darker
contrast in dark field STEM (Figure 2-3c,d). To obtain more direct evidence of the possible
relationship between CL and STEM contrast, we recorded multiple CL-STEM intensity line scans
in different regions of the sample. A representative result is shown in Figure 2-3c. All of the results
indicate a strong negative correlation between the STEM and CL brightness: high intensity
cathodoluminescence corresponds to a drop in the STEM contrast.
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Figure 2-3. Correlation between dark-field STEM contrast and local cathodoluminescence
intensity. (a) Dark-field STEM image of CH3NH3PbI3 film on ZnO and (b) the corresponding
panchromatic CL map show luminescence primarily from regions of darker STEM contrast. Scale
bar is 2 µm. (c) Intensity STEM (blue) and CL (red) line profiles recorded along the lines shown in
(a) and (b). (d) The negative correlation between STEM and CL brightness extracted point-by-point
from line scan profiles in (c).
Because the panchromatic CL images were recorded at 93 K, they are representative of the
low-temperature phase of the organic-inorganic perovskite material. The transition from the room
temperature to the low-temperature phase occurs at 160 K and entails a discontinuous tetragonalto-orthorhombic change in the symmetry of the unit cell accompanied by a doubling of the unit
cell volume.114 Notably, the stoichiometry of the unit cell in both phases remains constant. To
ensure that the observed properties are also present in the room temperature phase used in PSC
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devices, we performed room temperature CL measurements on the same samples, and these
qualitatively show the same CL-STEM anti-correlation (Figure 2-4). Hence, the observed
properties are characteristic of the CH3NH3PbI3 film and not specific to its low-temperature phase
or low-temperature carrier behavior.

Figure 2-4. Room temperature cathodoluminescence (CL) measurements. (a) Room temperature
dark-field STEM image and (b) panchromatic CL map show luminescence primarily from regions
with darker STEM contrast, consistent with low temperature measurements. (c) Plotting the STEM
intensity against the CL intensity in the indicated region of interest demonstrates a negative
correlation between STEM and CL brightness at room temperature (data points are binned by
STEM intensity value with error bar indicating standard deviation). Scale bar is 5 µm.

2.3.2

Composition measurements

As mentioned previously, the origin of contrast in dark field STEM images is primarily due to
mass - thickness variations; areas that are thicker and/or have higher average atomic number (Z)
appear brighter due to strong electron scattering. To avoid any thickness - variation effects and
focus on the chemical origin of the contrast in dark field STEM images, we performed EDS
measurements on areas of the sample that were uniform in thickness. EDS measurements were
performed at room temperature in a JEOL 2010F field emission TEM under an accelerating
voltage of 200 kV. As in the case of CL, all EDS scans were acquired on previously unexposed
regions of the sample to minimize possible beam-induced artifacts.
Using EDS, we measured the relative iodide content, defined as the fraction of iodide counts
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among iodide and lead counts, across different regions in these films. (As defined, this value does
not directly translate into the absolute atomic fraction of iodide.) EDS spectra show strong signal
from iodide and lead, but the residual chloride signal was not detectable (Figure 2-5), in agreement
with reports that most of the chloride is driven out of the film during the annealing step.115 We
therefore did not include chloride in our quantification of the film composition.

Figure 2-5. Raw EDS spectrum of the CH3NH3PbI3 film showing signal from lead, iodide, and
copper. Lead and iodide signal originate from the organic-inorganic perovskite film, whereas the
copper signal originates from the TEM grid. The chloride signal does not appear in the EDS
spectrum, indicating a negligible amount of residual chloride.
As shown in Figure 2-6a, point spectra taken in selected regions show increased iodide content
in areas of darker STEM contrast, in agreement with expectations based on Z-contrast. Although
the cross-sectional SEM imaging performed on a representative region of interest yielded a
measured sample thickness between 150-300 nm, the exact sample thickness in the areas
investigated using EDS was not known, so the iodide quantification cannot be considered exact.
To address this uncertainty, the nominal atomic percent iodide was recalculated at the
aforementioned points in Figure 2-6a, assuming a highly conservative range of sample thicknesses
between 150 - 600 nm. Across this entire thickness range, the iodide content was consistently
higher at the point of darker contrast with possible quantification uncertainty within 0.5 at. % (s.d.),
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re-emphasizing the conclusion that the compositional Z-contrast remains the dominant contrast
mechanism in the region of interest. To corroborate these point scans, EDS line scans were also
obtained to compare relative changes in iodide fraction with corresponding variations in STEM
contrast. As shown in Figure 2-6b,c, a line scan across a representative region of interest exhibits
a strong negative correlation between the STEM intensity and the relative iodide content. Other
regions show similar behavior and reinforce the negative correlation between dark field STEM
contrast and iodide content. We note here that there may be compositional variations in the zdirection, i.e. through the thickness of the sample, in addition to the observed lateral variations.
However, since the electron beam interacts with the entire thickness of the sample, the mass
contrast in the z-direction cannot be captured in EDS. Nonetheless, the anti-correlation between
STEM contrast and lateral variations in iodide content remains strong.
Taken together, these EDS and CL results show that areas with the strongest luminescence in
CL measurements have the highest iodide content. With strong iodide segregation, either increased
iodide enhances emission or defects associated with iodide deficiencies strongly quench emission.
In either case, it can be concluded that stoichiometric variations, such as those resulting from ion
migration/segregation, have a strong impact on the optical properties of these films and, by
extension, PSC device performance.
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Figure 2-6. Correlation between dark field STEM contrast and local composition. (a) Dark field
STEM image of CH3NH3PbI3 on PEDOT:PSS with white arrow indicating location of the EDS
line scan represented in (b). Accounting for only iodine and lead, positions labeled with (*) and
(+) have iodine atomic fraction of 0.802 and 0.835, respectively. Scale bar is 2 µm. (b) EDS line
scan tracking the fraction by counts of iodide relative to the combined counts of iodide and lead
(Gaussian smoothing applied), plotted as a function of the STEM intensity along this line. (c)
Relative fraction of iodide counts vs. STEM intensity at points along the line scan revealing a
negative correlation.

2.3.3

Spectral inhomogeneity

To further address the origin of the spatial non-uniformity observed in the CL intensity maps,
we next investigated the spectral characteristics of these perovskite films. Figure 2-7a-c show the
low temperature (93 K) CL spectrum, bright field STEM micrograph, and low temperature
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panchromatic CL image of the same region of a representative perovskite film. The CL spectrum
from the region (Figure 2-7a) shows two peaks centered at 730 nm and 593 nm. Monochromatic
CL images taken at 730 nm and 585 nm (Figure 2-7d,e) show that the longer wavelength emission
is spatially extended over the entire area of the film, while the shorter wavelength emission is
highly localized. To study these spectral inhomogeneities in more detail, CL spectra were taken
from multiple regions in a number of films, showing three general peak center locations: 585-600
nm, 640-650 nm, and 730-740 nm. The longest wavelength emission is consistently delocalized,
and we therefore attribute this 730-740 nm emission to the intrinsic bandgap emission of the low
temperature orthorhombic phase of the perovskite film,114 analogous to the room temperature
phase bandgap emission at 767 nm measured by PL (Figure 2-2b).
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Figure 2-7. Monochromatic cathodoluminescence of CH3NH3PbI3 films. (a) CL spectrum
obtained from CH3NH3PbI3 film (on ZnO) region shown in the bright field STEM image (b) and
the corresponding panchromatic CL map (c). Monochromatic CL images taken at (d) 730 nm and
(e) 585 nm marked in (a) reveal two distinct emission characteristics; a diffuse long wavelength
emission and a highly localized shorter wavelength emission. Scale bar is 10 µm.
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On the other hand, the emergence of shorter wavelength transitions in the spectrum is
unexpected in artifact-free CH3NH3PbI3 films. While transitions below the band gap energy are
often observed in the CL spectra of semiconductor materials due to defect states in the band gap,
higher energy transitions are atypical.116 Room temperature CL measurements also exhibit these
spectral features, albeit less pronounced, so such behavior is not specific to the low temperature
phase (Figure 2-8). The relative prominence of these spectral features at low temperatures suggests
they are unlikely to be an artifact of local electron beam-induced heating.117 Furthermore, their
emergence is not specific to samples prepared directly on TEM grids: continuous perovskite films
prepared on ITO/glass substrates (in the same way as they would be prepared for devices) and
mechanically transferred onto copper TEM grids showed similar spectral characteristics to
perovskite films deposited directly onto TEM grids. Hence, these spectral inhomogeneities do not
represent any temperature or synthesis-induced artifacts and the lower wavelength emissions can
likely be attributed to structural changes in the film induced by the electron beam.

Figure 2-8. Room temperature (298 K) CL-STEM spectra. Room temperature CL spectra from
CH3NH3PbI3 films on ZnO (a) and PEDOT:PSS (b) show the presence of high-energy spectral
features, albeit less pronounced than at low temperature (93 K). Hence, the presence of these highenergy features is independent of the collection temperature.
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To study the effects of electron beam illumination, a CH3NH3PbI3 film spun on ZnO/ITO/glass
was investigated using CL-SEM. CL-SEM measurements were recorded at 5 kV accelerating
voltage and 2 nA beam current using a JEOL-JXA-8200 Superprobe SEM equipped with a
cathodoluminescence attachment. The CH3NH3PbI3 film was exposed to a scanning electron probe
(5 kV, 2 nA) at room temperature while collecting CL spectra at 5 s intervals. In CL-SEM, the 2
nA beam current was rastered over an area of 720 µm2, yielding an electron dosage of 8.34 C/cm2
over 30 s. During PSC device operation, a typical current density of 20 mA/cm2 corresponds to an
electron dosage of 600 C/cm2 over 30 s, almost two orders of magnitude higher than the electron
beam, so any beam-induced structural changes may well be mirrored during device operation.

Figure 2-9. Time evolution of SEM CL spectra of CH3NH3PbI3 films on ZnO/ITO/glass taken in
5 s time intervals over 255 s. As indicated by the yellow arrows, the CL emission from the perovskite
band gap quenches and shows a slight blue shift with beam exposure (5 kV, 2 nA), while another
high-energy (lower wavelength) peak appears and blue shifts. Spectra are offset as a function of
exposure time.
The spectral time series shown in Figure 2-9 reveals a clear change in the emission
characteristics of the film upon extended exposure to the electron beam. In particular, the longest
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wavelength emission initially centered at 767 nm quenches and shifts by 10 nm over the course of
255 s, whereas a lower wavelength emission emerges after approximately 30 s, increases in
intensity, and blue-shifts to 660 nm. A CL-STEM spectral time series shows similarly continuous
changes in the relative positions and intensities of the high energy and bandgap emission peaks
(Figure 2-10). The continuous shift in the peak wavelength and intensity suggests corresponding
continuous changes in the structural characteristics of the organic-inorganic perovskite film. Due
to the low activation energy for the formation and migration of iodide-related defects in these
perovskite films,83 we propose that the observed spectral inhomogeneities result from electron
beam-activated formation and migration of iodide vacancies and/or interstitials. The subsequent
iodide redistribution creates iodide-enriched and iodide-deficient regions that give rise to local
high-energy emissions in the CH3NH3PbI3 film observed in our CL-STEM experiments.

Figure 2-10. Low temperature (93K) spectra from a CH3NH3PbI3 film on PEDOT:PSS showing
the change in peak intensity and position over about 30 minutes of beam exposure. While the band
gap peak shows quenching over time and a very small blue shift, the higher energy peak shows an
initial increase and then drops off, showing a significant blue shift between measurements.
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Discussion
Based on the positive correlation between iodide content and luminescence intensity, it is likely
that the strong, localized lower wavelength emissions originate from iodide-rich regions of the
film. There are several possible mechanisms for local bandgap changes linked to iodide content
and bonding characteristics. It has been shown that strain on the perovskite crystal structure can
result in band gap changes of the magnitude observed here,118 and in the case of enhanced iodide
segregation, iodide accumulation could cause strain in localized regions of the material. Changes
in the Pb-I-Pb bond angle, which could also potentially result from iodide accumulation producing
distortions in the lattice, can also cause such band gap widening.119 Pb-I-Pb bond angle distortions
have been linked to spatial and spectral photoluminescence changes similar to the
cathodoluminescence changes observed in this work and it is suspected that illumination may
cause a continuous transformation of CH3NH3PbI3 to PbI2 with the loss of MAI.120 Finally, it is
possible that damage from iodide accumulation precipitates the formation of lower dimensional
perovskite species, such as quantum dots or 2D sheets, which have been shown to have larger band
gaps due to quantum confinement.121 Though further studies are required to ascertain which of
these mechanisms are at work in our regions of interest, the correlation between relative iodide
content and CL inhomogeneities suggests that a structural redistribution of iodide has a noticeable
effect on both spatial and spectral luminescence characteristics.
It is well-studied that under device operation ion migration results in local compositional
variations in organic-inorganic perovskite materials,78,83 and these variations have been tied to
anomalous effects in devices, such as hysteresis under current-voltage measurements.76 The
majority of studies on the local optical properties of PSC materials continue to focus on mixed
halide materials due to the widely reported segregation of iodide and bromide under
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illumination.25,122–125 However, this work has shown that ion migration has significant effects on
optical properties even in single halide PSC materials. In this study, we provide evidence of a shift
in the band edge as well as the introduction of localized regions of large band gap material in single
halide PSC materials under current densities comparable to device operation conditions. Our
results could significantly affect both design and analysis of device operation, given that the
expected absorption and VOC may be meaningfully altered in these conditions. The emergence of
wide bandgap regions could create significant band bending effects that affect both the VOC and
charge transport.

Conclusions
In conclusion, local stoichiometric variations in iodide content have a significant impact on
luminescence and, therefore, carrier properties in CH3NH3PbI3 films. In particular, strongly
luminescent areas of the organic-inorganic perovskite film correlate with iodide-enriched regions.
Furthermore, these iodide-enriched regions are likely to exhibit inhomogeneous spectral
characteristics such as emission at energies higher than the bandgap. Given the ease of iodiderelated defect formation and migration in these organic-inorganic perovskite materials, it is likely
that these inhomogeneities arise from electron beam-activated iodide segregation and can be
extended to structurally similar organic-inorganic perovskite films. It is plausible that similar ion
redistribution may occur during normal device operation. Hence, our results strongly suggest that
iodide migration/segregation has a distinct effect on film carrier properties that should be taken
into account in the context of device performance and consistency. Continued investigation of the
effect of ion migration on the optical properties of PSC films will inform the development and
improve the consistency of future PSC devices.
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Chapter 3 : Effects of Voltage Biasing on
Current Extraction in Perovskite Solar Cells
This chapter is adapted with permission from Ref 126:
Hentz, O., Rekemeyer, P. H. & Gradečak, S. Effects of Voltage Biasing on Current Extraction
from Perovskite Solar Cells. Adv. Energy Mater. 1701378 (2018). Copyright 2018 John Wiley and
Sons.

Abstract:
It has been suggested that ion migration contributes to the commonly observed hysteresis in
the current-voltage measurements of PSCs, implying that the electronic and ionic properties of
PSCs are closely related and can be modulated by applied voltage bias. In this chapter, electron
beam-induced current (EBIC) is used to understand changes in the electronic properties of PSCs
under ion migration by directly mapping changes in local current extraction in organic-inorganic
PSCs under applied voltage. By combining EBIC mapping, standard current-voltage
measurements, and external quantum efficiency measurements, we show that between the two
potential roles that point defects play in device enhancement under voltage biasing, the effects
caused by defect-mediated ion migration outweigh the effects from the filling of trap states caused
by these defects. We also provide evidence for ion migration preferentially at local features such
as extended defects. The measured timescale of tens of seconds for migration across a full device
imply that ion migration contributes indirectly to the electronic capacitance of perovskite devices
through interface charging.
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Motivation
While notable efficiency gains have revealed the promising nature of PSCs, there has been a
significant need to develop an understanding of how PSC devices behave under typical operating
conditions.76,77,107,127,128 As discussed in Chapter 1, the current extracted from a PSC device is
dependent on its previous bias condition,129 which is observed as the hysteresis in current density
vs. voltage (JV) scans.66 Additionally, many devices achieve higher efficiency when held at open
circuit conditions before JV measurements for which capacitance currents,88 ferroelectric
effects,130 ion migration22 or electronic trap filling 68 have all been suggested as the possible causes.
There has become a growing evidence for the migration of ions across perovskite films in the
presence of an externally applied electric field,22,131–133 but there remain open questions regarding
the rate of this migration, the dominant paths of migration, the mechanisms though which ion
migration effects device efficiency and how this migration interacts with the other possible
contributors to hysteresis.75,77,133,134
In this chapter, we use plan-view electron beam-induced current (EBIC) measurements to map
current extraction at the sub-micron scale in PSC devices before and after applying forward bias,
allowing us to separate capacitance effects from changes in current extraction under electron beam
illumination. Our work reveals that point defects primarily contribute to the enhancement of device
efficiency by migrating (equivalently viewed as ion migration) to form an electric field across the
perovskite layer rather than through the filling of trap states formed by these defects. We also
provide evidence that the rate of ion migration is not uniform over the device area and is therefore
likely mediated by extended defects such as grain boundaries. Finally, we extract a rate for ion
migration across PSC devices and develop a model for the interacting ionic and electronic effects
involved in the pre-biasing of PSC devices.
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Electron beam-induced current
EBIC is an electron microscopy technique used to map current extraction from p-n junction
devices. In these measurements, the electron beam is used to excite carriers in the device and
current extracted from the device is measured as a function of beam position (Figure 3-1). Carriers
generated in the depletion region of the p-n junction can be collected by drift while carriers
generated outside of the depletion region can diffuse and be collected by drift if they do not
recombine before reaching the depletion region.

Figure 3-1. Electron beam-induced current schematics and current maps. (a) Schematic of crosssectional EBIC measurement in SEM. (b) Cross-sectional SEM image (top) of a PSC device and
corresponding EBIC map (bottom). (c) Schematic of plan-view EBIC measurement in SEM. (d)
Plan-view EBIC map of a PSC device.
There a two types of EBIC measurements, defined by the orientation of the electron beam with
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respect to the p-n junction interface. In cross-sectional EBIC measurements, the electron beam is
parallel with the junction interface and the beam is scanned across the layers of the device (Figure
3-1a). These measurements reveal the location of built-in electric fields in the device and can be
used to measure minority carrier diffusion lengths based on the drop-off in current extraction as
the beam is moved away from the active junction (Figure 3-1b). In this work, we primarily use
plan-view EBIC in which the electron beam is perpendicular to the p-n junction interface. In these
measurements, the electron beam travels through the top contact of the device to generate carriers
in the active layer (the perovskite material in our case) (Figure 3-1c). By scanning the electron
beam across an area of the device and measuring current extraction at each beam position, a map
of current extraction is obtained (Figure 3-1d). Such measurements have been used to map the
location of defects, such as dislocations, in traditional semiconductor devices.135
Plan-view measurements require relatively high accelerating voltages to penetrate deep into
the device and generate carriers in the active material. These measurements therefore have lower
resolution than cross-sectional EBIC measurements in which carriers can be generated close to the
surface of the sample (although surface recombination can affect quantitative EBIC measurements
in the cross-sectional geometry). The resolution of EBIC measurements will be limited by the
interaction volume of the beam with the active device layer, and this interaction volume can be
estimated by Monte Carlo simulations. In this work, we use CASINO136 to perform Monte Carlo
simulations and select a suitable accelerating voltage for our device architecture. Based on these
simulations, at 10 kV we can expect micron scale resolution and sufficient carrier generation in
the perovskite material (Figure 3-2).
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Figure 3-2 Monte Carlo simulations of electron beam interaction volume. Monte Carlo
simulations performed in the CASINO software for an accelerating voltage of (A) 5 kV and (B)
10 kV, demonstrating the interaction volume of the electron beam in a device of the form
FTO/TiO2/CH3NH3PbI3/Spiro-OMeTAD/Au.

Results
3.3.1

EBIC measurements on planar PSCs

Plan-view EBIC measurements were performed on a standard PSC device architecture, FTO/cTiO2/CH3NH3PbI3/Spiro-OMeTAD/Au (see Chapter 5: Methods for device fabrication details).
Pre-biased devices were held at 1.4 V for 60 s before the EBIC measurement. This biasing
condition was selected to ensure that the applied field was greater than the open circuit voltage,
the built-in field of the device at short circuit (see Figure 3-3 and Table 3.1 for a typical JV curve
and JV parameters before and after biasing).
Figure 3-4a shows an EBIC map of a device without bias and at various time points (3.5 – 300
s) after the pre-bias was applied. To prevent damage from the electron beam, each image was taken
at a pristine neighboring region of the sample. Multiple EBIC measurements indicate that the
device is relatively uniform, so differences in the measurements made of adjacent areas are
attributed to the experimental conditions (voltage biasing) rather than film variations. After pre71

biasing, the average EBIC extracted from the device increases compared to the pristine (non prebiased) device and then slowly decays. The improvement in current extraction in EBIC after prebiasing is in agreement with previously reported JV measurements76, as well as with the JV
measurements on our devices without the electron beam exposure (Figure 3-3). Our highresolution EBIC measurements are therefore comparable to the global JV measurements typically
used in literature.

Figure 3-3. Current-voltage scans for PSCs with no pre-biasing (red) and after pre-biasing (black).
Arrows indicate the scan direction for each curve.

Before Prebiasing
After Prebiasing

Scan
Direction
Forward

JSC
(mA/cm2)
15.0

VOC
(V)
0.86

FF

PCE

0.32

4.0

Reverse
Forward

18.3
17.1

0.94
0.91

0.47
0.36

8.0
5.7

Reverse

18.3

1.03

0.59

11.0

Table 3.1. Current-voltage scan parameters for measurements shown in Figure 3-3.
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In addition to the overall current increase, the EBIC measurements show that current extraction
profile is more localized after pre-biasing; the local root mean squared roughness of the EBIC
maps is at a maximum directly after biasing and quickly drops off (Figure 3-4b). This result
suggests that the process responsible for enhanced current extraction in the devices after prebiasing also increases heterogeneity in current extraction across the device.

Figure 3-4. Electron beam-induced current (EBIC) mapping before and after forward voltage
biasing. (a) Spatial mapping of current extraction from FTO/TiO2/CH3NH3PbI3/SpiroOMeTAD/Au devices under the electron beam before biasing and at various time points (indicated
for each image) after bias has been removed. Gaussian smoothing was applied to the images to
improve clarity. (b) Local root-mean-squared (RMS) roughness of EBIC maps after bias has been
removed with error bars representing the standard deviation across a set of images taken at the
same time point post-bias. The RMS values are normalized to the RMS value before the bias is
applied. Inset shows EBIC maps from (a) centered around their mean EBIC current (µ) to illustrate
differences in local RMS.

3.3.2

Current transients from EBIC measurements

To further understand the underlying processes responsible for this enhanced current extraction
after pre-biasing, we look at the time dependence of this improvement. The decay of the beaminduced current after it reaches the maximum follows an exponential decay with a time constant
of 62 ± 23 s. By comparison, an analogous measurement of the short-circuit current density (JSC)
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with 1-sun illumination at various time points after biasing showed a decay time constant of 25 ±
2 s (Figure 3-5a,b). The timescales for these two measurements are on the same order of magnitude
and likely share the same origin, whereas the small variations may be due to differences in
illumination conditions (electron beam vs. 1-sun) as well as the local (EBIC) vs. device (JSC) scale
of these measurements.

Figure 3-5. EBIC, photocurrent and dark current decays after forward voltage biasing. (a)
Normalized EBIC current after removing the applied bias, with error bars representing standard
deviation of current measurements taken at various areas on the same device. The data is fit with
an exponential fit with τ = 63 ± 23 s (b) Normalized short circuit photocurrent from a representative
device at various time points after removing the applied bias. The data is fit with an exponential
fit with τ = 25 ± 2 s. (c) EBIC current measured from quenched device regions after applied bias
was removed, as described in Methods. The data is fit with a double exponential decay with time
constants τ1 = 1.38 ± 0.01 s and τ2 = 5.3 ± 0.1 s (d) Dark short-circuit current density measured
after bias was removed from device in a nitrogen-filled glove box. The data is fit with a double
exponential decay with time constants τ1 = 1.6 ± 0.1 s and τ2 = 9.6 ± 0.2 s.
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Simultaneously with the EBIC current, we observe capacitance currents, i.e. currents
corresponding to a build-up of charge during biasing in the absence of an illumination source,
which is then discharged when the bias is removed (See Chapter 5 for measurement details). The
decay of the capacitance current after removing the bias could not be fit to a single exponential, so
a double exponential was used to capture the two time components of this decay, as shown in
Figure 3-5c. Additionally, to confirm that the observed capacitance current is not an artifact of the
EBIC measurements, Figure 3-5d shows a similar double exponential decay of short-circuit dark
current after pre-biasing, as measured in a nitrogen filled glovebox without exposure to an electron
beam or vacuum.
The first part of the capacitance current decay from the EBIC measurements decreases on a
time scale of 1.38 ± 0.01 s and corresponds to an integrated capacitive charge of (5.1 ± 1.2) 10-6
C/cm2 (see Appendix A for calculation details). The second component drops on a time scale of
5.3 ± 0.1 s with a capacitive charge of (7.1 ± 1.8) 10-6 C/cm2. We note the decay constant on the
order of 1 s as well an additional fast time component on the order of several microseconds were
reported previously127 for devices pre-biased at open circuit voltage (VOC) under 1 sun illumination,
but the longer 5-10 s decay was not indicated. The microsecond decay constant could not be
captured within the temporal resolution of our measurements.

3.3.3

Quantum efficiency enhancement after pre-biasing

Along with spatial and temporal variations in current extraction in response to forward biasing
above VOC, there are additional spectral changes in the current extracted under these conditions.
To measure these changes, we performed external quantum efficiency (EQE) measurements under
short-circuit conditions for devices with and without pre-biasing (Figure 3-6a). Because the EQE
measurement is intrinsically slow (~2 min acquisition for the full spectral range) compared to the
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relatively fast decay in pre-biasing effect, the EQE measurement for the pre-biased device was
taken as three overlapping slices of the wavelength range of interest. All scans start at 15 s postbiasing to avoid the capacitance effects observed in the first 10 s. As these separate scans showed
agreement at the overlapping wavelengths, we are accounting for the effect of the time decay and
observing the real post-bias EQE spectrum. The integrated short-circuit current density calculated
from EQE measurements before and after pre-biasing differ by about 2 mA/cm2, which is greater
than the increase in short circuit current observed in our JV measurements of the same device
(Figure 3-3). However, EQE measurements are not subject to hysteresis effects since they are
measured at short circuit, and we believe this accounts for the difference between these two
measurements.

Figure 3-6. External quantum efficiency and cross-sectional EBIC measurements. (a) External
quantum efficiency (EQE) spectra of a CH3NH3PbI3 device before (black) and after (red) prebiasing at 1.4 V for 60 s. Cumulative photocurrent densities calculated by integrating the EQE
spectra are indicated with the dashed lines. The shaded region indicates the difference in EQE
before and after biasing and the black arrows indicate the direction of this change. (b) Secondaryelectron image and EBIC map of a cross-section from a CH3NH3PbI3 device before pre-biasing
condition shows that the built-in electric field is strongest at the interface between the perovskite
layer and the electron transport layer (TiO2).

Figure 3-6a shows that the intensity of the EQE spectra is greater in the pre-biased samples
across all wavelengths, but the enhancement is largest at longer wavelengths, which are absorbed
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near the Spiro-OMeTAD interface. To determine where the majority of current extraction occurs
in our device, we measured EBIC in a cross-sectional sample without pre-biasing (Figure 3-6b)
and observed that current extraction is stronger near the TiO2 interface than at the Spiro-OMeTAD
interface, in agreement with a previous report by Edri et.al.137 This result implies that there is a
stronger built in electric field at the TiO2 interface compared with the Spiro-OMeTAD interface
and suggests that the increase in EQE at the Spiro-OMeTAD interface after biasing may be due to
an increase in the originally weak electric field there. The difference in the field strength at these
two interfaces is further supported by intensity dependent measurements of JSC that show a slight
non-linear dependence on light intensity, indicative of unbalanced election and hole extraction
(Figure 3-7).

Figure 3-7. Light intensity dependent short circuit current density. The short circuit current density
shows a non-linear dependence on the illumination power. There is a slight improvement in the
linearity of this dependence after pre-biasing (black) as compared to before pre-biasing (red).
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Discussion
3.4.1

Spatial distribution of EBIC current

In order to understand these observations, we consider previously proposed mechanisms for
the dependence of device performance on previous biasing state: capacitance currents, ferroelectric
effects, and point-defect-mediated effects such as ion segregation to the interfaces causing a
temporary electric field or electronic trap filling. We first observe that the magnitude of the
capacitance currents is small compared to the increase in photocurrent after pre-biasing and
therefore capacitance currents cannot fully explain device changes after applied bias.
Furthermore, the observed increase of the root mean squared (RMS) variation in the EBIC
maps with biasing (Figure 3-4b) is inconsistent with trap-filling.68,89 Similarly to our EBIC
measurements, local optical and open circuit voltage properties of polycrystalline perovskite films
– like those used in this study – are heterogeneous on the microscopic scale111,128,138, which has
been attributed to an unequal distribution of electronic trap states.139 We therefore interpret the
heterogeneity of our EBIC maps to be related to heterogeneous distribution of trap states across
the device. If voltage biasing were to result in the filling of the trap states, we would expect the
highest relative EBIC improvement with biasing in areas with initially high density of trap states
(dark regions), resulting in more homogeneous distribution of EBIC across the device. In contrast,
current extraction becomes more localized after pre-biasing (Figure 3-4b). This result suggests
that the role of point defects in the improvement in device efficiency with biasing likely does not
come from the quenching of trap states but rather their segregation at the interfaces, causing a
temporary electric field across the device.
Since the applied electric field is uniform across the device, it is expected that charged point
defects will generally migrate parallel to the field and there should be little change to their relative
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distribution, as reflected in the trap state distribution. However, in the case of preferential
migration at local features such as extended defects (e.g. grain boundaries), point defects will be
more localized at these features directly after biasing. After the bias is removed, point defects are
expected to redistribute by diffusion. The enhanced localization of current extraction after voltage
biasing and its subsequent relaxation (Figure 3-4b) points to the possibility that the rate of defect
migration (and therefore ion migration) is not uniform over the device area and is instead mediated
by local features such as grain boundaries or other extended defects.

3.4.2

Current decay kinetics

We can obtain more detailed information about the processes that occur as a consequence of
the ion migration by looking at the relaxation that occurs after the voltage bias is removed. From
the time-dependent EBIC studies described above, we observed three rate constants that capture
the relaxation dynamics of PSCs after pre-biasing. The first is in the photocurrent that has a time
scale of 25-60 s. The other two rate constants, 5 -10 s and 1.5 s, occur in the absence of light or
electron beam illumination. We argue here that the relatively slow decay in photocurrent is a result
of an electric field caused by ion migration across the device22 (Figure 3-8). Although ion
migration is characteristically too fast to occur on this time scale, it has been suggested that an
interfering mechanism, such as surface trapping of ions, can explain the extended time scale.140
We propose that the build-up of ions at the front and back of the perovskite film upon biasing
introduces a metastable state due to electrostatic attraction with charges in the adjacent TiO2 or
Spiro-OMeTAD, and as a result, causes a delayed migration of the ions across the film after the
bias is removed.
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Figure 3-8. Representation of charge and ion accumulation in PSCs after removal of forward bias.
Arrows represent the (1) discharge of trapped electronic carriers (τ ≈ 1 s), (2) release of charges
electrostatically attracted to ions in the perovskite film (τ ≈ 5 s), and (3) the movement of mobile
ions/ionic defects across the perovskite film (τ ≈ 30 s). Here the electron transport layer (ETL) is
TiO2 and the hole transport layer (HTL) is Spiro-OMeTAD.

In support of this explanation, we observed that with pre-biasing as short as 1 s there is an
improvement in current extraction in the devices and that the decay time for this effect is longer
than the biasing itself (Figure 3-9). In fact, for biasing times of 1, 3 and 10 s, the decay constant
is around 10 s. The extended decay constant after brief pre-biasing suggests that there is a
stabilization of the post-bias state. In contrast, if the same device is biased for 60 s, the decay
constant is about 25 s. Having a decay constant shorter than the biasing time for longer pre-biasing
suggests that most of the mobile ions move across the device in less than 60 s.
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Figure 3-9. Normalized short circuit photocurrent decay after removing removal of forward bias
with various pre-biasing durations. The device was biased at 1.4 V for 1 s (red squares), 3 s (blue
squares), 10 s (green squares) or 60 s (black squares) before the measurements. Data was fitted
with a single exponential decay with time constants τ = 10.0 ± 1.8 s, 10.5 ± 1.4, 10.2 ± 1.3, and
24.6 ± 1.7 for the 1 s, 3 s, 10 s, and 60 s pre-biasing durations, respectively.

3.4.3

Capacitance currents

To explain the shorter capacitance decay timescales that we observed, we note that in the case
of ion segregation at the charge-selective interfaces under forward biasing conditions, we would
expect capacitance currents corresponding to both trapped charges from band bending and the
charges that stabilize the ions at these interfaces (Figure 3-8).88,141 Assuming that the starting
voltage across the device at the time of the decay is on the order of 1 V, the capacitances that apply
to both the 1 s and 5-10 s decay are on the order of 5 µF/cm2 and 7 µF/cm2, respectively, which
agree with literature values for low-frequency capacitance.88,142 We suggest that the shortest time
scale (τ = 1 s) corresponds to the trapped charges from band bending at the charge selective
interfaces. The longer time scale then corresponds to ion migration away from the interfaces and
the concurrent release of the stabilization charges (Figure 3-8).
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To understand the expected timescale of the release of carriers trapped at the charge selective
interfaces by band bending, we treat these interface regions as deep traps. The energy barrier is
then defined by the change in Fermi energy at the charge selective interface due to the build-up of
charge and is given by:
𝑛

𝛥𝐸 = 𝐸𝐹 − 𝐸𝑖 = −𝑘𝐵 𝑇 ln (𝑛 )
𝑖

(3.1)

where 𝛥𝐸 is the difference in the Fermi energy in the bulk of the perovskite film (𝐸𝑖 ) and the
interface ( 𝐸𝐹 ), 𝑘𝐵 is the Boltzmann constant, 𝑇 is the temperature, 𝑛 is the concentration of carriers
at the interface and 𝑛𝑖 is the concentration of carriers in the bulk. This energy barrier can then be
used to determine the expected rate of escape for carriers trapped at the interface using an equation
for the rate of escape from traps (𝑘𝑒 ) with energy barrier 𝛥𝐸, calculated in equation (3.1):
𝑘𝑒 = 𝜈0 𝑒 −𝛥𝐸/𝑘𝐵 𝑇

(3.2)

where 𝜈0 is the attempt-to-escape frequency. The resulting rate is highly dependent on the relative
concentration of defects in the bulk vs. at the interfaces. Based on calculations included in
Appendix A, we find that the observed time constant of 1.1 s is consistent with interface trapping
of the majority of defects and a correspondingly low defect concentration in the bulk material
(estimated based on that observed for organic-inorganic perovskite single crystals143).
For the longer time component of the capacitance, we look to the ion mobility reported in the
literature. Although these values vary over several orders of magnitude, there is some agreement
that the mobility is in the range of 510-11 - 10-9 cm2/V s.22,78,79,82–85,144 Under a 1 V voltage drop
over the film, this would result in a migration of 14 - 280 nm/s and ions would take an average of
2-25 s to move across the 350 nm thick device.
Based on the long time scale of the EBIC current, we suggested that the time required for ions
to migrate across the device would be extended (25-60 s) due to stabilization of the ions at the
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electron and hole transport layer interfaces by electrostatic attraction to charges built up in these
interface layers. If the slower capacitance current corresponds to the release of the charges that
stabilize the ions at these interfaces, the 5-10 s rate constant should only correspond to the ions
moving far enough from the interface to release this stabilization charge. This is therefore
consistent with the longer time scale for migration of ions across the full width of the device.

3.4.4

EQE measurements

Attributing the tens of seconds decay in device performance enhancement after biasing to the
formation of an electric field across the perovskite material due to ion segregation also explains
the observed increase in EQE and the particularly large enhancement at long wavelengths. From
the cross-sectional EBIC measurements, we observed that the built-in electric field in the PSC
before biasing was stronger near the electron transport layer as opposed to the hole transport layer
(Figure 3-6b). In the presence of an additional electric field across the entire perovskite layer, we
would therefore expect particular enhancement in current extraction for carriers generated near the
hole transport layer where the field was initially weak. This is in agreement with the observation
that longer wavelengths showed a larger improvement in extraction after biasing, since these
wavelengths would be absorbed deeper into the device, closer to the hole transport layer. These
measurements were made 15 s after biasing, and therefore provide further evidence that the
observed ion migration occurs on a time scale of tens of seconds.

Conclusions
In this chapter we provide insights into the mechanisms and effects of ion migration in planar
PSCs based on detailed EBIC measurements. Our study suggests that ion migration plays an
integral role in both the polarization of PSCs under biased conditions and the observed low83

frequency capacitance, and supports claims that the ion migration occurs on relatively long
timescales. We demonstrate that the role of point defects in device improvement is not dominated
by a trap-filling effect but rather by ion segregation at the interfaces and that migration likely
occurs at grain boundaries or is otherwise not uniform in rate across PSC devices. While Chapter
2 demonstrated the role of point defects in local materials properties, this chapter demonstrates
that the effects of ion migration are relevant to device performance both locally and across the full
device. The holistic perspective taken in this work, taking into account both electronic and ionic
effects, will be important for future research to fully understand the complicated role of point
defects in the operating mechanisms of PSC devices.
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Chapter 4 : Visualizing Non-Radiative
Mobile Defects in Organic-Inorganic
Perovskite Materials
Abstract:
In the previous chapters we established the critical role of point defect migration in materials
properties and device performance. In order to improve device stability and reliability, it is
therefore necessary to establish methods that can reliably measure the mobility of these point
defects and to identify factors which influence their migration. In this chapter, we focus on point
defects that serve as non-radiative recombination centers, and demonstrate a simple method for
identifying the charge and mobility of these point defects in perovskite materials. We use
photoluminescence mapping of laterally biased perovskite films to track changes in non-radiative
recombination with time as charge-trapping defects are removed from the region between the
device electrodes. In addition, measurements on materials with varied grain size support claims
that grain boundaries are regions of increased point defect mobility. These findings show that large
grains or single crystal materials are expected to inhibit point defect migration and suggest that
grain morphology can be used to control point defect migration. The methods used in this chapter
can be applied to the wide range of perovskite materials to measure the mobility of charge-trapping
point defects in state-of-the-art perovskite materials and search for materials or processing
methods with reduced ionic mobilities.
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Motivation
Chapters 2 and 3 of this thesis have illustrated the significant impact that mobile point defects
have on PSC materials and device properties, highlighting the importance of identifying and
eliminating these effects before the commercialization of PSCs. While it has become increasingly
accepted that charged point defects (or ions) migrate in perovskite materials under illumination or
voltage biasing,22,87,132,138 the nature of these mobile species in terms of their mobility, energy
levels, and charge is not well understood. In recent years, lateral device structures (in which both
electrodes are on the same side of the perovskite film, spaced by 100s of microns) (Figure 4-1a)
have been used to study the nature of migrating point defects. Using this approach, the existence
of mobile ions has been demonstrated,87 and the effects of point defect migration in perovskite thin
films have been investigated by tracking compositional changes, doping effects, and
degradation.91,144,145 There is active debate over which ions are most mobile in PSC films, and
lateral device measurements have provided evidence for the migration of both methylammonium
and of iodide ions. Most recently, an unusual increase in luminescence of CH3NH3Br3 single
crystals at the cathode of lateral devices was correlated with an increase in bromide at this
electrode.146 Despite the breadth of information revealed using lateral perovskite devices, the
effects of point defect migration observed in these measurements have been convoluted with
changes due to degradation, motivating the development of methods which can control for external
degradation sources.
In this chapter, we present an approach that enables direct tracking of mobile non-radiative
point defects in PSC materials, from which their mobility and charge can be determined, and we
identify film properties correlated with increased (or decreased) rate of migration. The
measurements are based on time-dependent photoluminescence (PL) mapping of polycrystalline
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films of varied morphology in a laterally biased geometry. We demonstrate that in the absence of
external sources of degradation, removal of point defects with biasing below that experienced in
typical device operation can cause local, time-dependent enhancement in PL. In controlling for
film degradation, we also reveal adverse effects of metal migration into PSC films and identify
chromium as a proper electrode material for the lateral biasing measurements. We further correlate
the spatio-temporal evolution of PL intensity to defect charge and mobility through Monte Carlo
simulations of defect migration by drift and diffusion. Finally, we demonstrate the role of grain
morphology in point defect migration by providing evidence for enhanced point defect mobility at
grain boundaries.

Photoluminescence mapping of lateral devices
4.2.1

Measurement set-up

To study changes in radiative recombination under lateral voltage biasing, we developed a
system for PL mapping over regions that are hundreds of microns in size and with ~5 µm resolution
(Figure 4-1). CH3NH3PbI3 films were deposited on gold or chromium lateral electrodes spaced by
150 – 200 µm, with 12 V biasing across the electrodes (Figure 4-1a, also see Chapter 5 for details
on sample fabrication). As shown in Figure 4-1b, samples were illuminated with a 450 nm light
emitting diode (LED), focused to a spot size of ~200 µm using a 10 microscope objective. The
resulting luminescence and back-reflected light were then passed through a 600 nm long pass filter
to isolate bandgap energy luminescence and to remove any contribution from light reflection. The
luminescence was then focused on the entrance slit of the spectrometer (set in the non-dispersive
mode), followed by a charge coupled device, thus forming a PL image of the illuminated region.
PL images were obtained using 1-10 s exposure time, and this relatively short illumination is not
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expected to affect the observed luminescence through light soaking effects.89,90 Additionally, as
only luminescence above 600 nm is detected, contributions from lead iodide (expected around
510-590 nm147) were eliminated before reaching the spectrometer, as confirmed by using
spectrometer in the dispersive mode.

Figure 4-1. Schematic of (a) sample configuration used for PL mapping experiments under applied
voltage bias and (b) photoluminescence mapping set-up.

4.2.2

Controlling for degradation

To control for damage from external sources such as moisture and oxygen and eliminate
potential degradation pathways, lateral biasing measurements were tested under a range of
conditions. We independently varied biasing atmosphere (ambient or nitrogen), tested the use of a
poly(methyl methacrylate) (PMMA) capping layer to seal the film, and used two electrode
materials: gold or chromium. Samples biased with gold contacts – even when sealed with PMMA
– showed PL enhancement, but also obvious evidence of degradation Figure 4-2a, likely due to
migration of gold into the perovskite film. Gold has been shown to migrate through the electron
transport layer of full PSC devices and into the perovskite layer under voltage biasing. 94 As the
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degradation in organic-inorganic perovskite films has been shown to propagate from damaged
regions,120 damage from small amounts of gold migration could potentially result in accelerated
degradation across the entire film. Thus, to get a fundamental understanding of PSCs, we used
chromium electrodes, which do not interact (diffuse)94 with the perovskite films.

Figure 4-2. PL maps of laterally biased perovskite films under varied conditions. Images are
normalized by the luminescence intensity of unbiased regions of the same film. (a) Films biased
with gold contacts and encapsulated with PMMA. (b) Films biased with chromium contacts and
exposed to inert or ambient conditions during biasing with no encapsulation. (c) Films biased with
chromium contacts and encapsulated with PMMA, showing a strong increase in luminescence
between the electrodes. For all films, the negative electrode was on the left and the positive
electrode was on the right.
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Figure 4-2b-c shows that biasing of the lateral devices with chromium contacts in the absence
of a PMMA capping layer, both in an inert environment or in ambient conditions, resulted in
minimal to no PL enhancement, likely due to the formation of additional extrinsic defects. 60 In
contrast, films coated with PMMA and biased using chromium electrodes did not show
degradation, but instead demonstrated an increase in PL between the two electrodes over extended
periods of voltage biasing. (Figure 4-2d) Therefore, by selecting appropriate electrodes and
controlling for external sources of degradation, we can effectively track the spatio-temporal
evolution of PL across laterally biased perovskite films, as shown in Figure 4-2c. Most previous
studies on laterally biased perovskite thin films have used gold contacts86,87,91 and therefore effects
of degradation due to gold migration should be considered in understanding the results reported in
these previous studies.

Results
4.3.1

Spatio-temporal photoluminescence evolution

The evolution in PL between laterally biased electrodes can be clearly visualized by integrating
down the length of the electrodes at each time step, as shown in Figure 4-3a,b, which show two
example experimental results from these measurements. Normalization of these experimental
results to non-biased control regions (to account for variations in the excitation source) is explained
in Chapter 5: Methods. In all samples, the PL enhancement begins at one or both electrodes and
moves across the film towards the opposite electrode. To explain the observed changes in PL under
lateral biasing and the variation in this evolution across different samples, we propose the
following model based on the migration of non-radiative point defects. When the perovskite films
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are biased at low voltages, point defects migrate away from the electrode matching the sign of
their charge and are eventually swept out of the region between the electrodes. The removal of
point defects, which act as trap states, decreases non-radiative recombination locally and causes
an increase in radiative recombination and PL intensity. Therefore, variations in PL evolution can
be attributed to differences in the point defect species present in these samples and their mobility.

Figure 4-3. Average PL intensity across electrodes of laterally biased perovskite films measured
at various time points during biasing and corresponding Monte Carlo simulations to match
experimental data. (a) Typical PL evolution between electrodes over ~2 days of biasing at 12V/180
µm. (b) Monte Carlo simulation of expected defect distribution evolution between laterally biased
electrodes with one negative mobile defect with 5.6 x 10-11 cm2/V sec mobility. (c) Atypical PL
evolution showing PL enhancement at both the positive and negative electrodes. (d) Monte Carlo
simulation of expected defect distribution with four mobile defects, two positive and two negative
with mobilities between 10-10 and 10-11 cm2/Vsec. In both cases, the negative electrode is on the
left and the positive electrode is on the right.
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4.3.2

Monte Carlo simulations

To test this hypothesis and uncover information on the mobility and charge of migrating point
defects, we formulated a Monte Carlo framework considering drift and diffusion of charged
defects under the biasing conditions used in this study. Using Python to construct this simulation,
the sample was modeled as one-dimensional (analogous to the experimental results in Figure
4-3a,b), initially having a random distribution of point defects. The movement of defects under
voltage biasing was then implemented by updating the position of each defect along the sample
based on their expected movement over one hour. Defect movement was given as a sum the defect
drift and diffusion over the one-hour time interval. The length and direction of drift steps were
given as:
Δ𝑥 =

𝜇∗𝑉∗𝑡∗𝑞
𝑑

(4.1)

where µ is the defect mobility in units of (𝜇𝑚2 𝑉 −1 ℎ𝑟 −1 ) and was used as the fitting parameter to
match the experimental data. V is the applied voltage (12 V), 𝑡 is the time corresponding to each
update step (1 hr), 𝑞 is the sign of the charge of the migrating defect (±1), and 𝑑 is the electrode
spacing. Electrode spacing (and therefore position) was based on experimental samples whereas
drift steps were only applied to defects with positions between the electrodes. The length and
direction of diffusion steps were randomly selected for each defect from a Gaussian distribution
centered at zero with a standard deviation of √2𝐷𝑡, where 𝐷 is the defect diffusivity calculated
from the defect mobility. The code used to produce these simulations is provided in Appendix B.
In the majority of samples, the experimental results were similar to Figure 4-3a. In these
samples, PL begins to increase at the negative electrode and this enhancement moves across the
sample towards the positive electrode. This simple evolution in PL can be qualitatively described
using the Monte Carlo simulations with only one negative defect and a mobility of 2.5 × 10-11
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cm2V-1s-1 (Figure 4-3c). The precision of this mobility can be evaluated qualitatively by
comparing simulation results for other mobility values, as shown in Figure 4-4. Qualitatively, it
is clear that the selected fit (Figure 4-4b) corresponds to a mobility which is robust up to a factor
of two, as Figure 4-4c,d show simulations from half and twice the mobility of Figure 4-4b
respectively and are clear lower and upper bounds to the fit.

Figure 4-4. Experimental PL evolution and example simulation results using one defect species
of varied mobility. a) Experimental PL evolution shown in Figure 4-3. (b-c) Simulation output
obtained using one negative defect species with varied mobility (mobility value labeled at the top
right). In all cases, the negative electrode is on the left.
In contrast to the commonly observed one-defect results shown in Figure 4-3a,c, the PL
evolution was significantly more complex in a limited number of samples and could not be
modeled effectively with one defect species, suggesting the presence of several different mobile
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defect species. Figure 4-3b shows one such sample that required up to four, non-radiative, mobile
defects, two positive and two negative with mobilities ranging from 10-10 to 10-11 cm2V-1s-1, to
model the observed PL evolution. Given the increased number of variables used to simulate
multiple defects in these films, electrodes with two different spacings were measured and
mobilities and defect concentrations were selected to match both sets of PL data (Figure 4-3d).
The mobility and relative concentration of these four defects was determined by iteratively
modifying these parameters to match the experimental results. The experimental and simulation
results for both electrode spacings and corresponding parameters are shown in Chapter 5: Methods,
along with an additional example modeled with three defect species.

4.3.3

Grain boundary effects

The estimated mobilities obtained by the Monte Carlo simulations are in agreement with
theoretical and experimental reports that claim charged point defect mobilities between 10-9 and
10-11 cm2 V-1s-1.22,78,82–85 One possible explanation of the wide range of reported point defect
mobilities in the literature is the potentially varied mobility at grain boundaries and within
grains.126,134,148 Therefore, to compare the defect mobilities estimated in this study to materials of
varied grain morphology, we next consider the effect of grain boundaries.
Based on the methods reported by Xiao et.al., we used a 2-step deposition method to form
films with two different grain sizes (Figure 4-5a,b).55 Grain size control was achieved through
annealing conditions, with thermal annealing generating small grains (~125 nm diameter) and
solvent annealing (annealing with small amount of dimethylformamide vapor) generating larger
grains (~255 nm diameter). As shown in Figure 4-5c,d, at each time point the PL increase had
evolved further across the electrodes for samples with smaller grains than for those with larger
grains, suggesting faster point defect migration in small grain samples. To verify whether the
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observed difference is consistent with the hypothesis of point defect migration facilitated by grain
boundaries, we created a two-dimensional Monte Carlo framework analogous to the one
dimensional framework discussed above. In this case, one-dimensional grain boundaries were
randomly placed in the two-dimensional sample (Figure 4-6). The migration of defects was then
defined by three mobilities: in-grain mobility, mobility along a grain boundary, and mobility
perpendicular to grain boundaries (capturing effects related to defects “escaping” grain
boundaries). Given the higher computational complexity of these simulations, we considered only
one defect type (negatively charged defect with in-grain mobility of 1.4 × 10-12 cm2V-1s-1,
optimized to fit the experimental results for both grain sizes). Additionally, the amount of time
represented by each update step was reduced to 5 min to account for the smaller length scales
relevant when considering grain boundary effects. The code used to produce these simulations can
be found in the Appendix B.
We have observed that grain size can significantly impact the reported defect mobilities in
laterally biased samples. Fitting our simulations (Figure 4-5e,f) to the experimental data (Figure
4-5b,c) requires mobilities 1500× faster at grain boundaries, and 100× slower perpendicular to
grain boundaries, when compared with in-grain mobilities. This degree of mobility enhancement
is not unprecedented; for example, oxygen diffusivity has been found to be 3-4 orders of magnitude
greater at grain boundaries than in grains in Y-doped ZrO2.149 Comparison of these results to our
one-dimensional simulations, which reveal the average defect mobility (accounting collectively
for the three mobilities defined above), suggests that for samples with small grains (~125 nm), the
presence of grain boundaries increases the observed (average) defect mobility by one order of
magnitude over the in-grain mobility.
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Figure 4-5. Dependence of PL evolution on grain size. (a,b) SEM images of perovskite films
formed by (a) thermal annealing and (b) solvent annealing. (c,d) Experimental evolution of
photoluminescence (averaged down the length of the electrodes) over time under mild voltage
biasing corresponding to films shown in (a) and (b) respectively. (e,f) Simulated change in defect
concentration between electrodes under voltage biasing using 2D simulations with grain sizes
selected based on grain morphology in (a) and (b) respectively. In both cases, the positive electrode
is on the left and the negative electrode is on the right.

Figure 4-6. SEM images and simulated grain boundary positions for perovskite films with two
different grain sizes. SEM images (a,c) of perovskite films formed by thermal annealing (a) and
solvent annealing (c). (b,d) Simulation output of grain positions used to simulation defect
movement through films formed by thermal annealing (b) and solvent annealing (d).
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Discussion
The identity of the defect species observed in this chapter is under investigation, but these
results suggest that there are at least four possible mobile defect species that can serve as nonradiative recombination centers. Although the majority of defects with low formation energies are
expected to have shallow energy levels, theoretical calculations suggest that positively charged
IMA and IPb antisite defects and negatively charged lead interstitials and Pb I antisite defects are
expected to have mid-gap energy levels and therefore may act as trap states.80 Additionally, it is
suspected that iodide vacancies or interstitials and PbMA antisites at the surface of perovskite films
may have deep energy levels, depending on the surface termination.150 Intrinsic defect types and
concentrations are expected to be highly dependent on synthesis conditions, however iodide
vacancies and interstitials are predicted to have relatively low formation energies and therefore
iodide interstitials are most likely to account for the negative defect species observed in all samples
discussed in this work.80,151 Finally, external defects can be caused by contamination of precursor
materials or interaction with moisture or oxygen in the air and it is possible that some external
defects may act as trap states.60,152
The processing methods used to control grain size could cause additional differences in these
films, such as differences in the concentration of various point defect species. It is likely that
samples with a higher density of grain boundaries also have a higher density of trap states, as
supported in the extreme case by the low trap state densities reported for single crystals. 143
However, most measurements of trap state densities are unable to differentiate between grain
boundary effects and in-grain defect concentrations. Future research should therefore aim at
understanding the effect of in-grain defect concentrations as well as grain boundary disorder on
differences in defect mobility for samples of varied morphology.
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Regardless of the cause for increased point defect mobility for small grain films, these results
indicate that it is critical to take into account grain morphology when studying the mobility of
defects in organic-inorganic perovskite materials. Additionally, the dependence of point defect
mobility on grain morphology may help explain the decrease in observed hysteresis for high
performance perovskite films, which are made of large grains and therefore have minimal grain
boundaries,100,153,154 and suggests that hysteresis reduction with grain boundary passivation may
be related to a decrease in mobility of defects at passivated grain boundaries.68

Conclusions
In conclusion, we have demonstrated a method of identifying mobile point defects that
contribute to non-radiative recombination in organic-inorganic perovskite materials. While the
samples used in this study were based on the simplest organic-inorganic perovskite material,
methylammonium lead iodide, these methods can be applied to understanding the role of native
point defects in non-radiative recombination for more complicated, state of the art perovskite
materials based on multiple cation and anion species. Additionally, these results suggest that point
defects that facilitate non-radiative recombination are present and mobile, with mobilities similar
to those discussed in the context of mobile ion effects. The mobility of point defects is still under
debate, with values ranging from 10-9 to 10-11 cm2V-1s-1, and our results indicate that understanding
grain size is critical in comparing mobility measurements across varied perovskite films. These
methods can be applied to films of varied composition and grain structure to further extract
information on the importance of point defects to the radiative quality of perovskite thin films,
which is critical to the advancement of perovskite materials both for a variety of applications
including LEDs,155 solar cells,156 and lasers.157 This simple and inexpensive technique has the
potential to facilitate high throughput evaluation of novel film morphologies and compositions as
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well as passivation techniques, and will be valuable in the continued advancement of novel
perovskite materials.
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Chapter 5 : Methods
In this chapter, we provide details regarding the sample preparation and characterization
methods used for the work discussed in Chapters 2-4.

Sample preparation
5.1.1

TEM sample preparation

In Chapter 2, we discussed methods of characterizing ion segregation in perovskite materials
using scanning transmission electron microscopy (STEM) techniques. STEM measurements
require thin samples deposited on TEM sample grids. The following procedure was used to prepare
perovskite films on lacy carbon TEM sample grids coated in either ZnO or PEDOT:PSS. (Figure
5-1)
For samples prepared with ZnO, 300 mM zinc acetate dihydrate and ethanolamine in
methoxyethanol was spin-coated in <40% humidity onto a copper TEM grid with a carbon film
backing. The films were then annealed at ~200°C for 10 min and another layer of ZnO was added
in the same way. For samples prepared with PEDOT:PSS, the PEDOT:PSS (Clevios P VP AI
4083) was spin-coated in air and annealed at 150°C for 10 min. Next, 3 M 1:3 MAI:PbCl2
(99.999% trace metals basis) in DMF (99.8%, anhydrous) was spin-coated on the TEM grid on
top of the ZnO or PEDOT:PSS. Grids were then annealed at 90°C for 60 min and then at 100°C
for 30 min. Preparation of samples for scanning electron microscopy (SEM) was identical except
that the substrate for deposition was patterned indium tin oxide (ITO) on glass rather than TEM
grids.
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Figure 5-1. SEM images of CH3NH3PbI3 TEM samples spin-coated on copper TEM grids with a
carbon film backing and (a) PEDOT:PSS or (b) ZnO layers. Scale bars are 200 μm and 3 μm
(insets).

5.1.2

Solar cell device fabrication

In Chapter 3, the effect of point defect migration on current extraction from PSC devices was
investigated. The method used to fabricate PSC devices is as follows.
Continuous F-doped tin oxide (FTO) films were patterned by masking a portion of the substrate
with polyimide tape and coating the uncovered edges with zinc power. As prepared substrates were
then reacted with 1 N hydrochloric acid (HCl) until all exposed FTO was removed. The substrates
were subsequently rinsed and sonicated in deionized (DI) water for 5 min, then cleaned by acetone
for 5 min and soaked in boiling isopropanol (IPA) for an additional 5 min. Finally, these substrates
were cleaned with O2 plasma for 2 min.
Compact TiO2 films were deposited onto the substrates from a solution of titanium
isoproproxide in ethanol and HCl. This solution was prepared by adding, drop-wise, a solution of
0.47 M titanium isoproproxide in ethanol to a 0.026 M solution of HCl in ethanol under heavy
stirring. The solution was deposited by spin-coating at 1500 rpm for 45 s, after which the FTO
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contact was exposed using a razor blade. The films were then dried for 10 min at 100oC, and
annealed for 20 min at 300oC, 1 h at 500oC, 30 min at 300C and then cooled to room temperature
on the hotplate.
CH3NH3PbI3 films were deposited using the methods described in B. Yang, et. al.153 In a
nitrogen-filled glove box, a 550 mg/mL solution of PbI2 in N,N-dimethylformamide (DMF) was
heated to 100C and spin-coated at 6000 rpm for 30 s onto the compact TiO2 and dried for 1 min
at 100oC. A 70 mg/mL solution of methyl ammonium iodide in IPA was spun on the PbI2 layer at
6000 rpm for 30 s. The films were then allowed to dry, uncovered, in a dry air box for 1 h, returned
to the nitrogen filled glovebox and annealed at 100C for 2 h.
A

solution

of

98

mg/mL

2,2’,7,7’-tetrakis-(N,N-di-p-methoxyphenylamine)9,9’-

spirobifluorene (Spiro-OMeTAD) in chlorobenzene was doped with 10 µL tert-butylpyridine
(tBP) and 45 µl of 170 mg/mL lithium bis(trifluoromethane)sulphonamide (Li-TFSI) in
acetonitrile and spin-coated onto the perovskite film at 4000 rpm for 30 s. Finally, 50 nm Au
contacts were evaporated under high vacuum through a shadow mask onto the devices, giving an
effective device area of 0.05cm-2.

5.1.3

Lateral device preparation

In Chapter 4, lateral device architectures were used to study luminescence changes in
perovskite films under voltage biasing. Lateral devices were fabricated as follows.
Quartz substrates (0.5 cm x 0.5 cm) were cleaned with acetone, IPA and DI water as described
above for traditional device substrates. Electrodes were then deposited on the substrates by thermal
evaporation to give the pattern shown in Figure 5-2. Gold electrodes were 80 nm thick on 20 nm
of chromium and chromium electrodes were 30-50 nm thick. Substrates were then cleaned by
oxygen plasma for 3 min and brought into a nitrogen glovebox for perovskite deposition.
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Figure 5-2. Electrode pattern (in black) for lateral perovskite devices. One device substrate has
three different electrode spacings and two devices with each spacing. Substrate size is 0.5 cm x
0.5 cm.
Perovskite thin films were then deposited based on the methods described by Xiao, et al55 and
Yang, et. al.153 Lead iodide and methyl ammonium iodide were deposited using the two-step
method described above (section 5.1.2) for traditional perovskite devices. Solution concentrations
and the temperature of the lead iodide solution and annealing were either: 550 mg/ml PbI2 in DMF,
70 mg/ml MAI in IPA and 100C or 400 mg/ml PbI2 in DMF, 40 mg/ml MAI in IPA and 70C.
After MAI deposition, thermally annealed samples were treated as described above for traditional
devices. Solvent annealed samples were directly placed in a petri dish with 10 µL DMF, and this
petri dish was covered with another petri dish and heated to 100C for 1 hour. SEM images of
films were obtained on a Helios Nanolab 600 (Figure 5-3) and show some large chunks of
perovskite material on top of the pristine films, however we do not expect this to affect PL
measurements due to the lateral structure of the devices studied.
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Figure 5-3. SEM images of perovskite films made by solvent annealing (a) and thermal annealing
(b).
For encapsulated films, contact points were exposed by removing the perovskite film with a
razor blade. Then, 11% 950K PMMA in anisole (~100 µL) was spin-coated on the films at 2000
rpm for 180 sec. The contact points were once again exposed by removing the PMMA from these
areas with a razor blade and silver paste put on the contact points to improve contact with wires
for biasing.

Characterization
5.2.1

Characterization of perovskite film quality

To ensure that the perovskite films that were studied in Chapter 2 were representative of films
used in high quality PSCs, we performed several forms of film characterization. These included xray diffraction (XRD) to confirm crystallinity and crystal structure, SEM imaging to characterize
grain structure and film roughness, and PL measurements to obtain bulk optical properties of these
materials to compare with the nanoscale properties probed with cathodoluminescence. X-ray
diffraction patterns (2θ scans) were collected on a Rigaku Smartlab Multipurpose Diffractometer
using a Cu-Kα radiation (wavelength = 1.54050 Å). SEM images were obtained on a Zeiss Merlin
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High-resolution SEM or a Helios Nanolab 600. Photoluminescence (PL) measurements were taken
using a 262 nm excitation laser (CrystaLaser, Nd:YLF) on an in-house setup. SEM-CL
measurements were performed on a JEOL-JXA-8200 Superprobe at a 5 kV accelerating voltage
and 2 nA beam current.

5.2.2

Current-voltage measurements

Current-voltage measurements of devices which were used for EBIC measurements in Chapter
3 were performed in a nitrogen-filled glove box with a computer controlled Keithley 6487 sourcemeter. Testing under illumination was performed with 100 mW/cm2 illumination from a 150 W
xenon arc-lamp (Newport 96000) filtered by an AM1.5G filter. Scans were performed at 1.2
mV/ms scan rate and pre-biased samples were held at 1.4 V for 1 min before testing. For the scans
in Figure 3-9, the scan rate was increased to 12 mV/ms. All JSC values reported in the Chapter 3
were taken as the average of the forward and reverse scan values.

5.2.3

External quantum efficiency

For EQE measurements reported in Chapter 3, white light from a Thermo Oriel 66921 xenon
lamp was mechanically chopped and passed through a monochromator and fiber-coupled onto the
device. Measurements were made in under-filled illumination conditions and with no white light
bias. Current was measured with a lock-in amplifier (Stanford Research Systems SR830).

5.2.4

Electron beam-induced current (EBIC)

All EBIC measurements reported in Chapter 3 were performed on a FEI Helios Nanolab 600
Dual Beam SEM using a Point Electronics DISS 5 EBIC system. Plan-view EBIC measurements
were acquired at 10 kV and 690 pA at a direct magnification of 10,000 .
To measure and subtract off the capacitance current after pre-biasing, one side of each image
was scanned four times to completely quench the EBIC signal. The full image was then scanned
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and current from the quenched region was subtracted from the current in the undamaged region.
The quenched region provides no additional EBIC current and therefore any current measured
when the beam is located there is coming from the entire sample as a relaxation of built-up charge
and is independent of the electron beam position. Because the capacitance decay is relatively quick,
the normalization was done line-by-line down the image to account for changes in the capacitance
current throughout the scan.
Samples for cross-sectional EBIC were prepared by cleaving the device and planarizing the
surface by ion milling using a Ga focused ion beam. The final milling step was performed at 30
kV and 0.92 nA. Cross-sectional EBIC imaging was performed at 2 kV and 86 pA. The devices
used for these measurements were prepared on pre-patterned ITO (rather than FTO) and had an
effective device area of 0.0121 cm-2.

5.2.5 Scanning Transmission electron microscopy (STEM)
characterization
Energy dispersive x-ray spectroscopy (EDS) was performed on a JEOL 2010 field emission gun
(FEG) analytical electron microscope in STEM mode with an accelerating voltage of 200 kV using
a probe size of 0.7 nm ANA and camera length of 15 cm. Cathodoluminescence (CL)
measurements were performed on a JEOL 2011 TEM equipped with a Gatan MONOCL3+
cathodoluminescence system with an accelerating voltage of 120 kV. CL-STEM characterization
was performed at both liquid nitrogen temperatures (93 K) and room temperature (298 K).

5.2.6

Photoluminescence mapping

Photoluminescence (PL) measurements discussed in Chapter 4 were performed using the
home-made optical set-up shown in Figure 4-1, using a 450 nm light emitting diode (LED)
excitation source. PL spectra (Figure 5-4) were measured by the spectrometer in dispersive mode
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and show only band gap luminescence. PL images were formed by setting the spectrometer to nondispersive mode and using a charge coupled device to collect images of the illuminated sample
region. Images are obtained with 1-10 seconds of exposure and spectra were obtained with ~1 sec
exposure.

Figure 5-4. Representative photoluminescence of perovskite films.

To control for any power variations, one of two normalization procedures was performed to
track PL evolution over time. For samples which were moved during measurement (in order to
measure changes at electrodes of varied spacing on the same substrate), PL images were measured
in areas of the sample not exposed to biasing directly before measuring the area of interest, and PL
images were normalized by these non-biased regions (Figure 5-5). The non-biased regions showed
some variation in photoluminescence but this variation was minimal compared to the changes in
luminescence observed in the biased regions. As can be seen in Figure 5-5 at time 30.5 hr, even
after normalization by the higher intensity non-biased region, increases in PL are very clear and
therefore not due to fluctuations in excitation intensity or changes in the film due to PMMA
encapsulation.
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Figure 5-5. Temporal evolution of photoluminescence between electrodes and in un-biased region.
(a) Time evolution of photoluminescence between electrodes biased at 12 V, showing
luminescence increases indicating multiple mobile defect species. (b) Photoluminescence in region
with no electrodes and no biasing showing variation between measurements due to excitation
power variations. Images in (a) are normalized by the corresponding images in (b) to remove
effects of excitation source variation.
For samples which were kept stationary during measurement (to ensure constant electrode
positions), samples were normalized by the PL map of a non-biased region measured before the
voltage biasing was started and multiplied by a factor corresponding to the difference in measured
excitation intensity at each time step. Excitation intensity was measured using a power meter
placed in the same position along the beam path for each measurement and PL intensity was scaled
by a factor of:
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1.3

𝐼

𝑅𝑒𝑝𝑜𝑟𝑡𝑒𝑑 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 = 𝐼𝑃𝐿,𝑡=𝑥 ∗ (𝐼𝐸,𝑡=𝑥 )
𝐸,𝑡=0

(5.1)

Where 𝐼𝑃𝐿,𝑡=𝑥 is the PL intensity measured at time x after biasing started, 𝐼𝐸,𝑡=𝑥 is the measured
excitation intensity at time x after biasing started and 𝐼𝐸,𝑡=0 is the measured excitation intensity
before biasing. The power of 1.3 was determined experimentally using neutral density filters to
control the excitation intensity and measuring the power law relationship between excitation
intensity (as a percentage of the maximum intensity) and luminescence intensity.139
Additionally, for line scans shown in Figure 4-3a, Figure 4-4 and Figure 4-5, PL intensity
was normalized by the PL map taken before biasing at the electrode region, rather than an area
away from the electrodes, in order to remove effects from morphology and make line scans directly
comparable to simulation results which assume that the focus of the beam is consistent across the
sample.

Simulations
Simulations for Chapter 4 were performed using Python 3. The code for implementing onedimensional simulations and two-dimensional simulations with grain boundaries is given in
Appendix B.
Determination of mobility parameters and, in the case of multiple defects, the relative
concentration of these defects, was determined by iteratively modifying these parameters to
improve the fit of these simulations to the experimental data. In the case of multiple defects
(Figure 5-6), two regions of the same sample were biased with different electrode widths and the
same simulation input parameters (Table 5.1) were used to match the experimental data for both
electrode spacings to avoid issues of overfitting.
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Figure 5-6. Experimental (a,c,e,g) and simulated (b,d,f,h) luminescence data for samples showing
evidence of multiple defect types. Experimental data shows the evolution of photoluminescence
intensity between electrodes as it evolves over time with voltage biasing. Samples a and e were
measured on the same substrate and e and g were measured on the same substrate. Simulations
show predicted changes in defect concentration over time with mobilities and relative defect
concentrations set to be the same for b and d and for f and h to account for the fact that the same
substrate was used for the corresponding pairs of experimental data. In all cases, the left electrode
was negative and the right was positive.
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Defect Charge
Positive
Negative
Positive
Negative

Mobility (cm2/Vs)
SAMPLE 1
3.2 x 10-10
3.8 x 10-10
1.0 x 10-11
1.0 x 10-11
SAMPLE 2

Percent contribution to PL
11%
18%
39%
32%

-10
Positive
13%
1.1 x 10
-11
Positive
29%
4.5 x 10
-11
Negative
58%
2.25 x 10
Table 5.1. Parameters used for simulations shown in Figure 5-6. Sample 1 corresponds to Figure
5-6b,f and Sample 2 corresponds to Figure 5-6d,h.

For the two-dimensional simulations, the number of grain boundaries generated was
determined based on experimental SEM images of perovskite films identical to those used in the
biasing studies (see Figure 4-6). The average distance to move from one grain boundary to the
next was used as the criterion for determining the accuracy of the simulated grain boundary
positions.
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Chapter 6 : Conclusions and Future
Directions
Summary
In this thesis, we explored the complex nature of point defects in organic-inorganic
perovskite solar cells and showed that understanding the behavior of these mobile species is
critical for improving key optoelectronic properties and ultimately, device performance. This
work was motivated by remarkable advancements in improving PSC device efficiencies,
achieving power conversion efficiencies approaching that of silicon solar cells in less than a
decade of research. PSCs are made of earth abundant materials and, due to their easy
processability and excellent optical and electronic properties, can be fabricated as flexible,
light weight and inexpensive devices. However, successful commercialization of PSC devices
will depend on overcoming fundamental challenges including toxicity, stability to external
stressors, and internal instabilities that jeopardize their reliability. This thesis focused on
understanding these internal instabilities as they relate to charged point defects, which have
been found to migrate in PSC films.
In Chapter 2, we established the importance of compositional inhomogeneity on the optical
properties of PSC thin films by demonstrating the effects of ion segregation on local materials
properties. We found that the iodide species had a propensity to migrate under exposure to the
electron beam of a scanning transmission electron microscope, causing increased
cathodoluminescence in areas high in iodide content. Additionally, we suggest that short
wavelength luminescent peaks observed in these high iodide regions may be caused by local
lattice strain or by decomposition into lower dimensional structures, which show quantum
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confinement effects. Therefore, ion segregation in PSC devices could cause local variation in
optical properties with adverse effects on device performance.
In Chapter 3 we looked at device-scale effects of ion segregation, developing a model for
the complex interactions between ionic and electronic processes which effect current
extraction in PSC devices. We used EBIC measurements to map and track variation in the
local current extraction in PSCs with voltage biasing. These spatial and temporal
measurements suggested the existence of preferential pathways for defect migration, such as
extended defects (e.g. grain boundaries). This study also revealed electronic capacitance
effects caused by interactions between ionic and electronic carriers at the interfaces between
the perovskite film and the hole and electron transport layers of the PSC device. More
generally, this work contributes to efforts to improve device robustness to point defect
migration by developing an understanding of the ionic and electronic processes which occur
in PSC devices under voltage biasing.
Finally, in Chapter 4 we developed methods for directly identifying and measuring the
mobility of point defects which act as non-radiative recombination centers in PSC thin films.
Luminescence enhancements of PSC thin films under lateral biasing were compared with
Monte Carlo simulations of defect migration by drift and diffusion, allowing us to directly
relate the time evolution of luminescence to the mobility and charge of charged point defects
in these films. Additionally, by studying films of varied grain size, we demonstrated that point
defects migrate over three orders of magnitude faster along grain boundaries as compared to
within grains. These results help explain the wide variations in defect mobilities reported in
the literature for films of varied morphology and provide a way to direct defect migration by
controlling grain size and structure.
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Overall, this thesis has presented an understanding of point defects in PSC devices from
the view point of material quality as well as device performance and reliability. We
demonstrated the importance of controlling defect migration by looking at adverse effects of
defect segregation on material properties and developed an understanding of how ionic and
electronic processes are linked in PSCs exposed to voltage biasing. Finally, by presenting a
tool to track the migration of point defects which act as non-radiative recombination sites, we
have facilitated the evaluation of point defects in state-of-the-art PSC films and identified the
importance of controlling grain structure. It is clear from the work presented in this thesis that
controlling defect concentrations and mitigating their migration will be essential to the
development of stable and reliable PSCs.

Future directions
The work described in this thesis provides an important step to understanding the multifaceted role of point defects in PSCs, and points to future directions for controlling internal
instabilities in PSC devices. In all cases, these studies were performed on the most basic
organic-inorganic perovskite material, CH3NH3PbI3, however state of the art devices are made
from perovskite materials with mixed halide and mixed cation compositions, presenting
increased point defect complexity. Having established an understanding of the effects of point
defect segregation on local optical properties and current extraction in simple perovskite
materials, the methods described in this thesis can now be applied to more complex perovskite
materials. In addition, the results of the work presented in this thesis give way to additional
questions about point defects in PSC materials which can be explored on materials of varied
composition.
First, the anomalous high energy emission discussed in Chapter 2 warrants further
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investigation to better understand the atomic-level changes which occur under iodide
segregation. It will be important to establish methods for fabricating films which show this
high energy emission on a large scale (greater than the micron scale localization observed in
this study) to facilitate additional characterization of these regions. The cause of this high
energy luminescence could then be deduced by a combination of x-ray diffraction
measurements, to determine strain effects in the crystal lattice, and XPS to look for changes
in iodide, lead and nitrogen bonding.
Second, interfacial effects are critical in our understanding of interactions between ionic
and electronic processes in PSC devices. To elucidate the role of the electron transport layer
and hole transport layer in ionic and electronic changes under voltage biasing, experiments
similar to those discussed in Chapter 3 should be performed on devices with a variety of device
architectures. Examining the effects of varied electron and hole transport layers, as well as the
impact of removing one or the other of these device layers, could facilitate a differentiation
between fundamental ionic/electronic processes and those which are architecture specific.
Thirdly, we demonstrated in Chapter 4 how PL mapping of laterally biased perovskite
films can reveal a great deal of information about these materials. Applying these methods to
single crystal PSC materials would enable direct measurement of point defect mobilities
without the influence of grain boundaries. Additionally, using these measurements to estimate
point defect mobilities, combined with statistical methods to measure variation in mobility
across films made by either identical or varying synthetic methods, will allow for
quantification of film variability. This variation in defect mobility can then be directly
compared to variation in device performance, allowing us to determine the relationship
between device variability and variation in defect mobility.
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Fourthly, it will be important to identify the exact nature of point defects, how their
concentration depends on synthesis conditions, and their relative mobilities. To answer these
questions, deep level transient spectroscopy measurements can be combined with the lateral
biasing methods presented in Chapter 4. Deep level transient spectroscopy measures defect
energy levels and concentrations. By combining these measurements with PL measurements
of laterally biased films, mobility and charge can be correlated with defect energy levels and
concentrations for varied synthesis conditions that favor specific intrinsic point defects (for
example iodide rich/poor vs. MAI rich/poor).
Finally, the ultimate goal in understanding the role of point defects in PSC materials is to
prevent internal instabilities which limit the stability and reliability of PSC devices. It will
therefore be important to apply the results of this work to mitigate point defect segregation.
Primarily, the results presented in Chapter 4, which support claims that the majority of point
defect migration occurs at grain boundaries, present an opportunity to control defect migration.
By increasing grain sizes or developing devices based on single crystalline perovskite
materials, it may be possible to inhibit or even prevent point defect segregation. Additionally,
the methods used in Chapter 4 can be used to screen perovskite materials to find those which
have minimal point defect migration under voltage biasing, to discover materials with potential
for more stable PSC devices.
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Appendix A: Calculations
Capacitance charge
In Chapter 3, we treat short circuit dark current after pre-biasing as a capacitance current.
To extract the capacitance value for the two decay constants observed, we model each decay
as a capacitor discharging:
𝐼=

𝑉𝑜
𝑅

𝑡

𝑒 ( −𝑅𝐶)

(A.1)

where I is the current, 𝑉𝑜 is the voltage across the capacitor, R is the circuit resistance, and C
is the capacitance. To separately capture the two time components of the observed decay, we
fit the dark current decay with the equation:
𝐼 = 𝑦0 + 𝐴1 𝑒 −𝑡/𝜏1 + 𝐴2 𝑒 −𝑡/𝜏2

(A.2)

Where 𝑦0 is an offset value, 𝐴 = 𝑉0 /𝑅 and the time constant 𝜏 = 𝑅𝐶, with a voltage (V0) of
about 1 V across the material. From this we find a capacitance of 5.1 ± 1.2 10-6 C/cm2 for the
1.1 ± 0.2 s decay and 7.1 ± 1.8 10-6 C/cm2 for the 5.1 ± 0.8 s decay.

Modeling charge trapping
We propose in Chapter 3 that the short decay constant in the observed capacitance current
comes from charge that is trapped at the interface between the perovskite and the charge
selective layers due to band banding at this interface. More specifically, the movement of ions
to these interfaces is expected to act as a “dopant” locally and therefore shift the Fermi level
of the perovskite material.
Local doping
To understand the degree of this band bending, we first estimate the expected level of
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doping at this interface. To approximate this value, we look again at the dark current decay.
In our model, the slower component of this decay corresponds to a build-up of charge in the
electron and hole transport layers to balance the interface charges in the perovskite layer and
we therefore use this to estimate the build-up of ionic charge in the perovskite layer.
From the fitting described above, we found that the capacitance for the long timescale
decay is 7.1 × 10−6 𝐹/𝑐𝑚2 . By assuming 1 V bias across the active layer, we find an expected
interface charge of 4.4 × 1013 𝑐𝑚−2, which results in 2.2 × 1013 𝑐𝑚−2 at each of the two
charge selective interfaces. Assuming these defects come from intrinsic defects originally
dispersed in the film, this would correspond to a defect density of 6.3 × 1017 𝑐𝑚−3 in the asdeposited film, which is in the expected range for such solution processed perovskite
films.68,158,88
To determine a charge density at the interface, we approximate the screening length for
these charges to estimate the distance into the perovskite film which can interact with the
charge selective contacts. This screening length can be found by calculating the Debye length
(𝐿𝐷 ) in this material at a given doping density, N:
𝜖𝜖0 𝑘𝐵 𝑇

𝐿𝐷 = √

𝑞2 𝑁

(A.3)

were 𝜖 is the dielectric constant of the perovskite material, 𝜖𝑂 is the vacuum permittivity, 𝑘𝐵
is the Boltzmann constant, T is temperature and q is the electron charge. To solve for 𝐿𝐷 , we
need a value for the doping density, which is dependent on this screening length. More
specifically, the doping density is 2.2 × 1013 𝑐𝑚−2 divided by the screening length.
Substituting this for N in Equation 3 and using 18 as the literature value for the dielectric
constant,159 we find that the screening length is 0.12 nm and the defect density at the interface
is 1.8 × 1021 𝑐𝑚−2.
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Shift in Fermi Energy:
We now use this doping level range to estimate the change in the Fermi energy at the
interfaces, which will be the barrier that electrons/holes must overcome to escape this energy
well. The change in the Fermi, EF, for a doping concentration of n is given by:
𝑛

𝛥𝐸 = 𝐸𝐹 − 𝐸𝑖 = −𝑘𝐵 𝑇 ln (𝑛 )
𝑖

(A.4)

where 𝛥𝐸 is the difference in the Fermi energy in the bulk of the perovskite film (𝐸𝑖 ) and the
interface ( 𝐸𝐹 ), 𝑛 is the concentration of carriers at the interface and 𝑛𝑖 is the concentration of
carriers in the bulk. The intrinsic carrier concentration in this case should be the bulk
concentration of carriers in the film after the defects have migrated to the interfaces. If the
majority of the defects migrate to these interfaces under the 60 s electric field, we would expect
the carrier concentration to be similar to that found for low-defect perovskites, such as single
crystals. These single crystals have been found to have defect densities on the order of 1010
cm-3.143,160 Using this value for the bulk defect density after ion migration, we calculate a
change in the Fermi energy of 0.60 eV.

Rate of escape:
Finally, we can use the magnitude of this energy well to estimate the rate at which we
would expect charges to escape from the well. Treating this energy well as a trap state energy,
we can use the following equation to calculate the rate of emission (𝑘𝑒 ) from this state:
𝑘𝑒 = 𝑁𝑐 〈𝑣𝑡ℎ 〉𝜎𝑛 𝑒 −𝛥𝐸/𝑘𝐵 𝑇 = 𝜈0 𝑒 −𝛥𝐸/𝑘𝐵 𝑇

(A.5)

where 𝜈0 is the attempt-to-escape frequency. The “attempt to escape” frequency is taken from
Samiee et.al. to be 21011 s-1 and is dependent on the effective conduction band density of
states (𝑁𝑐 ), RMS thermal velocity of electrons (〈𝑣𝑡ℎ 〉) and capture cross-section of the
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electrons (𝜎𝑛 ).159 This assumes that the trapped charges in this case are electrons, but the
treatment would be similar for holes. Using this estimation for the attempt to escape frequency,
we find a rate of 1.1 s-1 or a time constant of 0.9 s.

Expected Variation in Escape Rate:
Above we demonstrate that it is possible to observe an escape time constant of about 1 s
for electrons trapped due to band bending at the interface of the perovskite film with the charge
selective layers. For such an escape rate, we needed to assume that the long decay component
of the capacitance charge was related to the ionic build up at the interfaces and that the
interaction distance between the charge selective contacts and these ions was given by a Debye
length. Most importantly, this calculation depended on an assumption regarding the defect
concentration in the perovskite bulk after biasing. Namely, it assumed that the majority of
defects migrated to the interfaces, resulting in a bulk concentration similar to that of single
crystals.
While these calculations clearly show that it is possible to observe such a long escape rate
for electron trapping at the interfaces, we would like to emphasize that changing the bulk
concentration of defects by an order of magnitude would similarly change the escape rate by
the same degree. Therefore, the rate of this effect could be much quicker than we observed if
more defects were to remain in the bulk of the film. Similarly, the escape rate is directly
proportional to the attempt to escape frequency and therefore is dependent of the accuracy of
this value reported in the literature. Additionally, future measurements to determine the
dependence of the capacitance decay measurement on temperature would be useful in
verifying this proposed model.
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Appendix B: Simulations
One-Dimensional simulations, multiple defects

123

124

125

126

127

Two-Dimensional simulations with grain boundaries
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