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CHAPTER

ONE

INTRODUCTION TO HYBRID PEROVSKITE
SOLAR CELLS

Summary

This chapter provides an introduction to hybrid perovskite solar cells with a brief
overview of the extensively used hybrid perovskite, methylammonium lead iodide
(CH3NH3PbI3). A short history of perovskite solar cells is followed by an account of the
fundamental processes that epitomise the operation of these cells. Finally, an outline of
the thesis is given.
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Chapter 1. Introduction to hybrid perovskite solar cells

1.1 Solar energy

Global energy consumption is constantly on the rise, with the Energy Information Ad-
ministration predicting an increase of 48% in current consumption by 2040. [1] Today,
more than two-thirds of the total energy consumed is produced by conventional (or
non-renewable) energy sources, i.e. oil, gas, coal etc. With pollution levels rising and
climate change no longer a fantasy, affordable clean energy is the need of the hour as we
submerge ourselves into a sea of electronic devices. The solution is right above us, the
sun. We receive enough energy from the sun in 1.5 hours to satisfy yearly global energy
demand. Solar cells are able to harvest energy from the sun into usable energy (elec-
tricity), and therefore offer the possibility to meet humankind’s ever-increasing energy
demands.

Solar cells made from inorganic materials such as silicon, GaAs, CdTe, copper in-
dium gallium selenide (CIGS) have been studied extensively over the past few decades
achieving high power conversion efficiencies (PCE) up to 29% in a single junction struc-
ture. [2] These photoactive materials provide the benchmark with which to compare new
and upcoming materials if they are to become just as successful as their predecessors. In
development of solar cells, materials and processing costs are equally important as the
PCE. This means that new solar cell materials which have the potential to be up-scalable
by simple processing techniques to produce low-cost electricity are very important to
academia and industry alike.

Hybrid perovskites are particularly attractive as their use in thin-film solar cells show
high PCE achievable by inexpensive processing. The PCE of hybrid perovskite solar
cells has rapidly grown from 3.8% in 2009 to 22.1% in 2016, [2,3] making it the fastest-
advancing solar cell technology to date. [4] Despite this remarkable growth, the inner
workings (device physics) of these solar cells are poorly understood. Their operation is
unique and requires the development of new a physical model for characterization and
optimisation. It is crucial to delineate the role of all physical processes that describe the
operation of these devices in order to improve device performance and stability.

1.2 Solar cell efficiency

The typical current-voltage (J − V) characteristics of a solar cell under illumination are
shown in Figure 1.1. The current density at zero bias (V = 0) is called the short-circuit
current density (JSC). The bias at which the current density is zero is called the open-
circuit voltage (VOC). The power output from the solar cell is given by the product of J
and V and is shown in Figure 1.1. The maximum power point (MPP) is the point (JMPP,
VMPP) on the J − V curve at which the power output from the cell is maximum. The
squareness of the J −V curve is known as the fill factor (FF) and is defined as

FF =
JMPPVMPP

JSCVOC
. (1.1)
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1.3. Hybrid perovskites

Figure 1.1: Current-voltage characteristics of a solar cell under illumination.

The power conversion efficiency (PCE) of the solar cell is the ratio of the maximum
power output (Pout = JMPPVMPP) to the power input (Pin). In terms of FF, the PCE is then
given by

PCE =
FFJSCVOC

Pin
. (1.2)

The power input is the total incident radiative power (proportional to light intensity). A
PCE of a solar cell is typically specified under standard test conditions, which includes
the cell temperature (25°C), light intensity of 100 mW/cm2 and the spectral distribution
of light (air mass 1.5 or AM1.5, which is the spectrum of sunlight after passing through
1.5 times the thickness of the atmosphere).

1.3 Hybrid perovskites

The term ‘perovskite’ refers to the mineral form of CaTiO3 and lends its name to the class
of compounds having an ABX3 stoichiometry, in which A and B are cations and X repre-
sents an anion. Each unit cell of ABX3 crystal comprises of corner sharing BX6 octahedra,
with the A moiety occupying the cuboctahedral cavity. Perovskites used as absorber ma-
terials in solar cells are typically labeled ‘hybrid’ as they are composed of both organic
and inorganic components. The A moiety in hybrid perovskites is a monovalent organic
cation (e.g. CH3NH3

+ or (NH2)2)CH+), B is a group IVa divalent cation (Pb2+, Sn2+),

3



Chapter 1. Introduction to hybrid perovskite solar cells

Figure 1.2: Crystal structure of CH3NH3PbX3 perovskites (where X = Cl, Br, I). The methylam-
monium ion (CH3NH3

+) occupies the cavity in the PbX6 octahedra. Image taken from Ref. 5.

and X is a halide anion (such as Cl−, Br−, I−). Figure 1.2 shows the crystal structure
of CH3NH3PbX3 perovskites. [5] Recently, there has been increasing interest in so-called
mixed composition perovskites, consisting of partial or complete substitution of the A,
B and/or X-sites with alternative elements/molecules of similar size. [6–9] Nevertheless,
methylammonium lead tri-iodide (CH3NH3PbI3) or MAPI is the most extensively stud-
ied hybrid perovskite for use in solar cells.

MAPI is shown to have three structural phases: cubic above 330 K, tetragonal from
160 to 330 K, and orthorhombic below 160 K. [10,11] The cavity in the inorganic cage (PbI6)
is much larger in size than the methyl ammonium cation (CH3NH3

+ or MA+), which
gives rise to the orientational disorder of MA+. [12,13] In the low temperature orthorhom-
bic phase, the MA+ sublattice is fully ordered. [10] The MA+ sublattice grows more dis-
ordered with increasing temperature, [10] and because MA+ has a permanent dipole mo-
ment (∼ 2.2 Debye), this disorder induces polarisation. [13,14] Polarisation, which also
stems from the tetragonal PbI6 cage and due to Pb2+ off-centering, has been reported
to be the possible origin of the ferroelectric domains in MAPI. [13,15,16] Ferroelectricity
is the property of material having spontaneous polarization which can be reversed by
applying a large electric field. Ferroelectricity in MAPI has been debated extensively
over the past few years, [14,17,18] with recent reports again demonstrating the presence of
ferroelectric domains in MAPI films at room temperature. [19,20]

In many respects, MAPI is similar to conventional inorganic semiconductors: well
defined conduction and valence bands, small carrier effective masses and high dielectric
constants. [21] The band structure of MAPI is shown in Figure 1.3 and was calculated by
GW approximation including spin-orbit coupling. [21] The optical bandgap of MAPI is∼
1.6 eV, and can be tuned by partial substitution of iodide with bromide or chloride. [22,23]

The optimal bandgap value under AM1.5 illumination given by the Shockley-Queisser
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1.4. Brief history of hybrid perovskite solar cells

Figure 1.3: Band structure of CH3NH3PbI3 in the GW approximation. Points M, R and Γ corre-
spond to ( 1

2 , 1
2 , 0), ( 1

2 , 1
2 , 1

2 ) and (0, 0, 0). Image taken from Ref. 21.

model is ∼ 1.1 - 1.5 eV. [24] As can be seen in Figure 1.3, MAPI is a direct band gap semi-
conductor and therefore a good absorber for use in solar cells because carrier-generation
can happen efficiently without the help of phonons. The high absorption coefficient
(∼ 105 cm−1) enables thinner films of MAPI to be used as absorber in efficient solar
cells. [25]

1.4 Brief history of hybrid perovskite solar cells

Hybrid perovskite (CH3NH3PbI3, specifically) was used in a solar cell for the first time
by Miyasaka et al. in 2009. [26] This was based on the architecture of a dye-sensitised
solar cell, [27] where the perovskite was used as a dye to sensitise the mesoporous TiO2 for
visible-light absorption, and showed a PCE of 3.8%. [26] Using the same architecture, Park
et al. improved the PCE to 6.5% in 2011. [28] In 2012, a major breakthrough came when
Snaith et al. showed that the perovskite itself is able to transport electrons efficiently and
thus the mesoporous TiO2 layer is not required, achieving in turn a PCE of ∼ 11%. [29]

This was followed by the demonstration that perovskite itself is able to transport holes
as well as electrons, [30] reducing the cell architectural complexity and enabling the solar
cell to be made in a simple planar structure without the need for a mesoporous layer.
Higher efficiencies were then realised by new perovskite deposition techniques such as
the two-step deposition [31] and vacuum co-evaporation [32] achieving efficiencies above
15%. The jump to even higher efficiencies was driven by techniques which ensured very
compact perovskite absorber films [33,34] with large grain sizes [35], minimizing the non-
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Chapter 1. Introduction to hybrid perovskite solar cells

Figure 1.4: The schematic of a perovskite solar cell and its working. Step (1): Generation of free
electrons and holes upon light absorption by the perovskite. Step (2): Transport of charge carriers
by drift and diffusion. Step (3): Charge carrier transfer to respective transport layers and eventual
extraction at the electrodes. The cell is labeled ‘p-i-n’ if it is illuminated from the p-side (HTL) and
‘n-i-p’ if illuminated from the n-side (ETL).

radiative recombination losses in the perovskite layer. The current record for a single
junction perovskite solar cell is 22.1%. [2]

The field of perovskite solar cells is exploding, with newly engineered materials (e.g.
fully inorganic perovskites, lead-free hybrid perovskites, etc.) being used as photo ab-
sorbers. Here, the introduction to perovskite solar cells is limited to what is needed in
this thesis. The perovskite solar cells studied in this thesis use CH3NH3PbI3 or MAPI
(methylammonium lead iodide) as the absorber and have a planar configuration.

1.5 Hybrid perovskite solar cells

A perovskite solar cell (PSC) in planar configuration consists of a perovskite absorber
layer sandwiched between two electrodes, one of which is transparent to allow the in-
coming light to reach the photoactive layer. Often, the surface of the perovskite is cov-
ered with selective charge transport layers, namely the electron transport layer (ETL)
and the hole transport layer (HTL), to transport only one type of carrier (and block the
other) to the respective electrode for extraction. Figure 1.4 shows the schematic of a
typical perovskite solar cell.

The perovskite layer absorbs light to generate charge carriers. These photo-generated
electrons and holes attract each other electrostatically, with a binding energy EB required
to separate them into free carriers. For MAPI, EB has been estimated to be < 5 meV
at room temperature. [36] Since this EB value is much lower than the thermal energy at
room temperature (26 meV), MAPI solar cells cannot be excitonic. [36,37] Therefore, at
room temperature, light absorption in MAPI creates free electrons and holes.
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1.5. Hybrid perovskite solar cells

These free charges are then transported toward the respective transport layers by
electrically induced drift and diffusion. Transport of charge carriers is directly related
to the band structure of the material via their effective masses. The electron and hole
effective masses (m∗e,h) are inversely proportional to the curvature of the conduction and
valence bands respectively. In MAPI, m∗e,h ∼ (0.1− 0.15)m0, where m0 is the free electron
mass. [21,36] Such low values are made possible due to the significant spin-orbit coupling
in MAPI which is dominated by the presence of heavy Pb atom. [38] Charge carrier mo-
bilities and diffusion coefficients, indicative of carrier transport efficiency of a material,
are inversely proportional to the carrier effective masses. For MAPI, diffusion coeffi-
cients and mobilities of 0.05− 0.2 cm2/s and 1− 30 cm2/Vs have been reported in poly-
crystalline films used in solar cells. [39–42] These mobilities are quite modest as compared
to traditional inorganic semiconductors used in solar cells. [43] The efficiency of charge
carrier collection is dependent upon carrier lifetimes and the diffusion lengths. Under 1-
Sun illumination, poly-crystalline MAPI thin-films, reminiscent of the ones used in solar
cells, are reported to have long carrier lifetimes (100 ns to > 1 µs) and diffusion lengths of
100 nm to > 1 µm. [41,42,44–46] These measured diffusion lengths are several times longer
than the absorption length, assisting the efficient collection of charges. [41,42]

While the good transport properties of MAPI make it a suitable candidate for use
in solar cells, the performance of the solar cell is strongly influenced by the amount
of recombination loss inside the device. Recombination reduces the number of charge
carriers that contribute to the photocurrent. MAPI is also shown to have intrinsic defects
(ionic in nature) with low formation energies, [47] which are able to migrate during cell
operation.

Besides charge generation and transport, recombination of charge carriers and ion
migration are the fundamental physical processes that govern the operation of per-
ovskite solar cells. The understanding of the interplay between these physical process is
crucial for optimisation of the performance and stability of perovskite solar cells.

1.5.1 Charge recombination

Free charge carriers in perovskite solar cells can recombine in two ways, radiatively
and non-radiatively. Radiative or bimolecular recombination occurs when a electron in
the conduction band recombines with a hole in the valence band to release a photon of
energy equal to the band gap (Egap) of the material. The bimolecular recombination rate
(RB) is given by

RB = γ(np− n2
i ), (1.3)

where n and p are electron and hole densities respectively, γ is the bimolecular recom-
bination constant and ni is the intrinsic carrier concentration. Under solar fluences, bi-
molecular recombination is shown to be weak in perovskite solar cells. [39]

Because of the polycrystalline nature of the perovskite films, non-radiative recom-
bination can occur through traps or defects in the bulk (grain boundaries) and/or at
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Chapter 1. Introduction to hybrid perovskite solar cells

interfaces (with the transport layers). The trap-assisted recombination rate described by
the Shockley-Read-Hall (SRH) statistics is given by

RSRH =
CnCpΣT

Cn(n + n1) + Cp(p + p1)
(np− ni

2), (1.4)

where ΣT is the trap density, n1 and p1 are constants which depend on the trap energy
level (Etrap), and Cn and Cp are the capture coefficients for electrons and holes respec-
tively. Cn denotes the probability per unit time that the electron in the conduction band
will be captured for the case that the trap is filled with a hole and able to capture the
electron. Correspondingly, Cp denotes the probability per unit time that the hole in the
valence band will be captured when the trap is filled with a electron and able to capture
the hole.

Surface recombination at electrodes (between the transport layers and the electrodes)
is another non-radiative type of recombination, and occurs when a charge carrier reaches
the wrong electrode (anode for electrons and cathode for holes) and recombines with the
majority charge carrier at that electrode. The surface recombination rate is given by

RSur f =
Jp,(cathode) − Jn,(anode)

qL
, (1.5)

where Jp,(anode) and Jn,(cathode) are the hole and electron current densities at the wrong
electrodes (cathode and anode respectively), q is the electronic charge and L is the dis-
tance between the electrodes. Selective charge transport layers (which inhibit the trans-
port of minority carriers) are often used in perovskite solar cells that minimise surface
recombination at electrodes. [48,49]

Please note that, surface recombination as stated here in this thesis, is different from what is
traditionally called as ’surface’ recombination (basically, the recombination at the surface of the
active layer i.e. perovskite). In this thesis, the recombination at the surface of the perovskite is
termed as ’interface’ (SRH) recombination and given by Equation 1.4, since it is at the interface
between the perovskite and charge transport layers.

Auger recombination is a non-radiative loss which occurs when an electron and a
hole recombine to transfer their energy and momentum to another electron (hole) in
the conduction (valence) band, instead of releasing a photon. It involves three charge
carriers and is pronounced at high charge carrier densities. Under solar fluences (∼ 1
sun intensity), Auger recombination is negligible in perovskite solar cells. [39,48]

1.5.2 Ion migration

In MAPI, charged ions are another type of species which are mobile in addition to
the charge carriers. Ionic conduction in perovskite-type halides has been explored
decades ago, [50] but ion migration in hybrid perovskites drew considerable attention
only recently when the anomalous hysteresis in the current-voltage (J −V) was first re-
ported. [51] Hysteresis is the non-overlap of J −V curves under different scan directions

8



1.6. Outline of this thesis

(forward/reverse) and different voltage scan speeds. Snaith et al. hypothesised that this
J − V hysteresis arises from one or more of (1) ferroelectricity (2) charge trapping (3)
ionic migration. [51] Detailed J − V measurements for different scan speeds by Unger et
al. and Tress et al. revealed that slow moving ionic species likely contribute to the hys-
teresis. [52,53] Spontaneous polarisation (rotating CH3NH3

+ in PbI6 cage) which likely
gives rise to ferroelectricity occurs on timescales of picoseconds, much faster than the
scan speeds to have any meaningful effect on the J −V curves. [54] Charge trapping and
de-trapping also occurs on faster time scales (nanoseconds), and can be discounted. It
was later proposed by Eames et al. that mobile species (likely iodide complexes) mi-
grate under the influence of electric field and pile up near the interfaces (perovskite and
transport layers) during cell operation, [5] screening the applied electric field which then
affects charge extraction to give different J−V curves. Now, hybrid perovskite materials
are known as both semiconductors and ionic conductors, due to the mixture of carrier
flow and ion flow.

The activation energy calculations and measurements for ionic migration point to
iodide vacancies and interstitials to be the likely mobile species. [5]

1.5.3 Influence of microstructure

The microstructure or morphology of the polycrystalline perovskite thin-film can have
a significant effect on the solar cell performance and stability. Grain boundaries (GBs)
are ubiquitous in polycrystalline films and are formed due to a break in the crystal struc-
ture of the material. The different orientations of neighbouring crystal grains give rise to
dislocations, misplaced atoms (interstitials), vacancies, distorted bond angles, and bond
distances at the GBs. [55] The microstructure is determined by the size of the crystallites
and their packing (spacing between them). Crystallites (or grains) are relatively free of
defects or traps, but the interface (grain boundaries) between them are sites for accumu-
lation of defects. This is clear from the photoluminescence (PL) measurements, where
grains typically show bright emission and grain boundaries are comparatively dark (cor-
responding to higher trap densities). [56–58]

Perovskite films with large grains (∼ µm) typically show high efficiencies, [35,59] but
it is also the packing of grains which determines the recombination and hence the effi-
ciencies of these cells. [60] Perovskite solar cells having crystal size∼ 100 nm made by co-
evaporation also show high efficiencies. Therefore, to achieve high device performance,
it is paramount that the packing of crystals is compact.

1.6 Outline of this thesis

The development roadmap of perovskite solar cell technology can be broken down into
three steps: first and foremost, it is/was important to fabricate good working devices (in
order to generate trustable data). Next, to characterize and obtain optoelectronic prop-
erties of hybrid perovskite films (mobilities, diffusion lengths, exciton binding energy,
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Chapter 1. Introduction to hybrid perovskite solar cells

etc. ). Now, there is a need to correlate all the physical properties/processes taking place
in the solar cells to gain a deeper understanding of their operation: What is the role of the
contacts? What limits the efficiency of existing perovskite solar cells? How many charge carriers
are there in the cell under operating conditions? Where does most of the recombination loss oc-
cur in the solar cell? Is there a need to move towards single crystals or are polycrystalline films
prepared using existing methods sufficient to achieve high performing perovskite solar cells?

Since their inception, hybrid perovskite solar cells have scaled remarkably in effi-
ciency. While efficiency needs to be further improved, there are many concerns regard-
ing the stability of these solar cells which need to be addressed if they are to be com-
mercialised. And this directly relates to the device physics, as the defects which limit
their PCE can also act as sites for environmental elements to diffuse and react with the
perovskite, causing severe degradation. This thesis deals with the physics of hybrid per-
ovskite solar cells, providing insight in to performance-limiting physical processes and
ways to identify them.

The first part of this thesis concerns methylammonium lead tri-iodide (MAPI) as a
photoactive material, and touches upon the fundamental processes in play in MAPI so-
lar cells. In chapter 2 the influence of ferroelectric polarization in MAPI on the solar
cell performance is quantified by studying different polarization landscapes. The con-
tribution of mesoscale ferroelectricity to the high performance of PSCs is investigated
and its role clarified with regards to efficient transport and low recombination of charge
carriers.

In chapter 3 a device model is presented and validated by comparing the simulation
results with experimental data of vacuum deposited p-i-n MAPI solar cells over multiple
absorber thicknesses. The model is able to quantitatively explain the role of contacts,
the electron and hole transport layers, charge generation, drift and diffusion of charge
carriers and recombination. The chapter ends with the issuance of guidelines to improve
the performance of existing perovskite solar cells.

Chapter 4 closely examines the attributes of the trap-assisted recombination (the
dominant recombination mechanism) channels in perovskite solar cells by studying p-i-
n and n-i-p MAPI cells. A clear understanding of the nature of charge trapping centers is
lacking, with the role of grain boundaries in MAPI films uncertain. A direct correlation
is found between the density of traps, the density of mobile ions and the degree of hys-
teresis observed in the current-voltage (J − V) characteristics. The interfaces between
the perovskite and charge transport layers are shown to limit the PCE of existing per-
ovskite solar cells by contributing most to the trap-assisted recombination losses during
operation.

Finally, chapter 5 is dedicated to the study of dielectric effects at interfaces and how
it influences the charge separation and recombination in hybrid solar cells. Solar cells
made from 2D hybrid perovskites as absorber material are excitonic in nature and have
many organic/inorganic interfaces susceptible to dielectric effects. It is shown here that
dielectric mismatch (i.e. the ratio of the dielectric constant of materials forming the inter-
face), interface shape and size, and dielectric anisotropy can significantly influence the
binding energy of charge carriers. The upper limits on the binding energies can serve

10



1.6. Outline of this thesis

as guidelines for optimization, interface engineering and design of high efficiency elec-
tronic devices.
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CHAPTER

TWO

CAN FERROELECTRIC POLARIZATION EXPLAIN THE
HIGH PERFORMANCE OF HYBRID PEROVSKITE SOLAR

CELLS?

Summary

In this chapter, the influence of mesoscale ferroelectric polarization on the device
performance of perovskite solar cells is investigated and quantified. The working of the
solar cell is simulated by means of a 3D drift diffusion model and the mesoscale ferro-
electricity is accounted for by incorporating domains defined by polarization strength,
P, in 3D space, forming different polarization landscapes or microstructures. It is shown
that charge transport and recombination in the solar cell depends significantly on the
polarization landscape viz. the orientation of domain boundaries and the size of do-
mains. In the case of the microstructure with random correlated polarization, there exist
channels for efficient charge transport in the device leading to lowering of charge re-
combination, as evidenced by the high fill factor (FF). However, the high open-circuit
voltage (VOC), which is typical of high performance perovskite solar cells, is unlikely to
be explained by the presence of ferroelectric polarization in the perovskite.
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Chapter 2. Can ferroelectric polarization explain the high performance of hybrid perovskite
solar cells?

2.1 Introduction

The dramatic increase in efficiency of perovskite solar cells has called for investigations
into the optoelectronic properties of these materials, and it is found that the recombi-
nation of charge carriers is significantly low. [1,2] This has led to to a number of studies
of the structure-property relationship of hybrid perovskites. Ferroelectricity has been
hypothesized to play a key role in reducing charge recombination. [3,4] The existence of
ferroelectricity in MAPI has been debated extensively over the past few years, [5–7] with
recent reports again demonstrating the presence of ferroelectric domains in MAPI films
at room temperature. [8,9] Nevertheless, it is interesting from a device physics point-of-
view and warrants an investigation if only to discredit its influence as a driving factor
behind the low recombination in MAPI solar cells.

In the context of photovoltaics, ferroelectricity has been extensively studied in inor-
ganic materials, including inorganic perovskites such as BiFeO3. [10–16] A number of ef-
fects have been attributed to the ferroelectric nature of these materials such as the above
band gap voltages and their switchable behavior. [14,15,17] In these materials, the photo-
voltaic effect arises from charge separation at ferroelectric domain boundaries to gener-
ate a photocurrent. [15,16] In CH3NH3PbI3 thin films, it is claimed that sizeable (∼100 nm)
ferroelectric domains exist. [5] In light of key insights into the properties of hybrid halide
perovskites from theoretical calculations performed by Frost et al. [3] and Liu et al., [4] we
investigate the quantitative influence of mesoscale ferroelectricity on the device perfor-
mance of PSCs.

The origin of the low charge recombination found in PSCs can be said to be due to:
(i) the material properties, such as the modest charge carrier mobilities and their long
diffusion lengths, which then translates into an intrinsically low recombination strength
of the perovskite, or (ii) the creation of channels for efficient carrier transport resulting
from ferroelectric polarization in perovskite, which then lowers the apparent recombi-
nation strength of the perovskite, or (iii) a combination of both. In this context, it would
therefore be of great interest to study the effect of ferroelectricity on the device charac-
teristics of PSCs and clarify its role in the lowering of the apparent charge recombination
strength.

In this chapter, we report the influence of mesoscale ferroelectric polarization on the
device performance of PSCs. We implement a three dimensional (3D) drift diffusion
model to describe charge generation, transport and recombination in the device. The
model also takes into account the mesoscale ferroelectricity by establishing domains
defined by the polarization, P, in 3D space. Initially, we study two highly-ordered mi-
crostructures, with domain boundaries parallel and perpendicular to the electrodes re-
spectively. Next, we study the scenario of a microstructure with random correlated po-
larization, which can be envisaged as a composite of the two highly-ordered microstruc-
tures. To quantify the contribution of the ferroelectric polarization to the device perfor-
mance in the context of charge recombination, we investigate the following cases: (i)
high recombination strength plus the ferroelectric polarization and, (ii) low recombina-
tion strength.
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2.2. Ferroelectric polarization

Figure 2.1: Domains created by spontaneous polarization in a ferroelectric material. Arrows
indicate the direction of net polarization in domains. The component of the polarization vector
perpendicular to the domain boundary results in a bound charge density, ρ, on the boundary.

2.2 Ferroelectric polarization

Ferroelectric materials are characterized by domains that are formed by the distribution
of spontaneous polarization in space. A typical ferroelectric material with domains is
shown in Figure 2.1. The component of the polarization perpendicular to the domain
boundary gives rise to bound charge at the boundary following [20]

ρpol = −∇ · P, (2.1)

where ρpol is the bound charge density. This bound charge leads to a depolarizing elec-
tric field in the direction opposite to the spontaneous polarization. The depolarizing
field can then influence the dynamics of photo-induced charges as in a perovskite solar
cell. Therefore, the solar cell performance would depend upon the combined effect of the
depolarizing field in domains and the external electric field (bias). The treatment of the
bound charge in the simulation to account for the ferroelectric nature of the perovskite
is detailed in the next section.

2.3 3D drift-diffusion model

The structure of the planar perovskite solar cell used in the device simulation is as shown
in Figure 2.2. The crystalline structure of the perovskite is associated with well-defined
valence and conduction bands separated by a band gap of 1.5 eV.

In a typical planar perovskite solar cell with a p-i-n structure, the interface recombina-
tion at the doped hole (p) and electron (n) transport layer is found to be primarily depen-
dent on the interface trap density and the energy level offsets, [21–24] whereas the recom-
bination in the perovskite absorber (i) layer is an intrinsic material property. Therefore,
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solar cells?

Figure 2.2: Device structure of the perovskite solar cell used in simulation. The energy offsets at
both electrodes are 0.0 eV.

to exclusively study the charge recombination in the absorber layer, where the ferroelec-
tric polarization is dominant, the p and n layers are not taken into account in the model.
In addition, to disregard the role of any interface energy loss on the device performance,
the valence band offset and the conduction band offset between anode/perovskite and
perovskite/cathode, respectively, are set to 0.0 eV as seen in Figure 2.2. Device struc-
tures without a transport layer were recently also studied experimentally, and shown to
achieve high efficiencies including high open-circuit voltage. [25–27]

Our formulation of the 3D model is based on the drift-diffusion equations for elec-
trons and holes throughout the device and on solving the Poisson equation in three
dimensions. [28] In the perovskite layer, the absorption of light is shown to create both
excitons and free charges. [29,30] However, owing to the low exciton binding energy (∼2
meV), [29] we assume the generation of free charges throughout the perovskite absorber.
The transport of these free charges is then governed by diffusion and electrically induced
drift; for electrons [28]

Jn = −qnµn∇V + qDn∇n, (2.2)

and for holes
Jp = −qpµp∇V − qDp∇p. (2.3)

where q is the electronic charge (1.602× 10−19 C), V is the electrostatic potential, n and p
are electron and hole concentrations, µn and µp are electron and hole mobilities and, Dn
and Dp are electron and hole diffusion constants respectively.

The electrostatic potential is solved from the Poisson’s equation

∇2V = − q
ε

(
(p− n) + ρpol

)
, (2.4)

where ε is the permittivity of the perovskite and ρpol is the bound charge density given
by Equation (2.1). The inclusion of ρpol in the Poisson’s equation makes it possible to ac-
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2.4. Results and discussion

count for the role of mesoscale ferroelectricity in the perovskite. The boundary condition
on the electrostatic potential is

q
(
VL −VR + Vapplied

)
= Wanode −Wcathode, (2.5)

where VL and VR are potentials at either electrodes, Vapplied is the applied voltage, and
Wanode and Wcathode are the anode and cathode work functions, respectively.

The electron (hole) density at the electrodes, in case of zero energy offset between
the conduction (valence) band of the perovskite and the work functions of the respective
electrodes, is given by the density of states ( Ncv) in the perovskite. Given the effective
mass of charge carriers in the perovskite, m∗, the density of states is calculated from the
relation [31]

Ncv = 2
(
2πm∗kT/h2) 3

2 , (2.6)

where k is the Boltzmann constant, T is the temperature and h is the Planck’s constant.
Charge carriers in CH3NH3PbX3 can recombine via both, bimolecular and single car-
rier trapping (Shockley-Read-Hall) mechanism. We perform calculations considering
bimolecular recombination as it is a simple and generic mechanism. Here, the focus is
on the ferroelectric polarization, and not the recombination processes (we performed
simulations for bulk trap-assisted recombination and the results did not change). The
bimolecular recombination rate in the perovskite absorber is given by

R = γnp, (2.7)

where γ is the recombination rate constant. Owing to the systematic comparison found
in the literature [1] between the experimental bimolecular recombination rate in per-
ovskite and the upper limit for bimolecular recombination rate given by the Langevin
theory, we express the recombination rate constant γ by the modified Langevin expres-
sion [32]

γ = γpre
q
ε

(
µn + µp

)
, (2.8)

where q is the elementary charge, ε is the dielectric permittivity of the perovskite, and
γpre is the pre-factor that quantifies the reduction in Langevin type bimolecular recom-
bination.

2.4 Results and discussion

2.4.1 Device parameters

The parameter estimates for the device used in our simulation are shown in Ta-
ble 2.1. Our calculations are based on a cell consisting of lead tri-halide perovskite
(CH3NH3PbX3) as an absorber. The thickness of the perovskite absorber layer is as-
sumed to be 300 nm which is typical for high performance perovskite solar cells. [33] The
generation of free charges, G = 5× 1027 m−3s−1 is assumed to be uniform throughout
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Table 2.1: Parameter estimates used in device simulation. Here, ε0 is the free space permittivity.

Parameter Symbol Value Reference(s)
Perovskite thickness L 300 nm Ref. 33
Perovskite permittivity ε 6.5ε0 Ref. 38
Energy of conduction band in perovskite Φn -3.9 eV Ref. 39
Energy of valence band in perovskite Φp -5.4 eV Ref. 39
Hole mobility in perovskite µp 2 cm2/Vs Ref. 40
Electron mobility in perovskite µn 2 cm2/Vs Ref. 40

the absorber layer. Assuming the effective mass of carriers, m∗ ∼ 0.3m0, [34,35] the den-
sity of states of the valence and the conduction bands of the perovskite is calculated from
Equation (2.6) to be Nc/v = 4.8× 1024 m−3.

The polarization in the perovskite is induced by the spontaneous feature i.e. the ro-
tating methylammonium ions (MA) and the permanent PbI6 cage. Theoretical studies
have estimated the value of the polarization density for the ferroelectric phase at room
temperature to be a few µC/cm2. [7,36] To examine the effect due to the permanent po-
larization on the photovoltaic working mechanism of perovskite solar cell, we initially
perform calculations by considering a small polarization value of 0.05 µC/cm2 for the
highly-ordered microstructures. For the scenario of a microstructure with random corre-
lated polarization, we then perform a study as a function of increasing value of polar-
ization density.

We keep the pre-factor (γpre) equal to unity, which signifies high recombination
strength, and then simulate the device with and without the presence of ferroelectric
polarization in domains. In addition, we vary the size of domains from 15 nm to 100
nm. Finally, we simulate the device with low recombination strength (γpre = 10−4) as
reported via experiments in the literature. [1] A study as a function of the mobility and
the Langevin recombination pre-factor (γpre) can be found in Appendix A.

2.4.2 Influence of ferroelectric polarization on device performance

The various device microstructures considered in our calculations are shown in Fig-
ure 2.3a-2.3e. These structures differ in the polarization direction and in domain sizes.
Figure 2.3a shows the structure where no polarization exists in the perovskite (From here
on, this structure is referred to as the reference structure). Figure 2.3b & Figure 2.3c show
structures with polarization in the±X and±Y directions respectively, mimicking the or-
dered structures observed experimentally by Röhm et al. [9] From here on, devices with
these structures (Figure 2.3b & Figure 2.3c) are referred to as vertical and lateral devices
respectively. The approach used to obtain the short range (Figure 2.3d) and long range
(Figure 2.3e) correlated structures is mentioned in the Appendix A. Figure 2.3d & Fig-
ure 2.3e mimic the domain structures calculated by Frost et al. via the implementation of
Monte-Carlo simulation of the polarized domain behavior in hybrid perovskites. [19]
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Figure 2.4: Simulated J-V curves for device with no polarization (Figure 2.3a), vertical device
(Figure 2.3b) and lateral device (Figure 2.3c).

Given any structure, the bound charge is calculated on all domain boundaries (i.e.
points where discontinuity in polarization occurs) following Equation (2.1) and is then
incorporated in Equation (2.4) to be used in 3D drift diffusion simulation. For the high
recombination strength (γpre = 1) scenario, the comparison between the simulated J-V
characteristics of the perovskite solar cell for the model microstructures is shown in Fig-
ure 2.4. As evidenced by the short-circuit current density (JSC) and fill factor (FF) values,
the presence of ferroelectric polarization in domains significantly affects the macroscopic
device performance. In all cases, the depolarizing electric field arising from the bound
charges at domain boundaries results in accumulation of carriers at domain boundaries
as seen from the carrier concentration profiles shown in Figure 2.5a. The domain bound-
aries are thus able to effectively separate the charge carriers in the bulk of the material.
However, the mere presence of domain boundaries does not necessarily lead to efficient
transport and extraction of carriers as explained below.

The potential along the length of the device is mapped in Figure 2.5b for the verti-
cal and lateral structures. In the vertical device structure, the domain boundaries act as
barriers for efficient carrier transport toward the electrodes. This results in extraction
of fewer charge carriers (majority of which are between the electrodes and the first and
the last domain boundary) at electrodes as compared to the device with no polarization,
which leads to recombination at domain boundaries and an eventual loss in photocur-
rent. On the other hand, in the lateral device structure, charge carriers do not encounter
any domain boundaries during their transport toward the extracting electrodes which
explains the high photocurrent. The lateral domain boundaries can therefore be said
to induce a channel-like behavior, where the segregated electrons and holes travel along
the domain boundaries leading to efficient transport and low recombination loss. The fill
factor (FF) which depends on the interplay between the charge transport, extraction and
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2.4. Results and discussion

Figure 2.5: (a) Carrier concentration profile at short-circuit conditions (Vapplied = 0 V) along the
thickness of the vertical device structure as shown in Figure 3b. The red and blue colored regions
show the segregation of holes and electrons respectively, at the domain boundaries. (b) Potential
landscape along the device thickness at short-circuit conditions (Vapplied = 0 V) for vertical and
lateral structures.

recombination in a device, [41] is therefore the highest in the case of the lateral structure.
Note that, even for small value of polarization density (0.05 µC/cm2), the lateral struc-
ture shows high FF (84.1%), very close to the calculated idealized limit for FF ∼ 88% for
a solar cell with VOC = 0.93 V. For more information on the idealized limit for FF, please
refer to Appendix A. A further increase in the polarization density would therefore only
cause a marginal increase in FF as it approaches the idealized limit.

The vertical device structure has been recently studied in the context of inorganic
ferroelectric photovoltaics, where the open-circuit voltage was shown to be higher than
the band gap of the material. [15,16] This phenomenon is a result of the high potential
created by large number of domains boundaries with a potential step (∆V > 10 mV)
forming a thick device (few micrometers), in addition to the strong polarization of 30-40
µC/cm2 in some inorganic ferroelectrics including inorganic perovskites. Their neg-
ligible photocurrent [15,16] can be explained by the strong polarization which produces
massive depolarizing fields which forces majority of the charge carriers in the device
to recombine. On the other hand, hybrid perovskites films used in PSCs are only a few
hundred nanometers thick with fewer domain boundaries, and hybrid perovskites show
a low polarization strength of only a few µC/cm2. This results in a weak depolarizing
field arising from the bound charges on domain boundaries in hybrid perovskite films.
Therefore, no significant improvement in the open-circuit voltage is observed in the case
of the vertical device structure in PSCs as seen in Figure 2.4.

Figure. 2.6 shows the FF of simulated J-V curves for the lateral and vertical device re-
spectively for variation in the size of domains. To examine the influence of domain size
on the device performance of PSCs, we simulate the lateral and vertical device structures
with domain sizes ranging from 15 to 100 nm under the consideration of high recombi-
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Figure 2.6: Fill factors of simulated J-V curves versus domain size for the (a) lateral device and (b)
vertical device.

nation strength. Large domains give rise to fewer domain boundaries in the device.
In addition, the depolarizing field strength arising from the bound charges on domain
boundaries falls inversely with squared distance, according to Coulomb’s law, from the
domain boundaries into the domain bulk. This results in a lower density of segregated
charges at domain boundaries which can be efficiently extracted at the electrodes. Hence,
devices with large domain size show poor FF as can be seen in Figure 2.6. In the case
of lateral device structure, domain size smaller than 30 nm shows poor performance
(not shown in figure). This is due to the recombination of segregated charges at adja-
cent domain boundaries, which increases with decrease in the domain size. For the case
of vertical device structure, the photocurrent arises from the charge carriers segregated
at domain boundaries close to the electrodes and the those charge carriers between the
cathode and the first domain boundary, and between the anode and the last domain
boundary. Since the decrease in the number of domain boundaries leads to fewer and
thicker domains, the change in the photocurrent for the vertical device is not significant
as seen from Figure 2.6b. Now, if the polarization in the domains were to be strong, as
is the case with some inorganic perovskites, the massive depolarizing field would result
in recombination of majority of charge carriers at domain boundaries and the photocur-
rent would only originate from the charges between the electrodes and the first and last
domain boundaries. This, once more echoes the observation of low photocurrent in in-
organic perovskite devices. There is also the marginal increase in VOC with decrease in
domain size or increase in number of domain boundaries, and agrees with the finding
by Yang et al. where they observe increase in VOC with increase in number of domain
boundaries. [15]

In a systematic study, Frost et al. modeled the domain behavior by means of Monte-
Carlo simulations providing insight into the formation of domain structures in hybrid
perovskites. [19] In order to study similar domain structures, we construct and simulate
two complex structures with small (∼ 10 nm) and large (∼ 100 nm) domains defined
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Figure 2.7: Simulated J-V curves for the short-order correlated microstructure as a function of po-
larization density. (b) Variation in fill factor (FF) with polarization density showing the saturation
of fill factor with increasing polarization for short-order and long-order correlated microstructures.
The dashed line represents the idealized limit for FF (∼ 88%).

by short-order and long-order correlated polarization in the perovskite as shown in Fig-
ure 2.3d-e. Figure 2.7a compares the simulated J-V curves for different values of the
polarization strength for short-order correlated microstructure. As can be seen, the fill
factor (FF) is the parameter which is influenced most significantly with increasing polar-
ization strength. The variation of the FF with polarization density is shown in Figure 2.7b
for both microstructures. As the FF is a directly influenced by the efficiency of charge
transport and the degree of recombination in a solar cell, it is evident that the presence
of polarization in the perovskite can result in enhanced charge transport and lowering
of recombination in a perovskite solar cell (PSC). Since these complex microstructures
can be considered to be a composite of the two previously discussed microstructures
(Figure 2.3b-c), the lateral structure (Figure 2.3c) that shows high FF and channel like be-
havior for charge transport dominates the device operation in these complex microstruc-
tures. From Figure 2.7b, the FF reaches 83.9% when |P| = 0.15µC/cm2 for short-order
correlated microstructure and 84.1% when |P| = 0.125µC/cm2 for long-order correlated
microstructure, which is very close to the idealized limit for FF ∼ 88% for a solar cell
with VOC = 0.93 V. Although the ab initio value of polarization in the perovskite is re-
ported to be few µC/cm2, [7,36] an order of magnitude higher than considered here, a
further increase in the value of polarization would lead to a marginal increase in FF.

In the case of vertical device (Figure 2.3b), the increase in the polarization strength
would lead to increase in the VOC and decrease in JSC and FF as shown in Ref. 16. For the
case of lateral device (Figure 2.3c), increase in polarization strength would only result in
a small increase in FF as the value approaches the idealized limit for FF.

We now consider the scenario of intrinsically low recombination strength in the per-
ovskite by setting the pre-factor for bimolecular recombination, γpre = 10−4. This approx-
imate value has been reported by Wehrenfennig et al. in their experimental work. [1] The
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Figure 2.8: Simulated J-V curves for various device structures with high recombination strength
(γpre = 1) and low recombination strength (γpre = 10−4). High VOC, which is distinctive of PSCs,
can only be explained by the consideration of low recombination strength.

comparison between simulated J-V curves for the case with and without polarization in
high recombination strength (γpre = 1) scenario, and no polarization in intrinsically low
recombination strength (γpre = 10−4) scenario, is shown in Figure 2.8. Depending on the
microstructure, presence of polarization can either result in poor device performance as
in the case of vertical domains or can give high fill factor and short-circuit current values
as in the case of lateral domains and random correlated structures. However, no device
structure is able to explain the high open-circuit voltage (∼ 1.1 V) which is characteristic
of high performance PSCs. [42,43] On the other hand, the device with intrinsically low re-
combination strength yields a FF of 86.2%, JSC of 235 A/m2 and notably, a high VOC of
1.08 V comparable to the VOC of high performance PSCs. This suggests that, the ferro-
electric polarization is unlikely to explain the origin of high VOC of PSCs, and the origin
is essentially intrinsic to the perovskite material.

2.5 Conclusions

We studied the influence of mesoscale ferroelectricity in perovskite films on the device
performance of perovskite solar cells, including the short-circuit current (JSC), the fill fac-
tor (FF), and the open-circuit voltage (VOC). We simulated the working of the solar cell
with a 3D drift diffusion model and incorporated the mesoscale ferroelectricity in per-
ovskite films by accounting for the bound charge on the polarized domain boundaries.
To examine the role of ferroelectricity in the lowering of apparent charge recombination
strength in the device, we considered two cases viz. (i) a high recombination strength
(γpre = 1) in presence of ferroelectric polarization scenario, and (ii) a low recombination
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strength (γpre = 10−4) scenario. In the context of charge recombination, we also investi-
gated the effects that the orientation of the polarization in domains and the size of the
domains has on the device performance of the solar cell. We showed that ferroelectric
polarization in the the perovskite material significantly influences the short-circuit cur-
rent and fill factor of the solar cell.

We demonstrated that the depolarizing field arising from bound charges is able to
effectively separate opposite charge carriers in the bulk of the material resulting in the
accumulation of charge carriers at domain boundaries. Polarization along the thickness
of the device, which leads to formation of domains parallel to the electrodes, showed
poor device performance as electrons and holes buildup at the domain boundaries and
eventually recombine to give low short-circuit current and fill factor, with marginal im-
provement in open-circuit voltage. A device with ordered domains perpendicular to the
electrodes and having polarization in the plane of the device showed high JSC and FF,
as electrons and holes encounter no domain boundaries during their transport toward
the electrodes. We also examined the influence of the domain size on the device per-
formance, and showed that, for lateral devices the domain size significantly influences
charge segregation and recombination dynamics in the device. For vertical devices, ow-
ing to the low polarization strength found in hybrid perovskites, the variation in domain
size was found to have a marginal influence on the device characteristics.

The presence of highly-ordered polarized domains in the perovskite leads to creation
of channels for efficient charge transport and lowering of charge recombination in the
device which results into high fill factor (FF) and short-circuit current (JSC). Such or-
dering is observed in actual devices. [9] In the case of random correlated polarization in
domains, we showed that electrons and holes appear to follow channels or pathways in
the perovskite, giving rise to efficient charge transport and low charge recombination in
the solar cell as evidenced by high FFs. Finally, we showed that the high VOC, which is
distinctive feature of PSCs, can only be explained by the consideration of the intrinsically
low recombination strength (γpre = 10−4) in hybrid perovskites.

References

[1] C. Wehrenfennig, G. E. Eperon, M. B. Johnston, H. J. Snaith, L. M. Herz. High charge
carrier mobilities and lifetimes in organolead trihalide perovskites. Adv. Mater. 2014,
26, 1584.

[2] C. Wehrenfennig, M. Liu, H. J. Snaith, M. B. Johnston, L. M. Herz. Charge-
carrier dynamics in vapour-deposited films of the organolead halide perovskite
CH3NH3PbI3−xClx. Energy & Environ. Sci. 2014, 7, 2269.

[3] J. M. Frost, K. T. Butler, F. Brivio, C. H. Hendon, M. van Schilfgaarde, A. Walsh.
Atomistic origins of high-performance in hybrid halide perovskite solar cells. Nano
Lett. 2014, 14, 2584.

29



Chapter 2. Can ferroelectric polarization explain the high performance of hybrid perovskite
solar cells?

[4] S. Liu, F. Zheng, N. Z. Koocher, H. Takenaka, F. Wang, A. M. Rappe, Ferroelectric
domain wall induced band gap reduction and charge separation in organometal
halide perovskites. J. Phys. Chem. Lett. 2015, 6, 693.

[5] Y. Kutes, L. Ye, Y. hou, S. Pang, B. D. Huey, N. P. Padture. Direct observation of
ferroelectric domains in solution-processed CH3NH3PbI3 perovskite thin films. J.
Phys. Chem. Lett. 2014, 5, 3335.

[6] Z. Fan, J. Xiao, K. Sun, L. Chen, Y. Hu, J. Ouyang, K. P. Ong, K. Zeng, J. Wang.
Ferroelectricity of CH3NH3PbI3 perovskite. J. Phys. Chem. Lett. 2015, 6, 1155.

[7] A. Stroppa, C. Quarti, F. De Angelis, S. Picozzi. Ferroelectric polarization of
CH3NH3PbI3: A detailed study based on density functional theory and symmetry
mode analysis. J. Phys. Chem. Lett. 2015, 6, 2223.

[8] Y. Rakita, O. Bar-Elli, E. Meirzadeh, H. Kaslasi, Y. Peleg, G. Hodes, I. Lubomirsky,
D. Oron, D. Ehre, D. Cahen. Tetragonal CH3NH3PbI3 is ferroelectric. Proc. Natl.
Acad. Sci. 2017, 114, 201702429.
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CHAPTER

THREE

DEVICE MODEL FOR p-i-n/n-i-p PEROVSKITE
SOLAR CELLS

Summary

To improve the efficiency of existing perovskite solar cells (PSCs), a detailed un-
derstanding of the underlying device physics during their operation is essential. In this
chapter, a device model has been developed and validated that describes the operation
of PSCs and quantitatively explains the role of contacts, the electron and hole transport
layers, charge generation, drift and diffusion of charge carriers and recombination. The
simulation is fit to the experimental data of vacuum deposited CH3NH3PbI3 solar cells
over multiple thicknesses and the device behavior is studied under different operating
conditions to delineate the influence of the external bias, charge-carrier mobilities,
energetic barriers for charge injection/extraction and, different recombination channels
on the solar cell performance. By doing so, a unique set of material parameters and
physical processes that describe these solar cells are identified. Trap-assisted recom-
bination at material interfaces is the dominant recombination channel limiting device
performance and passivation of traps increases the power conversion efficiency (PCE)
of these devices by 40%. Finally, guidelines are issued to improve their performance,
with PCE beyond 25% reachable.
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Chapter 3. Device model for p-i-n/n-i-p perovskite solar cells

3.1 Introduction

While perovskite solar cells (PSCs) have high power conversion efficiency, they are still
far from their theoretical maximum (31%). [1] In order to propel them to their maximum
theoretical efficiency, a basic understanding of the device physics of these solar cells is
an essential first step. [2] A device model which can quantitatively explain the operation
of PSCs can help identify areas for targeted improvement in performance.

Typically, a perovskite solar cell is made up of a perovskite absorber layer sand-
wiched between the electron transport layer (ETL) and the hole transport layer (HTL).
Light is absorbed in the perovskite layer which gives rise to free electrons and holes. [3]

These free charge carriers then diffuse and drift under the influence of the electric field,
with electrons moving towards the ETL and holes towards the HTL. The ETL and HTL
are responsible for transporting the electrons and holes to respective electrodes for effi-
cient extraction. Electrons and holes can also recombine in a radiative or non-radiative
way which results in loss in device performance. A radiative recombination results from
the annihilation of an electron in the conduction band (CB) and an hole in the valence
band (VB) to emit a photon of energy equal to the band-gap (Egap) of the perovskite.
On the other hand, non-radiative recombination takes place via an intermediate, such
as a defect or a trap (an energy level in the band-gap of the perovskite), occupied with
either an electron or an hole (depending on the energy level of the trap) and an eventual
annihilation with a hole in VB or electron in CB respectively. Both radiative and non-
radiative mechanisms are reported to exist in PSCs. [4–7] However, there are still many
questions regarding the dominant recombination mechanism in PSCs and the processes
limiting their performance, which are crucial for optimization.

In this chapter, we explore ways to improve the efficiency of existing PSCs based on
a planar device configuration. We achieve this by means of a validated device model
which quantitatively explains the role of contacts, the electron and hole transport layers,
charge generation, drift and diffusion of charge carriers and recombination. First a brief
description of the model is presented, followed by an overview of relevant equations.
Subsequently, simulation results are fit to the experimental data of vacuum deposited
CH3NH3PbI3 solar cells [8] over multiple absorber thicknesses showing the validity of
our model. We present a detailed analysis of the device behavior delineating the in-
fluence of the external bias, charge-carrier mobilities, energetic barriers for charge in-
jection/extraction and, different recombination channels on the solar cell performance.
We identify trap-assisted recombination at the front interface (HTL/perovskite) as the
dominant recombination channel limiting the performance of PSCs, with 22% of the free
charge carriers lost at maximum power despite the high mobility of charge carriers in
the perovskite. Finally, we issue guidelines for further improvement in the performance
of PSCs, and show that power conversion efficiency beyond 25% is within reach.
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3.2. Experimental data

Figure 3.1: Device structure of the perovskite solar cell under study. After illumination, free elec-
trons and holes generated in the perovskite absorber are transported through the respective mate-
rials and extracted at the electrodes.

3.2 Experimental data

The experimental data are obtained from CH3NH3PbI3 solar cells with little hysteresis
in their J −V characteristics. [8] Little or no hysteresis in similar inverted (p-i-n) devices
has also been previously reported. [9,10] Hysteresis in J −V curves is a problem for some
CH3NH3PbI3 solar cells and has been extensively discussed in the literature, [11–13] with
slow-moving ionic defects in the perovskite being the most likely cause. [14–16] However,
in addition to the slow-moving ions, a strong channel for charge carriers to recombine
in the solar cell is also essential to explain the hysteresis. [17] Recombination channels do
exist in the devices considered in this chapter which limit their efficiency to 13.2%. It
is thus likely that the little hysteresis seen in the experimental devices prepared by our
collaborators [8] using vacuum deposition is as a result of low ion defect concentration in
the perovskite. In our simulations, we find that we do not need to include ions to fit to
the experimental data of our devices.

The device structure is p-i-n, where p is the HTL, i is the perovskite absorber
layer and, n is the ETL. The devices employ gold (Au) as the cathode and poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS) and indium tin ox-
ide (ITO) as the anode. The hole transporting material used is poly[N,N-bis(4-
butylphenyl)-N,N-bis(phenyl)benzidine (polyTPD) and the electron transporting mate-
rial used is [6,6]-phenyl C61-butyric acid methylester (PCBM). The perovskite absorber,
CH3NH3PbI3, is deposited by co-evaporating PbI2 and CH3NH3I in a high vacuum
chamber. The perovskite has a band-gap (Egap) of 1.55 eV. [8] Figure 3.1 shows the device
configuration. Momblona et al. reported the influence of the perovskite layer thickness
on the device performance, with the fill factor (FF) decreasing from 63% for a 285-nm-
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thick device to 40% for a 900-nm-thick device. [8] The FF of the 900-nm-thick device was
recovered to 65% by using a doped-polyTPD (by 0.05% partial oxidation of polyTPD) as
hole transport layer. [8] In addition, we also report the light intensity dependence of FF
for a 400-nm-thick device. [8]

3.3 Device model

Our device model is based on solving in one dimension (1D) the drift-diffusion equations
for electrons and holes throughout the device and the Poisson equation. The rate of
generation of charge carriers is dependent on the absorption profile in the perovskite
layer upon illumination of the device and is calculated by using the open source transfer
matrix model by Burkhard et al. [18] The absorption of light in the perovskite layer is
shown to create both excitons and free charges. [3,19] However, owing to the low exciton
binding energy (a few meV), [3] the instantaneous generation of free charges after light
absorption in the perovskite is a reasonable assumption in our model. The transport
of these free charges is then governed by diffusion and electrically induced drift; for
electrons [20]

Jn(x) = −qn(x)µn
∂V(x)

∂x
+ qDn

∂n(x)
∂x

, (3.1)

and for holes

Jp(x) = −qp(x)µp
∂V(x)

∂x
− qDp

∂p(x)
∂x

, (3.2)

where Jn(x) and Jp(x) are electron and hole current densities respectively, q is the elec-
tronic charge, V(x) is the electrostatic potential, n(x) and p(x) are electron and hole
concentrations, µn and µp are electron and hole mobilities and, Dn and Dp are electron
and hole diffusion constants respectively. The diffusion constants are assumed to obey
the Einstein relation [20]

Dn,p = µn,pVt, (3.3)

with Vt the thermal voltage i.e., Vt = kBT/q, where kB is Boltzmann’s constant and T is
the absolute temperature. The position within the device is denoted by x and represents
one spatial dimension. The left contact (between PEDOT:PSS/ITO and polyTPD) is then
given by x = 0 and the right contact (between PCBM and Au) by x = L, where L is the
device thickness.

The electrostatic potential throughout the device is solved from the Poisson’s equa-
tion

∂2

∂x2 V(x) = − q
ε(x)

(p(x)− n(x)− N−A (x) + N+
D (x)), (3.4)

with ε(x) being the permittivity and, N−A (x) and N+
D (x) being the ionised p-type and

n-type doping respectively. The p-doping (N−A ) is constant and finite in HTL and zero
in ETL. Similarly, n-doping (N+

D ) is constant and finite in ETL and zero in HTL. In the
perovskite layer, the doping is zero. Henceforth, the x dependence of variable is dropped
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for notational convenience and is invoked only occasionally for clarity. The boundary
condition on the electrostatic potential is

q(V(L)−V(0) + Vapp) = Wc −Wa, (3.5)

where Vapp is the externally applied voltage and, Wa and Wc are the anode and cathode
work-functions respectively. The built-in potential is then given by

Vbi = (Wc −Wa)/q. (3.6)

The boundary conditions for charge carriers at electrode contacts are given by Boltz-
mann statistics; for anode (x = 0) [20]

n(0) = Nc exp(−
Egap − φp

Vt
), (3.7a)

p(0) = Nc exp(−
φp

Vt
), (3.7b)

where Nc is the effective density of states of both the conduction and valence band and
φp is the injection barrier height (in eV) for holes. Similarly, for cathode (x = L) [20]

n(L) = Nc exp(−φn

Vt
), (3.8a)

p(L) = Nc exp(−
Egap − φn

Vt
), (3.8b)

where φn is the injection barrier height (in eV) for electrons. This denotes that the elec-
trode contacts are in thermodynamic equilibrium, unlike the rest of the device.

The generated charge carriers in CH3NH3PbI3 can recombine via both bimolecular
and trap-assisted mechanism. The bimolecular recombination rate (Rb) is given by

Rb = kb(np− ni
2), (3.9)

where kb is the bimolecular recombination constant and ni is the intrinsic carrier concen-
tration. The trap-assisted recombination rate (RSRH) is given by the Shockley-Read-Hall
(SRH) equation [20]

RSRH =
CnCpΣT

Cn(n + n1) + Cp(p + p1)
(np− ni

2), (3.10)

where Cn and Cp are the capture coefficients for electrons and holes respectively. The
constants n1 and p1 are defined by

n1 = Nc exp(−
Ec − Etrap

kbT
), (3.11a)
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Figure 3.2: J − V characteristics of perovskite solar cells with absorber thickness of (a) 285 nm
with undoped hole transport layer (HTL) and (b) 900 nm with undoped and doped HTL. The
open symbols in both plots are experimental data obtained from Ref. 8 for CH3NH3PbI3 solar
cells. The solid line represents the simulations. Note the change in scale at the bottom in (b) as
compared to (a).

p1 = Nc exp(−
Etrap − Ev

kbT
), (3.11b)

with Etrap being the trap energy in eV. The trap density, ΣT , is expressed as

ΣT =
ΣT,n + ΣT,p

d
, (3.12)

where ΣT,p and ΣT,n are surface trap densities (cm−2) at HTL/perovskite and per-
ovskite/ETL interface respectively operating as recombination centers (Etrap = Egap/2),
and d is the interface defect layer whose thickness is 5 nm. Trap-assisted recombination
is most effective when the trap is located mid-gap, and is shown to categorically de-
scribe the recombination dynamics for an arbitrary distribution of traps near the middle
of the band-gap as shown in Ref. 21. These interface traps are present in the perovskite
absorber layer and have material properties of the perovskite.

To solve the Poisson and continuity equations, Gummel iteration is used. Initially,
a guess is made for the carrier densities and potential, and then solving the Poisson
equation gives the correction δV to the potential which is subsequently added to the
guessed potential. Next, the continuity equations are solved for the carrier densities
using the new potential as input. This scheme is iterated until convergence (error is
minimized) is reached. To discretize the equations, a finite difference method is used.
The total simulation volume is 1000 points leading to a grid spacing (∆x) of 0.325 nm for
the 285-nm-thick device and 0.940 nm for the 900-nm-thick device. Detailed information
about the iteration procedure and the discretization scheme can be found in Ref. 22.
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3.3.1 Validation

Figure 3.2a-3.2b shows the experimental data for CH3NH3PbI3 solar cells with different
absorber layer thickness of 285 nm and 900 nm (with and without doped HTL) respec-
tively. The devices are illuminated by a standard AM 1.5G light source. As is evident,
the fill factor (FF) decreases significantly with increase in thickness from 285 nm to 900
nm. Doping of the HTL (polyTPD) in the 900-nm-thick device leads to improved effi-
ciency helped by a large gain in FF. [8] Now, we perform simulations and fit the simulated
data to the experimental data, and we achieve this by using only a single set of device
parameters as input to our device model.

A fit to the experimental data is shown in Figure 3.2 for both 285 nm and 900-
nm-thick devices. We find that we need weak bimolecular recombination in the per-
ovskite bulk and trap-assisted recombination at interfaces to fit the simulation to the
experimental data. In addition, we also find that we do not need to include ions to

Table 3.1: Parameters used in the device simulation to obtain the fit, including the ones from the
literature.

Parameter Symbol Value
Perovskite band gap Egap 1.55 eV Ref. 8
Density of states (DOS) Nc 8.1× 1018 cm−3 Ref. 24
Perovskite conduction band minimum Ec -5.43 eV Ref. 25
Perovskite valence band maximum Ev -3.88 eV Ref. 25
polyTPD HOMO level EHOMO -5.4 eV Ref. 25
PCBM LUMO level ELUMO -3.9 eV Ref. 25
Built-in voltage at short-circuit Vbi 1.1 V Ref. 8
Hole mobility in polyTPD (HTL) µ̄p 1× 10−3 cm2/Vs Ref. 26
Electron mobility in PCBM (ETL) µ̄n 2× 10−3 cm2/Vs Ref. 27
Perovskite relative permittivity ε 24.1 Ref. 24
polyTPD relative permittivity εp 3
PCBM relative permittivity εn 3.9 Ref. 27
Electron and hole capture coefficients Cn,p 1× 10−13 m3/s Ref. 28
Electron and hole mobility in perovskite µn, µp 5× 10−2 cm2/Vs Fit
Maximum charge generation rate Gmax 7.51× 1021 cm−3s−1 Fit
Bimolecular recombination constant kb 6× 10−11 cm3/s Fit
HTL/perovskite interface trap density ΣT,p 2.5× 109 cm−2 Fit
Perovskite/ETL interface trap density ΣT,n 1.5× 109/1011 cm−2 Fit
Ionised doping in PCBM N+

D 1× 1014 cm−3 Fit
Ionised doping in polyTPD N−A 1× 1015 cm−3 Fit
Number of grid points 1000
Grid spacing ∆x 0.325 - 0.940 nm
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Figure 3.3: Normalised generation rate of charge carriers throughout the 285-nm-thick and 900-
nm-thick (inset graph) device as calculated by using the transfer matrix model [18].

fit to the experimental data. The calculated charge carrier generation profile through-
out the device after illumination is depicted in Figure 3.3. The optical constants (η,
κ) of all the materials we used are obtained from the literature and are listed in Ref
23. Table 3.1 provides an overview of the device parameters used in the simulation.
The electron and hole mobilities in CH3NH3PbI3 are extracted from the fit and are in
good agreement with values reported in the literature. [4,29–31] The perovskite bimolec-
ular recombination coefficient extracted from the fit is also in good agreement with re-
ported values (2× 10−11− 5× 10−9 cm3/s). [4,7,32] The maximum generation rate is fit to
match the short-circuit current density of the 285-nm-thick and 900-nm-thick device. The
HTL/perovskite and perovskite/ETL interface traps account for the open grain bound-
aries that are invariably present at material interfaces which can cause the charge carri-
ers to recombine non-radiatively. As the perovskite is grown by evaporation on the HTL
surface during preparation of all devices, the quality of the HTL/perovskite interface re-
mains unchanged for devices of all thicknesses. However, the perovskite/ETL interface
changes with increasing perovskite growth times and device thickness. We therefore fix
the HTL/perovskite interface trap density (ΣT,p) to 2.5× 109 cm−2 for devices with all
thicknesses. The perovskite/ETL interface trap density (ΣT,n) is 1.5× 109 cm−2 for the
285-nm-thick device and 1.5× 1011 cm−2 for the 900-nm-thick device. A fit to the ex-
perimental data (light intensity dependence of FF) of the 400-nm-thick device (shown in
Figure 3.4) gives ΣT,n of 5× 1010 cm−2. As can be seen from Figure 3.2 and Figure 3.4, us-
ing a single set of device parameters, we see excellent agreement between experimental
and simulated data, including the influence of the device thickness, the doping of HTL
and the light intensity dependence of FF.

We note that the carrier mobility in the perovskite extracted from the fit is at the
lower end of the literature values spectrum. [4,29–31] However, when the perovskite mo-
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Figure 3.4: Fill factor of 400-nm-thick device at different light intensities. The open squares repre-
sent experimental data and the solid line denotes the simulation. 1 sun = 100 mW/cm2.

bility was set to lower value (≤ 10−2 cm2/Vs) in simulations, there was no significant
increase in FF with HTL doping (Figure 3.2b) as seen in experiments, stating that this
mobility value (of perovskite) is too low for efficient charge transport despite the in-
crease in electric field strength in the perovskite due to HTL doping. Here, the dop-
ing of HTL increases its conductivity by increasing the equilibrium hole density in the
layer. We assume that the hole mobility in HTL is unchanged after doping. On the
other hand, simulation results with higher value (≥ 0.1 cm2/Vs) of perovskite mobili-
ties could not explain the large decrease in FF (63% to 40%) [8] as the absorber thickness
is increased from 285 nm to 900 nm, suggesting that this mobility value (of perovskite)
is too high to quench charge transport in the 900-nm-thick device. We also performed
simulations with traps/defects in the perovskite bulk, but the simulated data did not
fit the experimental data using a single set of device parameters and also failed to ex-
plain all the experimental observations exhaustively viz. thickness dependence, effect of
doping of HTL and light intensity dependence of FF. The recovery of FF (increase from
40% to 60%) after doping of the HTL is an evidence of the high quality of the perovskite
bulk absorber deposited by vacuum co-evaporation. [8] This illustrates the high diffusion
lengths of charge carriers and presence of low defect (or trap) density in the perovskite
bulk, strengthening our premise of traps (or recombination centers) at interfaces only.

3.4 Results and discussion

3.4.1 Device at short circuit, open circuit and maximum power

The electric potential, current densities and carrier densities for the 285-nm-thick device
under short-circuit (SC) conditions (Vapp = 0 V) are depicted in Figure 3.5a-3.5b. The low
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Figure 3.5: Potential, current densities and carrier densities at (a, b) short-circuit and (c, d) open-
circuit conditions for the 285-nm-thick device. The background colors show different device stacks
with (from left to right) ITO/PEDOT:PSS, HTL (yellow), perovskite, ETL (blue), Au. Note the
change in scale on the right hand side in (c) as compared to (a).

dielectric nature of the organic materials employed as HTL and ETL results in a signifi-
cant potential drop across these transport layers. The electric field in the perovskite layer
is constant except at the interfaces with transport layers where the permittivity function,
ε(x), changes abruptly. As a consequence of the non-uniform generation of charge carri-
ers (shown in Figure 3.3), current densities exhibit a non-linear dependence on position
despite the constant electric field in the perovskite bulk. In the transport layers however,
the current densities are constant since the majority carrier density (electron in ETL and
hole in HTL) is significantly higher than the minority carrier density (hole in ETL and
electron in HTL) and bimolecular recombination is very low. The charge densities are
high at the contacts (x = 0 and x = L) but fall rapidly in the thin transport layers, owing
to the presence of the strong electric field and the low conductivity of the organic ma-
terials. The non-uniform generation profile also results in electron density to be higher
than the hole density in the perovskite bulk, notwithstanding their balanced mobilities.
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Table 3.2: Voltage, current density and, total recombination loss at short-circuit (SC), maximum
power (MP) and open-circuit (OC) conditions. Total recombination is divided into bimolecular,
SRH and surface recombination.

Vapp
(V)

J
(mA/cm2)

Total
recombi. (%)

Bimolecular
recombi. (%)

SRH
(interface)

recombi. (%)

Surface
recombi. (%)

SC 0 19.0 3.7 0.2 99.8 0
MP 0.81 15.4 22 0.7 99.2 0.1
OC 1.07 0 100 1.4 92.8 5.8

When in short-circuit (SC), only 3.7% of the generated charge carriers recombine (Ta-
ble 3.2) and the rest are extracted efficiently. This is a consequence of the high charge
carrier mobilities (as compared to organic layers) in perovskite, despite only a modest
electric field (∼ 1.85× 106 V/m) in the perovskite bulk. The charge extraction efficiency
is lower in the 900-nm-thick device as compared to the 285-nm-thick device as the electric
field is weaker in the thicker device and therefore, despite stronger light absorption in
the 900-nm-thick device, only a marginal increase in JSC is realized. Bimolecular recom-
bination, which is proportional to the product of carrier densities, is low as the carrier
densities in the perovskite are low (∼ 1013 − 1014 cm−3) resulting in the dominant loss
mechanism being SRH recombination.

Figure 3.5c-3.5d shows the potential, current densities and charge densities under
open-circuit (OC) conditions (Vapp = VOC). As compared to SC, the electric field is very
small in the device. There is an equilibrium between drift and diffusion of charge carriers
which results in net zero current densities in the device. With only a weak electric field
to help charge extraction, the carrier densities are high as compared to SC. This results
in recombination of all of the generated charge carriers in the perovskite bulk.

Just as in OC and SC conditions, SRH recombination is the dominant recombina-
tion mechanism when the device is operating at maximum power (MP), with overall
carrier recombination being 22% of all generated carriers. As a solar cell is operated at
MP, the pathways leading to SRH recombination in perovskite solar cell need to be ad-
dressed. Surface recombination occurs when charge carriers reach the wrong electrodes
(ITO/PEDOT:PSS for electrons and Au for holes) and recombine with the majority car-
riers at the respective electrodes. The surface of the perovskite is covered with transport
layer forming an interface, where SRH recombination is dominant as discussed in this
paper. Our results are in line with Yang et al. [33] who report significant recombination
at the perovskite surface. From Table 3.2, surface recombination at electrodes is signifi-
cantly lower than interface SRH recombination, implying that surface recombination at
the electrodes is not a major recombination process in perovskite solar cells.
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Figure 3.6: Potential profiles in the 900-nm-thick device with polyTPD and doped-polyTPD as hole
transporting layer. The yellow layer is polyTPD/doped-polyTPD and the blue layer is PCBM.

3.4.2 Improving the efficiency

Having discussed the device behavior in detail, we now explore ways to increase the
device performance of perovskite solar cells. One such method involves the doping of
polyTPD (HTL) to increase the fill factor (FF) from 40% to 65%. [8] Our model is able
to reproduce this experimental result and shows excellent agreement as is depicted in
Figure 3.2b. Doping of polyTPD increases the equilibrium carrier density in the layer
increasing its conductivity which results in a lower drop in potential across the polyTPD
as shown in Figure 3.6. This results in a stronger electric field in the perovskite bulk
giving rise to increased charge extraction and lower recombination which is reflected in
the increase in FF.

The influence of the charge carrier mobilities on the device performance is shown
in Figure 3.7a. Increase in mobility results in faster extraction of charge carriers which
reduces the carrier density in the perovskite bulk leading to low carrier recombination.
This is reflected in a higher FF and JSC leading to power conversion efficiency (PCE) up
to 16.8%. As the electric field strength in the perovskite layer is unchanged, there is no
influence on the VOC.

The presence of energetic barriers at contacts for charge injection/extraction can play
a detrimental role on device performance as can be seen in Figure 3.7b. As shown in
Equation 3.6, lowering of the energetic barriers (by modifying the work-functions of
contacts) gives rise to increased device built-in potential (Vbi) and this leads to higher
VOC. The increase in electric field strength results in faster charge extraction and an in-
crease in FF. The magnitude (height) of the energetic barriers is dependent on the choice
of electrodes and transport layers having different work-functions and band gaps. Mit-
igation of these barriers by careful choice of materials is essential for increasing device
efficiency.
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Figure 3.7: Simulated J −V curves for different (a) carrier mobilities (b) injection barriers (c) trap
density at perovskite/ETL interface and, (d) trap density at HTL/perovskite interface. The black
line in every sub-figure follows the experimental data from Figure 3.2.

From Table 3.2, SRH recombination via traps or defects is the dominant recombina-
tion mechanism during device operation. The influence of passivation of traps located
at the interface between the perovskite and the transport layers is shown in Figure 3.7c-
3.7d. As can be seen from the figures, the quality of the HTL/perovskite (front) interface
has a far greater impact on the device characteristics as compared to the perovskite/ETL
(back) interface. This is because the solar cell is illuminated from the HTL side result-
ing in higher concentration of free charge carriers near the HTL/perovskite interface
as is clear from the generation profile shown in Figure 3.3. Higher concentration of
free charge carriers means there are excess of generated electrons available for recom-
bination with trapped holes at the HTL/perovskite front interface. The efficiency of
the perovskite solar cell jumps significantly (13.2% to 18.1%, an increase of 40%) with
passivation of traps, emphasizing the need to address interface SRH recombination loss
(especially at the front interface).

An optimized device with increased carrier mobilities, reduced energetic barriers
and, passivated traps can lead to PCE of 23.3% having superior FF and VOC as shown
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Figure 3.8: Simulated J-V curve (red) for the optimized perovskite solar cell with absorber thick-
ness 285 nm.

in Figure 3.8. This is however, by no means the upper limit (theory or practical) to the
efficiency. Here, the optimized device has a thickness of 285 nm which limits the JSC of
the solar cell around 20 mA/cm2 whereas, the current state-of-the-art perovskite solar
cells are 450-550 nm thick and show JSC approaching 23 mA/cm2. [34,35] Increasing the
perovskite absorber thickness should further increase the cell performance, with a PCE
beyond 25% realizable.

3.5 Conclusions

We have developed and validated a device model for the operation of perovskite solar
cells (PSCs). The model quantitatively explained the role of contacts, the electron and
hole transport layers, charge generation, drift and diffusion of charge carriers and re-
combination. The model was used to simulate experimental data of vacuum deposited
p-i-n perovskite (CH3NH3PbI3) solar cells made by our collaborators. [8] Excellent agree-
ment was found between simulated and experimental data over multiple device thick-
nesses, including the doping of hole transport layer (HTL) and the light intensity depen-
dence of fill factor (FF). Trap-assisted recombination at interfaces was found to be the
dominant recombination mechanism at short-circuit, maximum power and, open-circuit
conditions. Mitigation of interface recombination by passivation of traps was shown to
increase the device power conversion efficiency (PCE) by 40%, emphasizing the need to
address trap-assisted recombination (especially at the front HTL/perovskite interface)
channels in perovskite solar cells. The optimization of 285-nm-thick CH3NH3PbI3 solar
cell resulted in PCE of 23.3%, with a target of 25% realizable by increasing the perovskite
absorber thickness.
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CHAPTER

FOUR

RECOMBINATION IN PEROVSKITE SOLAR CELLS:
SIGNIFICANCE OF GRAIN BOUNDARIES, INTERFACE

TRAPS AND DEFECT IONS

Summary

Trap-assisted recombination, despite being lower as compared with traditional in-
organic solar cells, is still the dominant recombination mechanism in perovskite solar
cells (PSCs) and limits their efficiency. In this chapter, the attributes of the primary trap-
assisted recombination channels (grain boundaries and interfaces) and their correlation
to defect ions in PSCs are investigated. This is achieved by using a validated device
model to fit the simulations to the experimental data of efficient vacuum deposited
p-i-n and n-i-p CH3NH3PbI3 solar cells including the light intensity dependence of
open-circuit voltage and fill factor. It is shown that despite the presence of traps
at interfaces and grain boundaries, their neutral (when filled with photo-generated
charges) disposition along with the long-lived nature of holes leads to the high per-
formance of PSCs. A direct correlation is found between the density of traps, density
of mobile ionic defects and the degree of hysteresis observed in the current-voltage
(J −V) characteristics. Presence of defect states or mobile ions not only limits the device
performance but also plays a role in the J −V hysteresis.
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Chapter 4. Recombination in perovskite solar cells: significance of grain boundaries, interface
traps and defect ions

4.1 Introduction

At solar fluences, radiative recombination (between free electrons and free holes) is weak
in perovskite solar cells. [1] On the other hand, non-radiative recombination has been
shown to be the dominant recombination mechanism in perovskite solar cells, [2,3] which
limits the efficiency of existing PSCs. [4,5]

Non-radiative recombination takes place when an electron (or hole) trapped in a de-
fect/impurity (energy level in the band-gap of the perovskite) recombines with a hole
(or electron) in the valence (or conduction) band of the perovskite. In polycrystalline
perovskite thin-films, defects or impurities are likely to be concentrated at grain bound-
aries (GBs) and at film surfaces. [6–8] The surface of the photo-active perovskite in PSCs
is covered with electron and hole transport layers which forms an interface. While non-
radiative recombination at interfaces has been shown to severely influence the PSC per-
formance, [5] the role of the GBs on the overall device performance is still under de-
bate. [9–12] A few studies suggest: traps at GBs lead to increased trap-assisted recombi-
nation, [13,14] insulating products (e.g. PbI2) formed at GBs passivate the traps and hence
minimize trap-assisted recombination, [9,10] GBs act as hole-transport highways which
leads to improved hole collection. [11] With the nature of GBs possibly changing with
processing conditions and stoichiometry, [12,15] it is important to investigate their role on
the charge carrier dynamics in perovskite solar cells and quantify their influence (detri-
mental or otherwise) on the device performance. This would help to identify appropriate
approaches for further increasing the efficiency of PSCs.

Grain boundaries (GBs) are ubiquitous in polycrystalline films and are formed due to
a break in the crystal structure of the material. The different orientations of neighbour-
ing crystal grains give rise to dislocations, misplaced atoms (interstitials), vacancies, dis-
torted bond angles and bond distances at the grain boundaries. [16] These GBs are known
to play a critical role in the charge carrier dynamics and photophysics of CdTe, poly-Si,
copper indium gallium selenide (CIGS) thin-films used in solar cells. [17–20] Several GB
models exist in the literature to explain their influence on the charge carrier dynamics
in inorganic polycrystalline solar cells. [21–23] However, hybrid perovskites are different
from the above mentioned inorganic photovoltaic materials in terms of doping levels
(i.e. much lower) and nature of GB defect traps. Perovskites are lightly doped materials
and due to the presence of charged ionic defects it is likely that the traps are electrically
charged when empty, [24–26] and neutral when filled with photo-generated charges. A
different perspective to GB physics is thus essential in the case of perovskite solar cells.
It could help answer the question: is there a need to move toward single crystalline ma-
terials or are polycrystalline films prepared using existing methods sufficient to achieve
high-performing perovskite solar cells?

In this chapter, we investigate the attributes of the primary trap-assisted recombina-
tion channels viz. grain boundaries (GBs) and interfaces, and their correlation to ionic
defects in existing perovskite solar cells (PSCs).
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4.2. Experimental data

Figure 4.1: (a) Schematics of the vacuum deposited perovskite cells used and (b) scanning electron
microscope (SEM) image of the CH3NH3PbI3 surface.

4.2 Experimental data

The experimental data is obtained from fully vacuum deposited CH3NH3PbI3 devices
prepared by our collaborators and published recently. [27] Bothp-i-n and n-i-p device con-
figurations are studied (Figure 4.1), where i is the perovskite absorber layer, p is the hole
transport layer (HTL) and, n is the electron transport layer (ETL). For the p-i-n cell, in-
dium tin oxide (ITO) and silver (Ag) is used as anode and cathode respectively. And for
the n-i-p cell, the anode is gold (Au) and the cathode is ITO. The HTL is composed of a
10 nm-thick film of N4,N4,N4”,N4”-tetra([1,1’-biphenyl]-4-yl)-[1,1’:4’,1”-terphenyl]-4,4”-
diamine (TaTm) in contact with the perovskite, followed by a 40 nm-thick TaTm film
doped with 2,2’-(perfluoronaphthalene-2,6-diylidene) dimalononitrile (F6-TCNNQ) in
contact with the anode. Analogously, the ETL comprises an undoped C60 fullerene film
(10 nm) and a C60 layer (40 nm) doped with N1,N4-bis(tri-p-tolylphosphoranylidene)-
benzene-1,4-diamine (PhIm) in contact with the cathode. The perovskite (CH3NH3PbI3)
thin films are prepared by co-evaporation of CH3NH3I and PbI2 in a vacuum chamber,
to a final thickness of 500 nm. The perovskite shows band-to-band transition at 780nm
which translates in to a band-gap (Egap) of 1.59 eV. [27] The p-i-n and n-i-p solar cells
show efficiencies around 16% and 18% respectively, with a record efficiency of 20.3%
using the n-i-p configuration. [27] Doping of HTL and ETL increases their conductivity
and also increases the electric field strength in the perovskite layer resulting in efficient
charge extraction from the perovskite to the external contacts. [5,27] This is reflected in
high fill-factor (FF) and open-circuit voltage VOC for both p-i-n and n-i-p cells. [27]
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4.3 Modelling approach

We recently developed a device model [5] which describes the operation of perovskite
solar cells and quantitatively explains the role of contacts, the electron and hole transport
layers, charge generation, transport of charge carriers and recombination. Our 1D device
model is based on the drift-diffusion equations for electrons and holes throughout the
device and on solving the Poisson equation in one dimension. In the perovskite layer, the
absorption of light generates free electrons and holes. The transport of these free charges
is governed by drift-diffusion and electrically induced drift, described by Equation 3.1-
3.2 in chapter 3.

The defect ion current density (Ja, anion; Jc, cation) is also given by Equation 3.1-3.2.
However, since the electrodes are ion-blocking, Ja = Jc = 0.

The electric potential throughout the device is solved from the Poisson’s equation

∂

∂x

(
ε

∂V
∂x

)
= −q

(
p− n + N+

D − N−A

+Xc − Xa + QTΣT fT
) (4.1)

where ε is the permittivity, N−A and N+
D is the ionised p-type and n-type doping re-

spectively, Xc and Xa is the cationic and anionic defect density [26,28–30] respectively in
the perovskite absorber. The trap density is ΣT , the sign of the trap when filled is
QT ∈ {−1, 0, 1} and the occupation probability of the trap is fT,ν=n,p which is given
by

fT,ν=n,p =

[
1 +

( g0,ν

g1,ν

)( ν

Ncv
exp(Etrap/Vt)

)α
]−1

, (4.2)

where g0,1 are the degeneracy factors of empty and filled trap level respectively, Ncv is
the effective density of states of both the conduction and valence band, Etrap (= Egap/2)
is the mid-gap trap energy level, α is the sign of the trapped charge carrier (1 for holes, -1
for electrons) and, Vt = kT/q is the thermal voltage with k being the Boltzmann constant
and T the temperature. We neglect the degeneracy of traps and set g0/g1 = 1.

The boundary condition on the electrostatic potential is

q(V(L)−V(0) + Vapp) = Wc −Wa (4.3)

with Vapp being the externally applied voltage and, Wa and Wc the anode and cathode
work functions respectively. The built-in potential is then given by Vbi = (Wc −Wa)/q.

The boundary conditions for charge carrier densities at electrode contacts are given
by [5]

n, p = Ncv exp(−φn,p/Vt), (4.4)

where φn,p is the offset (in eV) between the cathode (anode) work function and the con-
duction (valence) band of the perovskite.
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4.4. Nature of charge trapping centers

The generated charge carriers in CH3NH3PbI3 can recombine via both bimolecular
and trap-assisted mechanism. The bimolecular recombination rate (RBR) is given by

RBR = kBR(np− ni
2) (4.5)

where kBR is the bimolecular recombination constant and ni is the intrinsic carrier con-
centration. The trap-assisted recombination rate (RSRH) is given by the Shockley-Read-
Hall (SRH) equation [31]

RSRH =
CnCpΣT

Cn(n + n1) + Cp(p + p1)
(np− ni

2) (4.6)

where Cn and Cp are the capture coefficients for electrons and holes respectively. Cn
denotes the probability per unit time that the electron in the conduction band will be
captured for the case that the trap is filled with a hole and able to capture the electron.
Correspondingly, Cp denotes the probability per unit time that the hole in the valence
band will be captured when the trap is filled with a electron and able to capture the hole.
The constants n1 and p1 are defined as

n1 = n( f−1
T,n − 1), p1 = p( f−1

T,p − 1)−1. (4.7)

The trap density, ΣT , is expressed as

ΣT =
ΣT,n + ΣT,p

d
, (4.8)

where ΣT,p and ΣT,n are surface trap densities (cm−2) at HTL/perovskite and
perovskite/ETL interface respectively operating as recombination centers (Etrap =

Egap/2), [5] and d is the interface defect layer whose thickness is 2 nm. Recombination
is most effective when traps are located mid-gap, and it is shown that recombination
dynamics for an arbitrary distribution of traps near the middle of the band-gap is iden-
tical. [32]

The details of the slow (‘stabilized’) J −V scans used to fit to the experimental data,
fast forward/reverse J − V scans and hysteresis simulations which include precondi-
tioning are presented in Appendix B.

The numerical approaches and procedures to solve the above mentioned equations
can be found in Ref. 5 and 33.

4.4 Nature of charge trapping centers

Defects and impurities located at grain boundaries (GBs) and surfaces can act as traps
for photo-generated charge carriers. In hybrid perovskite solar cells, electrons are the
trapped carriers. [2,34,35] A negative GB is formed when electrons fill the empty un-
charged GB traps, and a neutral GB is formed when electrons fill the empty charged

55



Chapter 4. Recombination in perovskite solar cells: significance of grain boundaries, interface
traps and defect ions

Figure 4.2: (a) In typical inorganic solar cells (poly-Si, CdTe), the empty neutral traps at GBs and
interfaces when filled with electrons result in a weakened transport due to the potential barrier
(qφB) and the non-radiative recombination between holes and trapped electrons is strong. (b) In
perovskite solar cells, it is likely that the empty traps are positively charged due to accumulated
iodide vacancies (V+

I ) at GBs and interfaces. Therefore, when filled with electrons, the traps are
neutral and electron transport is relatively unaffected, and non-radiative recombination is weak.

traps. Figure 4.2 shows the case of a filled negative and a filled neutral GB. It is clear
that GBs can act as (1) potential barriers (EB = qφB) for electrons which impedes their
transport from one crystallite to another and thus affect their long-range mobility, (2)
recombination centers where the trapped electrons recombine non-radiatively with free
holes in the valence band. Since hybrid perovskites are ionic conductors, the associated
traps are expected to be electrically charged. [24–26]

Positively charged iodide vacancies (V+
I ) are the dominant defect ions as indicated by

recent theoretical studies. [25,28] Migration of these defect ions has been shown to occur
via the grain boundaries rather than the crystal bulk. [6] Grain boundaries typically show
weak emission in photoluminescence (PL) measurements [13,36] suggesting trapping and
non-radiative recombination of carriers. It is therefore likely that accumulation of V+

I
at GBs and surfaces (or interfaces) induces trap states which act as recombination cen-
ters for photo-generated carriers. Few theoretical studies predict the iodide vacancies to
have energy states outside the band-gap, [37] however, these calculations are performed
considering iodide vacancies as bulk point defects. The more relevant and performance
limiting features are the GBs and interfaces (or surfaces) where iodide vacancies and ions
are most likely to reside at in thin-films. [6,10] Many recent experimental results point to
the trapping nature of the accumulated iodide vacancies at GBs and interfaces. [34,36,38]

A recently published theoretical study looked at carrier trapping at surface defects and
reported that iodide vacancies do exhibit energy states inside the band-gap. [39] There-
fore, we assume that the GB traps (accumulated V+

I ) when filled with charge carriers
(electrons) are likely to be electrically neutral. Filled neutral traps are less likely to lead
to rapid recombination as compared to filled charged traps, confirming the light soak-
ing experiments in perovskite solar cells where trap filling by photo-generated charges

56



4.4. Nature of charge trapping centers

Figure 4.3: The p-i-n device skeleton showing the energy levels, interface traps (red) and grain
boundaries (dashed lines). Upon illumination, free electrons and holes are transported through
the respective materials and are extracted at the electrodes.

reduces the trap-assisted recombination in the device. [38]

A refinement of our full 3D drift-diffusion simulation [40] is currently a work in
progress to take into account the accumulation of ionic defects at 3D grain boundaries to
explain the recently reported anomalous photovoltaic effect. [41]

In our devices the experimentally observed crystal size is ∼ 100 nm on average. [27]

Therefore, we incorporate grain boundaries in our device model and place them LGB =
100 nm apart along the thickness of the perovskite absorber. The traps at GBs (ΣT,GB)
and at interfaces (ΣT,p , ΣT,n) are charged when empty and neutral when filled. Since
the device is electrically neutral in dark, we assume in the model that the charged empty
traps (accumulated V+

I ) are compensated by an equal density (volume) of mobile iodide
ions given by

Xa = (nGB ∗ ΣT,GB + ΣT,n + ΣT,p)/Labs (4.9)

where nGB is the number of GBs along the absorber thickness (Labs). This makes the
perovskite slightly p-type, in agreement with the literature. [34,35,42] The distribution of
these mobile iodide ions in the perovskite layer is solved from the coupled continuity
and Poisson equation discussed before and according to the device operating conditions
(i.e. external bias, illumination, preconditioning) as detailed in Appendix B.

Here, if the trapping centres are considered as iodide vacancies, and if such a vacancy
traps an electron and a hole is captured (via SRH), then it is still an iodide vacancy
(as iodide is still missing). Consequently, the ionic current is zero. In steady-state the
ions would not move, as that would mean the material would be quickly taken apart
completely. It is possible to have a finite ionic current in steady-state (with ion-blocking
electrodes) if there is are a net generation and net recombination sources and both the
ion and its vacancy diffuse together. This is a very unlikely scenario, especially since
the charge of ion and vacancy are opposite and since the iodide vacancy is by far the
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Figure 4.4: (a) J −V characteristics of p-i-n and n-i-p perovskite solar cells. The open symbols are
experimental data for vacuum deposited CH3NH3PbI3 solar cells. [27] The solid lines represent the
simulations. (b) Normalised generation profile for the p-i-n and n-i-p (inset) solar cell as calculated
using the transfer matrix model. [43]

fastest one. Also, it would imply modelling ion/vacancy reactions, which is far beyond
the scope of the work (and the status of the field).

4.5 Results and discussion

Now, we fit the simulations to the experimental data of both p-i-n and n-i-p solar cells
prepared by vacuum deposition. [27] The p-i-n device skeleton is shown in Figure 4.3. In
the n-i-p device, the p and n layers are interchanged by reversing the order of vacuum
deposition of same materials. [27] The only difference being the top metal contact, silver
(Ag) for the p-i-n cell and gold (Au) for the n-i-p cell. The model takes as input an exten-
sive experimental dataset (Table 4.1), and the only free parameters (to fit) are the carrier
mobility in the perovskite and the trap density plus the charge capture coefficients.

We find that, the model achieves quantitative agreement with the experimental
datasets (both p-i-n and n-i-p cell) only when we consider (i) trap-assisted recombina-
tion at interfaces (HTL/perovskite and perovskite/ETL) (ii) trap-assisted recombination
at GBs and (ii) weak bimolecular recombination in the perovskite layer. When we con-
sidered other scenarios, mainly, of bulk trap-assisted recombination in the perovskite,
the simulations did not fit to the experimental data of the light intensity dependence of
VOC and FF. Fill factor is more sensitive to the location and strength of different recom-
bination channels in the device. For example, if we consider bulk trap-assisted recombi-
nation in simulations, the FF shows a positive dependence on light intensity. However,
in our devices we see the FF initially increasing and then decreasing with lowering of
light intensity. Therefore, we rule out bulk trap-assisted recombination in perovskite as
a primary recombination channel and a (device) performance-limiting attribute.
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4.5. Results and discussion

The experimental data under ‘stabilized’ conditions (slow scan) for both p-i-n and n-
i-p cells is shown in Figure 4.4a. The devices are illuminated by a standard AM 1.5G light
source. Figure 4.4a also shows the fit to the experimental J − V characteristics of both
cells. The simulated fit is also performed under ‘stabilized’ conditions i.e. an infinitely
slow J − V scan, where all mobile ions (calculated from Equation 4.9) are redistributed
in the perovskite layer according to the steady-state operating condition (applied bias,
illumination) during the scan. In order to fit the simulation to the experimental data,
we find that we need weak bimolecular recombination in the perovskite bulk and trap-
assisted recombination at interfaces (HTL/perovskite and perovskite/ETL) and at grain
boundaries. The simulation of p-i-n and n-i-p cells is performed using the same set of
device parameters, including all the fitting parameters. The only change being the re-
moval of the hole energetic offset (0.1 eV) in n-i-p cells where gold is used as anode
as compared to ITO as anode in p-i-n cell which has a lower work-function than gold

Table 4.1: Parameters used in the device simulation of both p-i-n and n-i-p solar cells to simulta-
neously fit to the J −V curves and light intensity dependence of VOC and FF.

Parameter Symbol Value
Perovskite band gap Egap 1.59 eV Ref. 27
Density of states (DOS) Ncv 3.1× 1018 cm−3

Perovskite conduction band minimum Ec -5.43 eV Ref. 27
Perovskite valence band maximum Ev -3.84 eV Ref. 27
TaTm HOMO level EHOMO -5.4 eV Ref. 27
C60 LUMO level ELUMO -4.0 eV Ref. 44
Built-in voltage Vbi 1.4 V Ref. 27
Hole mobility in TaTm (HTL) µ̄p 4× 10−3 cm2/Vs
Electron mobility in C60 (ETL) µ̄n 3× 10−2 cm2/Vs Ref. 44
Perovskite relative permittivity ε 24.1 Ref. 45
TaTm relative permittivity εp 3
C60 relative permittivity εn 3.9 Ref. 46
Ionised doping in C60:PhIm N+

D 5× 1018 cm−3 Ref. 27
Ionised doping in TaTm:F6TCNNQ N−A 1× 1016 cm−3 Ref. 27
Bimolecular recombination constant kBR 1× 10−9 cm3s−1 Ref. 1
Electron and hole mobility in perovskite µn, µp 5 cm2 V−1s−1 Fit
HTL/perovskite interface trap density ΣT,p 1× 1010 cm−2 Fit
Perovskite/ETL interface trap density ΣT,n 2× 109 cm−2 Fit
Grain boundary trap density ΣT,GB 1.8× 109 cm−2 Fit
Electron and hole capture coefficients Cn, Cp 1× 10−6, 1× 10−8 cm3s−1 Fit
Number of grid points 1000
Grid spacing ∆x 0.6 nm
Maximum charge generation rate Gmax 5.4× 1021 cm−3s−1
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(Au). [27] The calculated charge generation profile in both cells is shown in Figure 4.4b.
The material optical constants (η, κ) as input to the transfer matrix model [43] in order to
calculate the generation profile in p-i-n and n-i-p cells are obtained from the literature
and are provided in Appendix B. Table 4.1 lists all the device parameters used in the
simulation to fit to the experimental data. The only free parameters (to fit) are the carrier
mobility in the perovskite and the trap density plus the charge capture coefficients. The
maximum generation rate (Gmax) is calculated by the transfer matrix model [43] and cor-
responds to a maximum short-circuit current density of 19.9 mA/cm2. The charge carrier
mobility extracted from the fit are in agreement with reported values for CH3NH3PbI3
solar cells. [1,13] Bimolecular recombination takes place in the perovskite bulk with the
recombination coefficient 1× 10−9 cm3/s. [1] Trap-assisted recombination takes place at
material interfaces (HTL/perovskite and perovskite/ETL) and at GBs. Here, Cp < Cn
states that the probability per unit time of hole capture by a filled electron trap is lower
than that of the electron capture by a filled hole trap. This is in agreement with the
realization of long-lived holes [35] in perovskite solar cells.

Even in the presence of traps at GBs in the perovskite layer, trap-assisted recombi-
nation at interfaces is the dominant loss mechanism, in agreement with our previous
report. [5] At solar fluences, traps at GBs are filled with photo-generated charges and be-
come neutral and hence do not act as space charge. In addition, due to low trap density
at GBs and existence of an alternate pathway (bimolecular) for charge carriers to recom-
bine, GBs are benign at solar fluences.

As seen in Figure 4.4a, the n-i-p cell shows improved performance with open-circuit
voltage (VOC) and fill factor (FF) reaching 1.12 V and 81% respectively. From the fit
parameters in Table 4.1, the trap density at the HTL/perovskite interface (which is the
front interface for p-i-n cell) is higher than at the perovskite/ETL interface (which is the
front interface for n-i-p cell). Since the quality of the front interface has a greater impact
on the device performance, [5] the n-i-p cell performs better. The enhanced performance
of the n-i-p cell also derives from the higher conductivity of the doped ETL as compared
to doped HTL which boosts charge extraction at the front interface, and in part due to the
use of gold (Au) as anode which eliminates the hole energetic offset which is otherwise
present in the p-i-n cell where ITO is used as anode. [27]

The light intensity dependence of open-circuit voltage (VOC) and fill-factor (FF) for
both p-i-n and n-i-p cells is shown in Figure 4.5a-b. The light intensity dependence of
VOC reveals the dominant mechanism in solar cells, with a slope of kT/q and 2kT/q in-
dicating dominant bimolecular and trap-assisted recombination respectively. [47,48] Due
to the superior quality of the front interface in the n-i-p cell, trap-assisted recombination
is suppressed (slope = 1.55kT/q) as compared to the p-i-n cell (slope = 2kT/q). Under
open-circuit conditions, no current (hence no power) is extracted from the solar cell.
As a solar cell is operated close to maximum power, the fill factor is the more relevant
characteristic. The light intensity dependence of the FF trend reveals that there is some
competition between bimolecular and trap-assisted recombination in these cells. In a
pure bimolecular recombination scenario, FF increases with decreasing light intensity
as the recombination rate is proportional to product of charge carrier densities (which
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Figure 4.5: The light intensity dependence of (a) VOC and (b) FF for both p-i-n and n-i-p cells. The
filled symbols and lines in (a) represent experimental data and simulation respectively. The open
and filled symbols in (b) represent experimental data and simulation respectively.

decreases with decreasing light intensity). For a pure trap-assisted recombination sce-
nario, FF decreases with decreasing light intensity as the proportion of free charges re-
combining with trapped charges (the number of traps remain the same) increases with
decreasing light intensity. The changing ratio of bimolecular to SRH recombination with
light intensity over several orders of magnitude is evident in Figure 4.5b. The fill factor
is more sensitive (as compared to VOC) to leakage at lower light intensities [49] and hence
the anomalous FF value of the p-i-n cell at 0.001 Suns.

Although traps at GBs and interfaces are likely to be charged (due to accumulated
ionic defects) when empty and hence neutral when filled, the sign of the filled trap has
little to do with the overall device performance when the solar cell in question is efficient,
with fused grain boundaries (low trap densities). The perovskite solar cells used here
show compact morphology and have high efficiencies reaching 20% with little or no
hysteresis, [27] and hence the sign of the filled traps shows only a marginal change in
device performance (Figure B1 in Appendix B). On the other hand, solar cells with open
grain boundaries (high trap densities) show high sensitivity to the sign of filled traps
at GBs as shown in Figure B1. Charged filled traps lead to faster Shockley-Read-Hall
(SRH) recombination due to the Coulombic attraction between opposite charged species
(a negative filled trap and a hole). But even then, some perovskite solar cells with open
grain boundaries (high trap densities) show decent efficiencies (∼ 12%). [38] This can be
attributed to the likely case of the existence of charged empty traps (accumulated V+

I at
GBs and interfaces) and thus neutral filled traps which lowers the SRH recombination
rate in perovskite solar cells. Solar cell preparation methods are likely to influence the
properties of traps, which is why there seems to be no agreement in the literature about
the impact of GBs on the device performance. [9–11,13,14]

Until this point, we simulated the current-voltage (J − V) scans under ‘stabilized’
conditions (an infinitely slow J − V scan), such that all mobile iodide ions (Xa) given
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Figure 4.6: The simulated forward/reverse scan of p-i-n and n-i-p cells showing hysteresis in the
J − V curves when negative iodide ions (Xa = 4× 1014 cm−3) are mobile. The forward scan is
performed after preconditioning at -0.2 V and reverse scan after preconditioning at 1.2 V.

by Equation 4.9 (compensating the presence of accumulated iodide vacancies V+
I at

GBs/interfaces acting as traps and recombination centers for photo-generated charge
carriers) were allowed to redistribute at every step of the scan. This naturally resulted in
hysteresis-free device characteristics, as the forward and reverse scans yielded the same
J − V curve. While the role of preconditioning and scan rate is more or less clear in the
context of J − V hysteresis in CH3NH3PbI3 solar cells, [50–54] we would like to answer
the question: is there a relation between the density of trap states, the density of defect
mobile ions and the degree of hysteresis seen in perovskite solar cells?

The trap density in the p-i-n and n-i-p cells studied here is known from Table 4.1. In
the model, the mobile iodide ion (Xa) density is assumed to be related to the trap density
(accumulated V+

I ) by Equation 4.9, since their origin is the same (dislocation of iodide
ions). We now simulate the extreme case (where cells would show maximum hysteresis)
of a fast voltage scan rate (Vscan = ∞) after preconditioning (infinitely long) at -0.2 V
(for forward scan) and l.2 V (for reverse scan) bias. The fast forward scan simulation is
performed after preconditioning the device at -0.2 V under illumination such that neg-
ative iodide ions are pushed toward the ETL and stay put throughout the scan. For the
fast reverse scan, the device is preconditioned at 1.2 V under illumination such that the
iodide ions are pushed away from the ETL and their distribution remains fixed during
the scan. This gives us an envelope (two JV curves enclosing a small area) which relates
to the degree of hysteresis. The simulated hysteresis is shown in Figure 4.6 and is con-
sistent with the experimentally observed little hysteresis in p-i-n cells and no hysteresis
in n-i-p cells we study here. [27] In these cells made by some of us, the degree of mea-
sured J − V hysteresis is relatively unchanged when the scans are performed with or
without preconditioning, irrespective of the scan rate. [27] The simulation details of the
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fast scans and ‘stabilized’ scans are included in Appendix B. It is clear that high perform-
ing perovskite solar cells are likely to show little or no hysteresis since they contain low
density of traps and hence mobile defect ions. This is in agreement with Calado et al. [55]

who provide evidence that devices with minimal hysteresis devices still have moving
ions but low trap densities results in decreased recombination strength in the device and
therefore little hysteresis. As shown in Figure B2, poor solar cells with high trap density
(and thus defect ions) show more hysteresis in the J − V characteristics. Therefore, de-
fects states or mobile ions not only limit the device performance but also play a role in
the hysteresis observed in their J −V characteristics of perovskite solar cells.

An estimate of the density of the mobile ions in this specific set of perovskite solar
cells studied here would be Xa ∼ 1015 cm−3 at the most.

It is possible that ionic defects other than the iodide complexes act directly or indi-
rectly as trap-assisted recombination centers and contribute to J − V hysteresis. How-
ever, the activation energies for migration of (I) complexes are much lower as compared
to other ionic (CH3NH3, Pb, etc.) complexes, [28,54] and hence (I) complexes are more
likely to influence the device optoelectronic performance. [36]

4.6 Conclusions

We investigated the attributes of the primary trap-assisted recombination channels
(grain boundaries and interfaces) and their correlation to defect ions in perovskite solar
cells. This was achieved by using a device model to fit the simulations to the experimen-
tal data of efficient p-i-n and n-i-p CH3NH3PbI3 solar cells. The model utilized an exten-
sive experimental dataset (Table 4.1) as input, and the only free parameters (to fit) were
the carrier mobility in the perovskite and the trap density plus the charge capture coef-
ficients. Excellent agreement was found between the simulated data and experimental
data including the light intensity dependence of open-circuit voltage (VOC) and fill factor
(FF). We found that despite the presence of traps at grain boundaries (GBs), their neutral
(when filled with photo-generated charges) disposition along with the long-lived nature
of holes leads to the high performance of perovskite solar cells. The sign (if charged
or neutral when filled) of traps is of little importance in efficient solar cells with com-
pact morphologies (fused GBs, low trap density). On the other hand, solar cells with
non-compact morphologies (open GBs, high trap density) are sensitive to the sign of the
traps and hence cell preparation methods (e.g. under/over-stoichiometric routes, envi-
ronmental conditions). Even in the presence of traps at GBs in the perovskite layer, trap-
assisted recombination at interfaces is the dominant loss mechanism, in agreement with
our previous report. [5] We found a direct correlation between density of trap states, den-
sity of mobile ions and the degree of hysteresis observed in the current-voltage (J − V)
characteristics. High performing perovskite solar cells are likely to show little or no
hysteresis since they contain low density of traps and hence ions, while poor solar cells
with high trap density (and thus ions) show more hysteresis. Therefore, defects states or
mobile ions not only limit the device performance but also play a role in the hysteresis
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observed in the J−V characteristics of perovskite solar cells. We found that this specific
set of devices studied in this chapter contain a defect mobile ion density of the order
1015 cm−3 at the most.

Focus should be directed towards passivation of traps at interfaces (HTL/perovskite
and perovskite/ETL) where trap-assisted recombination dominates, while the use of
polycrystalline perovskite films with fused grain boundaries as absorber is good enough
to achieve high-performance solar cells.
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CHAPTER

FIVE

DIELECTRIC EFFECTS AT ORGANIC/INORGANIC
INTERFACES IN NANOSTRUCTURED DEVICES

Summary

Dielectric interfaces are important in electronic devices as they dominate charge
generation and recombination dynamics and set the tone for efficiency of the device.
Solar cells made from 2D hybrid perovskites as absorber material are excitonic in nature
and have many organic/inorganic interfaces susceptible to dielectric effects. In this
chapter, the binding energy of a charge carrier in a charge separation scenario across
the interface is calculated, for variations in the dielectric mismatch (i.e. the ratio of the
dielectric constant of materials forming the interface), interface shape and size, and
dielectric anisotropy. It is shown that the dielectric mismatch results in binding of the
charge carrier to the interface with energies in the order of several kT. For the variation
in interface shape and size, epitomized by the device morphology, the assumption of
a planar interface overestimates the attractive potential. The change in the interface
curvature affects the binding energy of the charge carrier by order of kT. Anisotropy
is shown to critically affect the electric field along the principal axis, while the binding
energy of the charge is altered by more than 5 kT. An upper limit is given on the change
in the binding energy for the variations in the above interfacial factors. These limits can
serve as guidelines for optimization, interface engineering and design of high efficiency
electronic devices.
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5.1 Introduction

Dielectric boundaries are ubiquitous in electronic devices that make use of heterojunc-
tion architectures. Interfaces between materials play a crucial role in the device perfor-
mance as they are active sites for charge generation and recombination (e.g. in excitonic
solar cells). Solar cells made from newly engineering 2D perovskite materials [1–4] have
many organic/inorganic interfaces in the absorber bulk and hence are susceptible to di-
electric effects. Further, 2D perovskite materials are reported to be excitonic [5] in nature
and therefore interfaces could play a crucial role in charge recombination. Even in 3D
perovsktie solar cells (p-i-n/n-i-p), dielectric interfaces exist between charge transport
layers and the perovskite absorber.

While metal-dielectric interfaces at electrode contacts are extensively studied and
their effect on device performance explained by means of image potentials, [6,7] dielectric-
dielectric interfaces in the active layer of the device remain disregarded. Recently, a
few theoretical analyses have urged consideration of dielectric-dielectric interfaces in
the context of organic electronic devices. [8,9] However, apart from the widely recognized
feature of any dielectric interface, namely the dielectric mismatch (i.e. the ratio of the
dielectric constant of materials), factors such as shape and size of the interface, and the
anisotropy of the materials also govern the electrostatics near interfaces.

Electrostatic forces estimated by assuming a planar dielectric interface may be able
to adequately represent the electrostatic effects near electrode contacts. However, a sim-
ilar approach applied to dielectric boundaries in the active layer of a device would be
an oversimplification. Dielectric boundaries in the active layer of a device are typically
defined by the morphology and are complex in shape and size. Figure 5.1 shows the
arbitrary nature of the interfaces realized in a dye sensitized solar cell (DSSC) after the
sintering of TiO2 nanoparticles. [10] Figure 5.2 shows various interface shapes and sizes
resulting from the use of different nanoparticle shapes in a polymer/nanoparticle so-
lar cell. [11] Likewise, anisotropy in materials forming the interface results in direction
dependent response to electric field and therefore needs to be realized in interfacial elec-
trostatics. We show that these interfacial factors viz. dielectric mismatch, interface shape
and size, and anisotropy contribute significantly to the interfacial electrostatics and stress
their importance by studying their consequence in organic electronic devices.

We deal with a purely electrostatic framework here, with the conductivity of the ma-
terials forming the interfaces not considered. It is possible that if the materials forming
the interfaces have high conductivity, the dielectric effects are diminished.

According to the Maxwell-Wagner theory, charge accumulation occurs at interfaces
between materials where a discontinuity in ε/σ occurs, [12] where ε is the dielectric con-
stant and σ is the conductivity of the material. This accumulated charge (i.e. induced
charge) is responsible for modification of the mesoscopic electric field distribution in the
device. Fittingly, the dependence of the amount of accumulated charge on the interfacial
factors such as dielectric mismatch, interface shape and size, and anisotropy needs to be
realized in order to estimate the degree of modification of the electrostatics in a device.
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Figure 5.1: SEM images of surface views of (a) non-sintered (b) sintered TiO2 films in dye sensi-
tized solar cells (DSSC). Image taken from Ref. 10.

Devices which make use of an organic/inorganic heterojunction (OI-HJ) as their
charge-separating interface are of special interest as they are characterized by high di-
electric mismatch (ε2/ε1) and a sharp dielectric discontinuity at the OI-HJ interface, [13]

with typical dielectric constant of organic materials (ε1) being 1.5− 4 and that of inor-
ganic nanoparticles (ε2) ∼ 10 − 100. [14] These devices include, but are not limited to,
OI photodiodes, [15] dye sensitized solar cells (DSSCs), [16,17] colloidal quantum dot so-
lar cells and light emitting devices, [18–20] and nanoparticle/organic solar cells. [21] Re-
cent studies on charge dynamics at the OI-HJ in solid-state DSSCs [22,23] and nanoparti-
cle/organic solar cells have attributed the low efficiency of these devices as compared
to fully organic or inorganic devices to the poor charge separation and charge extraction
efficiency. [24–27] Ten Cate et al. assigned the low mobility of charges near the nanoparti-
cle/organic interface to the Coulomb force acting on the charges keeping them near the
interface, [25] while Noone et al. discussed the increased lifetimes of charge carriers near
the interface in context of increased charge screening by inorganic nanoparticles. [26] Al-
though hypothesized to be the reason for modified charge dynamics near the interface,
the extent of the dielectric mismatch needs to be investigated in detail.

As shown in Figure 5.1 and 5.2, the nanoparticle shape determines the morphology
in a device. Recently, variation in nanoparticle shape was found to influence the local
charge generation, separation and therefore the device performance. [28,29] However, the
charge carriers interact with the local shape of the nanoparticle or more specifically the
local curvature of the nanoparticle. This stimulates our study on the effect of the cur-
vature of the dielectric interface on the electrostatic interactions between the charges.
Additionally, the direction of the electric field across the interface was found to affect
the charge separation dynamics, [30] which leads to our investigation on the effect of
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Figure 5.2: TEM images of nanoparticles of different geometry viz. dots, rods, and tetrapods used
in organic-inorganic hybrid solar cells. Image taken from Ref. 11.

anisotropy on interfacial electrostatics.
In the context of organic photovoltaics, recent focus is on increasing the power con-

version efficiency by increasing the dielectric constant of the active layer in organic pho-
tovoltaics. [31,32] This has led to synthesis of new materials having high dielectric con-
stant [33,34] and introduction of high dielectric constant nanostructured materials in the
active layer. [35] Therefore, as the dielectric constant of organic semiconductors is being
realized as a central parameter for device performance, the physics of dielectric inter-
faces acquires new importance in trying to study the niceties leading to the device per-
formance.

In this chapter, we show that the dielectric mismatch at interfaces affects the elec-
trostatic interaction between the charge carriers and could be responsible for modified
charge dynamics in nanostructured devices. For the purpose of calculations, arbitrary
interfaces that are outlined by the complex morphology are considered to be made up
of shapes that are symmetrical along one (plane) or two (cylinder) or three (sphere) axes
or a combination of them. Charge carriers close to an interface thus experience elec-
trostatic forces that can be calculated by summing up contributions from these abstract
shapes making up the real morphology. We consider the case of dielectric mismatch at
the OI-HJ in nanoparticle/organic solar cells and solid-state DSSCs. In a charge separa-
tion scenario across the interface, we calculate the binding energy of a charge carrier for
variations in the dielectric mismatch (ε2/ε1), interface curvature, and anisotropy of the
organic material. We show that the variation in the above interfacial factors results in
change in the interaction energies of charges in the order of a few kT. Finally, we give
an upper limit for the change in the binding energy for the variations in the above inter-
facial factors and issue guidelines for reduction of the dielectric effect at the end of the
paper.

5.2 Theory

We work within the continuum electrostatic model used to treat discrete charges in an
inhomogeneous dielectric domain. The properties of different materials in the system
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are described in terms of bulk properties such as the average dielectric constant of the
material. [36] Any dielectric boundary in the domain is assumed to be ideal having zero
thickness. The external charges are considered to be point charges having unit magni-
tude that polarize the surrounding dielectric.

5.2.1 Calculation of electrostatic forces

In a domain D with spatial variations of dielectric constant, the determination of the
electrostatic forces on real charges involves solving the Poisson equation:

∇.(ε(r)∆Φ) = −ρ (5.1)

with the electrostatic potential Φ, charge distribution ρ and spatially dependent permit-
tivity ε(r) = ε0εrel(r), where εrel(r) is the relative permittivity or the dielectric constant
of the media. The solution to the above partial differential equation is subject to require-
ment of continuity of the Φ everywhere in the domain and to a suitable set of boundary
conditions. [37] The choice of method used for solving the Poisson equation depends on
the complexity of the problem at hand, which is typically determined by the dielectric
distribution in the domain and the boundary conditions.

Many numerical methods exist to solve these partial differential equations, such as
finite difference, finite element, or boundary element methods. [38] Amongst the widely
popular finite difference methods, systems with sharp dielectric interfaces or discontin-
uous ε(r) can be solved with increasing accuracy by the ghost fluid method (GFM), [39,40]

the immersed interface method (IIM), [41] and the matched interface boundary (MIB)
method. [42,43] Recent generalizations of MIB also take into account arbitrary nature of
interfaces including any geometric singularities. [44] We refer the interested readers to [
39–44] for details.

Direct methods involve solving the Poisson equation in terms of the Greens function
which satisfies ∆G(r− r′) = −δ(r− r′), subject to the boundary conditions. These meth-
ods can be applied to systems with interfaces between different media having otherwise
constant dielectric properties. The familiar image charge method can be used to account
for the effect of planar interfaces between different isotropic media. The electrostatics
in presence of arbitrary shaped interfaces can be calculated via the induced charge com-
putation (ICC*) method which self-consistently calculates the induced charges on the
interface and is a boundary element method. [45]

Here, we briefly describe the image charge and the ICC* methods which are essential
for our calculations to estimate the electrostatic interactions in systems having dielectric
interfaces such as nanostructured hybrid organic/inorganic devices.

Image Charge: The physically intuitive solution for the Greens function for a system
involving a point charge q in a dielectric medium (ε = ε1) and placed at a distance x = a
from an interface with a metal (ε = ∞) involves replacing the metal with a virtual charge
−q at distance x = −a from the interface on the other side [41] as shown in Figure 5.3a.
However, the method of image charges is not limited to infinite mismatch as in the case
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Figure 5.3: The solution to the Poisson equation with a point charge placed at a distance x=a
from (a) a metal-dielectric interface and (b) a dielectric-dielectric interface. The lines drawn in the
figures are the electric field lines originating from the actual charge.

of a metal-dielectric interface. If the metal is replaced by a finite dielectric (ε = ε2), the
system can be solved by taking into account the boundary conditions at the interface.
The boundary condition at the interface requires the normal component of the electric
flux density (D) to be continuous across the dielectric interface Γ. In other words

D1n = D2n (5.2)

ε1E1n = ε2E2n. (5.3)

Equation 5.3 follows from Equation 5.2 since the electric flux density is related to the
electric field (E) by D = εE assuming isotropic media. [41]

As shown in Figure 5.3, the equivalent system to calculate the electrostatic contribu-
tion due of polarization of the two media involves considering two fictitious charges,
where the first charge q′ is placed at x = −a from the interface and the second charge q′′

at x = a from the interface. [41] The magnitude of the image charges is given by

q′ =
ε1 − ε2

ε1 + ε2
q (5.4)

q′′ =
2ε1

ε1 + ε2
q. (5.5)

The electrostatic potential and the electric field is then calculated in a uniform dielectric
medium ε = ε1 and replacing medium ε = ε2 with image charges q′ and q′′.

Induced Charge Computation (ICC*): This boundary element method involves re-
placing the inhomogeneity in the system by an equivalent uniform dielectric with appro-
priate surface charges σ at the interface where the dielectric constant has a discontinuity.
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Figure 5.4: Discretization of the interface between two regions of permittivity ε1 and ε2 into small
elements. The induced surface charge is calculated on each element from Equation 5.7.

The surface charge can be calculated from the relation [46]

(E1 − E2).n = σ/ε1, (5.6)

where E is the electric field at the interface, n is the outward unit normal. Equation 5.6
follows from the discontinuity in the normal component of E at the dielectric interface,
which is replaced by the surface charge (σ).

As shown in Figure 5.4, the interface Γ is divided into N small elements located at xi
and the charge on each element (σi) is calculated iteratively by

σi = f Ei.ni (5.7)

until convergence. Here, f = (ε1/2π)(ε1 − ε2)/(ε1 + ε2) is the permittivity dependent
factor. [46] The electric field Ei is due to all charges (external and induced) but the one
induced at location xi. The electrostatic potential in the system is then calculated by
summing up Coulomb potentials due to both, the external charges as well as the surface
induced charge σ in a domain with homogeneous permittivity ε1.

While the application of the image charge method is limited to simple geometric
interfaces, the induced charge computation method can be applied to systems where
interfaces are arbitrary in number, shape, and have large dielectric mismatch. Therefore,
the ICC* method is most suited for our calculations.

5.2.2 Characterization

To quantify the effect due to dielectric inhomogeneity in the domain, we introduce two
parameters that denote the contribution of the dielectric interface to the electrostatic en-
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ergy of external charges and the electrostatic force experienced by them. Consider a sys-
tem with qi, (i = 1, 2, · · ·N) external charges and a dielectric boundary Γ. The induced
surface charge density on Γ due to polarization is σ.

Dielectric binding energy (BEdiel): If the electrostatic potential at charge qi due to
the induced charge σ is Vdiel

i , the dielectric binding energy (or equivalently termed as
the dielectric contribution to the binding energy) of qi is

BEdiel
i = qiVdiel

i . (5.8)

And the relative dielectric contribution to the interaction energy between external
charges qi and qj is:

BEdiel
ij = qiqj(Vdiel

i −Vdiel
j ). (5.9)

Dielectric Electric Field (Ediel): The electric field at the location of external charge qi
due to induced surface charge σ is the dielectric electric field. While BEdiel solely is able
to quantify the effect of dielectric inhomogeneity on external charges, we find that in
cases where anisotropy exists, Ediel is a more useful parameter. For example, if a charge
is kept near a dielectric interface, the BEdiel denotes the energy required to move the
charge away from the interface to infinity (at zero potential). Similarly, Ediel denotes the
electric field force experienced by the charge due to the dielectric boundary.

5.3 Results and discussion

In our calculations, we consider the case of dielectric mismatch at the OI-HJ in nanopar-
ticle/organic solar cells and solid-state DSSCs which make use of photoactive inor-
ganic nanoparticles like PbS, [25] CdSe, [21] TiO2, [16] and organic materials like P3HT, [25]

PCBM, [25] Spiro-OMeTAD. [17] In these devices, light absorption by a nanoparticle re-
sults in a photoexcited charge pair of electron and hole which is separated across the
nanoparticle/organic interface. [47] We consider the situation in which the electron is lo-
calized on the nanoparticle and the hole in the organic semiconductor. Since the mo-
bility of the electron in the nanoparticle is high as compared to the mobility of hole
in the hole transport material [48] we consider the charge separation scenario where the
electron quickly moves away from the nanoparticle/organic interface [24] and the hole
experiences full electrostatic effects from the induced charges due to polarization.

The organic material is assumed to uniformly wet the nanoparticle in space and the
interface is defined by a sudden jump in dielectric constant from the organic material
with a bulk relative permittivity of ε1 = 3 to the inorganic nanoparticle with bulk rela-
tive permittivity range ε1 = 10− 100. For estimating the effect of the change in dielectric
mismatch (ε2/ε1) on the binding energy of the hole, the dielectric constant organic mate-
rial is kept constant at ε1 = 3 and that of the inorganic nanoparticle is varied in a suitable
range.
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Figure 5.5: Plot of variation of binding energy (BEdiel in units of meV) with dielectric mismatch
(ε2/ε1). The five different plots represent different distance between the hole and the dielectric
interface.

The bulk dielectric constant underestimates the electrostatic interaction for very
small distances. A distance dependent dielectric constant function ε(r) can be intro-
duced [49]

ε(r) = εs − (εs − 1)
(

1 + sr +
1
2

s2r2
)

exp(−sr) (5.10)

where the parameter s is the inverse screening length and is set at 3 nm−1 for disordered
organic semiconductors. [50] Thus, for distances below 1 nm, the bulk dielectric constant
is not capable of describing the polarization effects. Then a dielectric gradient can be said
to exist between r = 0 and r = 1 nm. Incorporation of dielectric gradient in currently
outside the scope of our analysis. We henceforth focus on distances above 1 nm for the
charge from the interface.

5.3.1 Planar dielectric interface

The electrostatic force experienced by a charge in dielectric medium (ε = ε1) placed
at a distance x = a from a planar dielectric interface formed with another dielectric
medium (ε = ε2) is calculated by the image charge method explained in section 6.2.1.
The magnitude and sign of the image charges q′ and q′′ as shown in Figure 5.3b depends
on the ratio ε2/ε1. The electric field at the location of the original charge is due to the
image charge q′ = (ε1 − ε2)/(ε1 + ε2)q at x = −a and is given by

|E| = ε1 − ε2

ε1 + ε2

q
4πε0ε1(2a)2 (5.11)

where ε0 is the vacuum permittivity. From Equation 5.11, it is evident that if ε1 < ε2,
the electric field experienced by the original charge is attractive in nature irrespective of
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Figure 5.6: Schematic of different interface curvatures: (a) spherical (b) cylindrical (c) planar and
their orientation with respect to the position of the hole (+e) on the x-axis.

its sign. In essence, a charge near a high dielectric object has a natural tendency to drift
toward the interface. This Coulomb attraction clarifies the literature suggested premises
of trapping of charge carriers near the interfaces in devices, [26,27] including in perovskite
solar cells which results in loss in performance. [51,52] Similarly, a charge in a dielectric
medium close to an interface with air (ε =1) would experience a repulsive force irrespec-
tive of its sign. The charge would thus have a propensity to move away from the surface
(dielectric-air interface) and stay in the bulk of the dielectric medium. The dielectric
binding energy BEdiel then represents the energy required to un-pin or move the charge
to infinity. The scale of this required energy can be seen in Figure 5.5 which shows the
variation in binding energy with dielectric mismatch (ε2/ε1) for a charge placed at a
distance of x = 1 to x = 5 nm from the dielectric interface.

In short, high dielectric mismatch is unfavorable for efficient separation of charges
from the interface. The mismatch results in an external energy requisite upwards of
several kT in order for the pinned charges to separate from the interface. This energy is
generally provided by the external electric field set by the difference in the work function
of the contacts or the energy offset in the LUMO-LUMO energy levels of the materials
forming the interface. If the requirement of this external energy were to decrease, higher
open circuit voltages (VOC) can be realized by tuning the LUMO levels of the materi-
als. [53,54]

5.3.2 Effect of interface curvature

Here, we consider the dielectric mismatch across the nanoparticle/organic interface and
calculate the effect of nanoparticle curvature on the binding energy of a hole (+e) in the
organic material near the interface.

As shown in Figure 5.6, the hole is located on the x-axis at a distance x nm from the
interface. The three-dimensional local interface curvature is denoted by RX , RY and RZ
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Figure 5.7: Variation of binding energy (BEdiel in units of meV) of the hole with distance (x in nm)
from the nanoparticle/organic interface. (a) BEdiel of hole near a convex spherical (blue), a convex
cylindrical (red) and a planar (green) interface (b) BEdiel of hole near a convex spherical (blue), a
planar (green) and a concave spherical (magenta) interface.

in x, y and z directions respectively. The curvature is varied from spherical (RX = RY
= RZ = 1/5 nm−1) to cylindrical (RX = RZ = 1/5 nm−1, RY = 0) to planar (RX = RY =
RZ = 0). The typical values of the nanoparticle interface curvature considered are taken
from the literature. [26] The dielectric contribution to the binding energy of the hole is
calculated for all three interfaces and the comparison is shown in Figure 5.7.

As is evident from Figure 5.7, the binding energy of the hole near a planar interface is
higher than in the case of cylindrical and spherical interface. The increase in the binding
energy of hole in going from a spherical to a planar interface can be attributed to increase
in the magnitude of induced charge on the interface. From Equation 5.5, the magnitude
of the induced charge depends on the strength of the electric field and the angle (θ)
between the surface normal of the induced charge area on the interface and the direction
of the electric field, and is given by

σi = f Eini cos(θ). (5.12)

The product Ei cos(θ) increases with dimensionality from spherical to cylindrical to pla-
nar leading to increase in the magnitude of the induced charge. This increased induced
charge is responsible for the higher binding energy of the hole.

The spherical and cylindrical curvature described above can be said be convex in
nature. Following the trend shown in Figure 5.7a, the binding energy for a concave
interface (RX = RY = RZ = -1/5 nm−1) will be higher as compared to the convex interface.
Figure 5.7b shows the comparison between the binding energy of the hole for a convex
spherical, a planar and a concave spherical interface. Clearly, concave interfaces lead to
stronger binding of charges at interfaces as compared to convex interfaces.
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From the magnitude of the binding energies in Figure 5.7, it is evident that the hole
experiences strong attraction from the induced charge on the interface. This is in con-
junction with conclusions made from recent experimental findings [24–26] which showed
decreased charge mobility and increased carrier lifetimes near the nanoparticle/organic
interface. The presence of high dielectric mismatch in hybrid solar cells as compared
with fully organic or inorganic solar cells could be one of the reasons for their poor
power efficiency.

It is noteworthy that the change in the interface curvature (defined by the local shape
and size) affects the binding energy of the hole by order of kT. Hence, the assump-
tion of a planar interface for estimation of electrostatic forces would be a limitation for
systems involving arbitrary dielectric interfaces. The effect of the interfaces described
by the complex morphology can then can be calculated by accounting the electrostatic
contributions from these abstract shapes making up the morphology.

5.3.3 Effect of dielectric anisotropy

In organic materials, the anisotropic nature of the polar molecules and their packing
determines the spatial dependency of the dielectric constant on the mesoscopic scale.
Anisotropic dielectric materials show directionally dependent polarizability and hence
influence external charges present in the materials differently in different directions.
With charge separation across the nanoparticle/organic interface sensitive to the direc-
tion of the electric field, [30] we are curious to determine the effect of dielectric mismatch
at an interface present between a anisotropic organic material and a isotopic inorganic
material.

We consider a planar interface at x = 0 between the isotropic inorganic material
(x < 0) and anisotropic organic material (x > 0) with a hole placed on the x-axis in the
organic material close to the interface. The isotropic dielectric constant of the inorganic
material is ε2 = 100, while the anisotropic dielectric constant of the organic material is
expressed as a tensor

ε1 =

εx 0 0
0 εy 0
0 0 εz

 ∼ {εx, εy, εz} (5.13)

where εx, εy and εz are dielectric constants in x, y and z directions respectively. The
estimation of induced charge on the interface involves solving Equation 5.7 iteratively
with the product f Ei calculated independently in x, y and z directions, and is given by

σi = ( fx(Ei)x + fy(Ei)y + fz(Ei)z).ni (5.14)

where
fx =

ε1x
2π

( ε1x − ε2

ε1x + ε2

)
, fy =

ε1y

2π

( ε1y − ε2

ε1y + ε2

)
, fz =

ε1z
2π

( ε1z − ε2

ε1z + ε2

)
. (5.15)

The electrostatic potential and electric field in the domain is calculated by summing
up contributions from the hole and the induced charges on the interface. Figure 5.8
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Figure 5.8: Comparison of variation in (a) binding energy (BEdiel in meV) of the hole and (b)
electric field (Ediel in MV/m) with distance (in nm) for cases: (i) isotropic in x, y, z direction (blue)
(ii) anisotropic in x-direction (red) (iii) anisotropic in y-direction (green). Note: in (b), the results
for the isotropic and anisotropic {1,3,1} cases overlap.

shows the comparison of the binding energy (BEdiel) of the hole and the electric field
(Ediel) at the hole position with distance for cases (i) isotropic ε1 = {3, 3, 3} (ii) anisotropic
in x direction ε1 = {1, 3, 3} and (iii) anisotropic in y direction ε1 = {3, 1, 3} (the interface
is symmetric in y and z direction).

From Figure 5.8a, the change in binding energy in going from the isotropic case to
the anisotropic case in the x direction is more than the change in binding energy in go-
ing from the isotropic case to the anisotropic case in the y (or z) direction. The direction
dependent effect of anisotropy on the binding energy of the hole can be explored by con-
sidering the electric field at the location of the hole. From Figure 5.8b, anisotropy in the
y direction results in no change in the magnitude of the electric field, while anisotropy in
the x direction leads to lowering of the electric field experienced by the hole. This is due
to modification in the amount of induced charge on the interface in case (ii) viz. when
anisotropy exists in the x direction (principal axis). Hence, although the effective dielec-
tric constant of the organic medium in case (ii) and (iii) is identical, the increase of the
surface induced charge in case (ii) results in increased BEdiel . Whereas, the electric field
being a vector and its components being independently proportional to the dielectric
constant in component directions results in its same magnitude for cases (i) and (iii).

Anisotropy in the principal axis of other symmetric nature of interfaces (spherical,
cylindrical, etc.) would result in similar effect on the binding energy of the hole placed
close to the interface. Thus, the effect of anisotropy in materials forming an interface
with another material depends on the anisotropic tensor in three dimensions and the
arbitrary nature of the interface including its shape and size.
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These calculations indicate that dielectric mismatch in organic electronic devices re-
sults in binding of charge carriers at the interface with the energy required for effec-
tive charge separation up to several kT. This is also in conjunction with the literature
where dielectric mismatch leads to pinning of charges at the interface. [27] The Coulomb
attraction between the charge carrier and the induced charge on the interface would re-
strain the natural transport away from the interface, which overlaps with conclusions
made from recent experimental findings [24–26] that showed decreased charge mobility
and increased carrier lifetimes near the nanoparticle/organic interface. A large dielectric
should thus be avoided, as the binding energy of the charge carrier is found to increase
with increase in dielectric mismatch. Although incorporation of inorganic nanostruc-
tures offers the possibility for plasmon enhanced effects and higher absorption in the ac-
tive layer of a device [55–57] the dielectric mismatch introduced by adding these inorganic
nanostructures could act as an inhibitor for efficient charge separation in the device. The
mismatch can be lowered by coating the nanoparticle with a low dielectric material, [58]

which also leads to passivation of surface states and slowing down of interfacial charge
transfer rate. [59] A close inspection of charge dynamics in such system is thus required
in order to quantify the effect due to lowering of the dielectric mismatch.

Change in the interface curvature also influences the Coulomb attraction experienced
by the charge carrier with binding energy affected in order of kT. A charge near a convex
spherical interface can be said to have a lower chance of recombination as compared to
a similar charge near a cylindrical or planar interface. This follows the conclusions from
recent studies, where variation in nanoparticle shape was found to influence the charge
separation and consequently the device performance. [28,29] Any complex morphology
can be considered to be made up of abstract shapes viz. a sphere, a cylinder and a plane.
The electrostatic contributions from these shapes can then be accounted for in order to
estimate the electrostatic forces due to the interfaces resulting from the actual morphol-
ogy. It is also noteworthy that anisotropy along the principal axis of the interface results
in a change in the binding energy of the charge by several kT as compared to the isotropic
case. The electric field, particularly, is found to be critically affected by anisotropy due
to change in the amount of induced charge on the interface.

5.4 Conclusions

Solar cells made from newly engineered 2D perovskite materials [1–4] have many or-
ganic/inorganic interfaces in the absorber bulk and hence are susceptible to di- electric
effects. Further, 2D perovskite materials are reported to be excitonic [5] in nature and
therefore interfaces could play a crucial role in charge recombination.

In this chapter, the electrostatic interactions between external charges in presence of
dielectric interfaces were computed, which demonstrated the importance of taking the
dielectric mismatch into consideration in the context of hybrid electronic devices. We
showed that high dielectric mismatch is responsible for binding of the charge carrier
near the interface with energies above several kT. Dielectric mismatch is unfavorable for
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efficient separation of charge and should be avoided in active layer of a device. Con-
sideration of the large dielectric mismatch, which is typical of hybrid organic/inorganic
devices, can help to understand the low mobility of charge carriers near the interface
and also explain the high charge recombination at interfaces observed in the literature.
For the variation in interface shape and size (both defined by the morphology), we
showed that assumption of the planar interface overestimates the attractive potential.
The change in the interface curvature (defined by the local shape and size) was found
to affect the binding energy of the charge carrier by order of kT. The electrostatic forces
in any complex morphology can be estimated by accounting for the contributions from
the abstract shapes of interfaces viz. a sphere, a cylinder, and a plane that outline the
real morphology. Optimization of morphology to avoid planar or concave interfaces
would lower the binding of charge carriers at the interface. In the case of anisotropy in
the organic material, we showed that it critically affects the electrostatic force along the
principal axis and results in change in the binding energy of the charge by more than 5
kT. The contribution of anisotropy in charge dynamics is therefore not to be neglected.

The values stated above can be considered as upper limits to the change in the bind-
ing energy for the variations in the interfacial factors. For device optimization, following
guidelines should be taken into consideration: (i) Avoid large dielectric mismatch in the
active layer by suitable choice of materials, (ii) Avoid planar and concave interfaces by
optimization of morphology, and (iii) Ensure isotropic surrounding near interfaces by
controlled processing and fabrication techniques.
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APPENDIX A

Mobility study

We performed calculations for different charge carrier mobilities in the perovskite solar
cell. For all cases, the open-circuit voltage (VOC) remained unchanged and the change in
short-circuit current (JSC) was only marginal. The mobility influenced significantly the
fill factor (FF) of the solar cell and the results are shown in Figure A1.

The bimolecular recombination rate expression is given by

R = γnp, (A16)

where the γ is the rate constant given by [1]

γ = γpre
q
ε
(µn + µp), (A17)

Figure A1: Variation of fill factor with polarization density for different charge carrier mobilities
in the perovskite.
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which scales proportionally with mobility of charge carriers.
The variation of fill factor (FF) for different charge mobilities are compared by keep-

ing the rate constant (γ) fixed. This is made possible by changing the value of γpre ac-
cordingly. The value of γpre used for mobilities 0.02 cm2/Vs, 0.2 cm2/Vs and 2 cm2/Vs
is 1 , 0.1 and 0.01 respectively.

Idealized limit for fill factor

The limit for the fill factor for an idealized solar cell with a given VOC can be calculated
by [2]

FF =
υoc − ln(υoc + 0.72)

υoc + 1
(A18)

where υoc is the open-circuit voltage normalized to kT/q. Hence for a open circuit volt-
age of VOC = 0.93 V, the idealized limit for FF is 88.1%.

Design of device microstructure with short-order and long-
order correlated polarization

We fixed the average value of the polarization, Pavg = {0.05, 0.075, 0.1, 0.125, 0.15}
µC/cm2. Initially, the polarization value and direction is set randomly for every grid
point in 3D space. Now, a correlation is introduced by smoothing of polarization values
at grid points enclosed in a averaging length (rx, ry and rz) in all three dimensions. The
value of the averaging length determines the correlation range in the final structure. The
structure shown in Fig. 3d was constructed by setting rx = ry = rz = 2 grid points, while
the one shown in Fig. 3e was constructed by setting rx = ry = rz = 10 grid points. The
smoothed correlated values were then renormalized with Pavg to obtain the final polar-
ization map which defines the microstructures. We made ten realizations for each of the
two microstructures.
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Simulation of J −V hysteresis

The drift-diffusion equations for the cations (Xc) and anions (Xa) are the same as for
the photo-generated charges. Einstein’s relation between the diffusion constant and
mobility is assumed to hold. The ion current is zero at the HTL/perovskite and per-
ovskite/ETL interface as the transport layers block the ions. The electric potential profile
throughout the device is solved from the Poisson equation as stated in chapter 4.

Before the forward and reverse current-voltage (J − V) scans, the device is precon-
ditioned. The ion distribution (of the mobile species) is solved for self-consistently dur-
ing preconditioning (-1V for forward and +2V for reverse scan) under illumination and
steady-state conditions. The ion distribution is then kept fixed during the forward or re-
verse scan. This translates to the limiting case of (1) infinitely long preconditioning (such
that ions pile up near the respective electrodes) and (2) a fast forward/reverse scan when
the ion distribution is kept fixed.

In case of the ‘stabilised’ J − V scan, the ion distribution is solved for every step of
the voltage scan. In experimental terms, it means the scan is slow enough for ions to
redistribute at every step of the forward/reverse scan.

Influence of trap sign on the device performance

The sign (charged or neutral when filled) of traps influences the solar cell performance
when the trap density is high (non-compact perovskite films with open grain bound-
aries). At low trap densities (as is the case with efficient solar cells which have fused
grain boundaries forming compact films), the sign of the traps is inconsequential. Fig-
ure B1 shows the influence of the sign of traps on the J − V curves for increasing trap
density values (Figure B1a is reference) at grain boundaries in the perovskite absorber.
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Figure B1: Simulated J − V curves for different trap densities at grain boundaries showing the
influence of the sign (charged or neutral when filled) of traps.
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Figure B2: (a) High performing solar cells show low degree of J −V hysteresis as compared to (b)
poor solar cells which have high mobile ion density as a result of the high trap density.

Direct correlation between trap density, defect ion density
and degree of hysteresis

High performing solar cells have low trap density, hence low ion density (since the origin
of traps and ions is same, i.e. dislocation of iodide) and therefore little or no hysteresis in
their current-voltage (J−V) characteristics. On the other hand, poor cells have high trap
density, hence high ion density and therefore a large degree of hysteresis. The forward
scan is performed after preconditioning at -2V under illumination, while the reverse scan
is performed after preconditioning at 2V under illumination. This is represented for the
case of the p-i-n cell in Figure B2.
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SUMMARY

There is a current global demand for clean and renewable energy sources. The use of fos-
sil fuel (non-renewables) is expected to dwindle because of their high cost (e.g. oil wells
need to be dug deeper and in sensitive reservoirs thus increasing production costs) and
environmentally damaging byproducts. An efficient option is harvesting energy from
the Sun. Hybrid perovskite solar cells (PSCs) provide an attractive way to convert solar
energy into usable energy. The commercial success of PSCs hinges on them having high
efficiencies and improved stability, so that the associated energy and money payback
period is as small as possible. To achieve these goals, a deeper understanding of the fun-
damental physical processes that govern their operation is required. This thesis focuses
on physics of hybrid perovskite solar cells, providing insight in to performance-limiting
physical processes.

The spectacular rise in efficiency of PSCs called for investigations in to the funda-
mental properties of the material (mainly, CH3NH3PbI3 or MAPI) and their co-relation
to charge transport and recombination behavior in thin-films. Ferroelectricity-aided ef-
ficient transport was put forward as the reason for the low recombination observed in
MAPI solar cells. Theoretical studies predict the polar nature of MAPI and the disorder
associated with the rotating MA cation to give rise to ferroelectricity, while experiments
on thin-films argue its existence altogether. Nevertheless, the role of ferroelectric polar-
ization in the lowering of charge recombination and enhancing transport in MAPI solar
cells needs clarification and is the focus of chapter 2. By means of a 3D drift-diffusion
model, the operation of MAPI solar cells is simulated for different polarization land-
scapes viz. the orientation of domain boundaries and the size of domains. Charge trans-
port and recombination is shown to depend significantly on the polarization landscape,
with fill factor (FF) the most sensitive parameter. However, the high open-circuit volt-
age (VOC), which is typical of high performance perovskite solar cells, is unlikely to be
explained by the presence of ferroelectric polarization.

In chapter 3 a device model is presented and validated by comparing the simula-
tion results with experimental data of vacuum deposited p-i-n MAPI solar cells over
multiple absorber thicknesses. The device behavior is studied under different operating
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conditions to delineate the influence of the external bias, charge-carrier mobilities, en-
ergetic barriers for charge injection/extraction and, different recombination channels on
the solar cell performance. By doing so, a unique set of material parameters and phys-
ical processes that describe these solar cells are identified. Trap-assisted recombination
at material interfaces is identified to be the dominant recombination channel limiting
device performance and passivation of traps is estimated to increase the power conver-
sion efficiency (PCE) of these devices by 40%. Guidelines are issued to improve the cell
performance, with PCE beyond 25% shown to be reachable.

In chapter 4 the attributes of the primary trap-assisted recombination channels (grain
boundaries and interfaces) and their correlation to defect ions in PSCs are investigated.
The device model developed in chapter 3 is used to fit the simulations to the experimen-
tal data of efficient vacuum deposited p-i-n and n-i-p CH3NH3PbI3 solar cells including
the light intensity dependence of open-circuit voltage and fill factor. It is shown that
despite the presence of traps at grain boundaries, their neutral (when filled with photo-
generated charges) disposition along with the long-lived nature of holes leads to the high
performance of PSCs. A direct correlation is found between the density of traps, den-
sity of mobile ionic defects and the degree of hysteresis observed in the current-voltage
(J −V) characteristics. Presence of defect states or mobile ions not only limits the device
performance but also plays a role in the J −V hysteresis.

Solar cells made from 2D hybrid perovskites as absorber material are excitonic in
nature and have many organic/inorganic interfaces susceptible to dielectric effects. Di-
electric effects influence charge carrier separation and recombination in solar cells and
form the focus of chapter 5. It is shown that dielectric mismatch (i.e. the ratio of the
dielectric constant of materials forming the interface), interface shape and size, and di-
electric anisotropy can significantly influence the binding energy of charge carriers. The
upper limits on the binding energies are provided to serve as guidelines for optimiza-
tion, interface engineering and design of high efficiency electronic devices.



SAMENVATTING

De vraag naar schone en duurzame energie is op dit moment groter dan ooit, en er
wordt verwacht dat het gebruik van fossiele brandstoffen zal dalen door toenemende
kosten vanwege uitputting en schadelijke effecten voor het milieu als gevolg van het
gebruik van fossiele brandstoffen. De energie die kan worden opgevangen van de zon,
een onuitputtelijke bron van schone energie, kan worden omgezet in bruikbare ener-
gie door middel van zonnecellen. De recent ontdekte zonnecellen gemaakt van orga-
nische/anorganische hybride perovskiet, zijn zeer aantrekkelijk voor het genereren van
bruikbare energie. Het commerciële succes van de perovskiet zonnecellen is afhankelijk
van toenemende efficiëntie en verbeterde stabiliteit. Om deze doelen te verwezenlijken
is beter begrip van de fundamentele fysische processen die plaatsvinden in de hybride
perovskiet nodig. Dit proefschrift richt zich op de onderliggende fysica van perovskie-
ten en geeft inzicht in de prestatie-beperkende fysieke processen en manieren om deze
te identificeren.

De spectaculaire groei in de efficiëntie van perovskiet zonnecellen vraagt om meer
onderzoek naar de fundamentele kwaliteiten van het materiaal zelf (voornamelijk
CH3NH3PbI3, oftewel MAPI) en de correlatie met het transport van elektronen en gaten
en recombinatie processen in deze zeer dunne films. De hoofdreden voor de lage recom-
binatie in MAPI zonnecellen werd lange tijd gelinkt aan efficiënt ladingstransport van-
wege ferro-elektriciteit. Theoretische studies voorspellen namelijk dat de polaire aard
van MAPI en de wanorde die geassociëerd is met de draaiende MA kationen, aanleiding
geven tot ferro-elektriciteit. Echter, experimenten met dunne films spreken het bestaan
van ferro-elektriciteit tegen. Hoofdstuk 2 legt daarom de focus op het achterhalen van
de rol van ferro-elektrische polarisatie bij het verlagen van ladingsrecombinatie en het
verbeteren van ladingstransport in MAPI. Met behulp van een 3D drift-diffusie model
wordt de werking van MAPI zonnecellen gesimuleerd, waarbij verschillende realisaties
van de polarisatie, zoals de oriëntatie van domeingrenzen en domeingrootte, worden
gevarieerd. Er wordt aangetoond dat recombinatie en ladingstransport beduidend af-
hankelijk zijn van het polarisatie landschap, waarbij de vul-factor de belangrijkste rol
speelt. Het is echter onwaarschijnlijk dat de ferro-elektrische polarisatie de hoge open-
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klemspanningen, die typisch is voor perovskiet zonnecellen met hoge efficiëntie, kan
verklaren.

In hoofdstuk 3 wordt een numeriek model gepresenteerd en gevalideerd door ex-
perimentele data van vacuüm opgedampte MAPI zonnecellen van verschillende diktes
te vergelijken met simulaties. Om een unieke set van materiële en fysieke parameters
in de zonnecel te identificeren, wordt de invloed van verschillende parameters zoals
externe bias, mobiliteit, energetische barrières voor lading injectie/extractie en recom-
binatie mogelijkheden, bekeken. Het dominante recombinatie kanaal, wat de efficiëntie
van de zonnecel limiteert, is het ladingsval-geassisteerde recombinatie proces. Het pas-
siveren van deze ladingsvallen zal de efficiëntie van de zonnecel met 40% verhogen.
Om de prestatie van zonnecellen te verbeteren worden er richtlijnen gegeven en wordt
er aangetoond dat een efficiëntie van meer dan 25% mogelijk is.

In hoofdstuk 4 wordt de invloed van de primaire, trap-geholpen recombinatiekana-
len (korrelgrenzen en grensvlakken) en hun correlatie mobiele ionen in de perovskiet
laag onderzocht. Het simulatie model, zoals beschreven in hoofdstuk 3, wordt gebruikt
om de experimentele data van vacuüm gedeponeerde p-i-n en n-i-p MAPI zonnecellen
te simuleren. Hierbij wordt de afhankelijk van lichtintensiteit op openklemspanning en
vul-factor van vacuüm geponeerde zonnecellen. De positieve aard van ladingsvallen
en de langdurige aard van de gaten leidt tot hoge efficiëntie, ondanks de grote aan-
wezigheid van ladingsvallen in de korrelgrenzen. Er blijkt een directe relatie tussen
de dichtheid van ladingsvallen en mobiele ionen met de hoeveelheid hysterese in de
stroom-spanning (J −V) karakteristieken te zijn.

Hoofdstuk 5 beschrijft dat zonnecellen met als absorberend materiaal hybride pero-
vskiet excitonisch zijn, en veel organische/anorganische grensvlakken hebben, die vat-
baar zijn voor diëlectrische effecten. Deze diëlectrisch effecten beı̀nvloeden de schei-
ding van ladingsdragers en de recombinatiemechanismen in zonnecellen. Er wordt aan-
getoond dat de diëlectrische wanverhouding (d.w.z. de ratio van de diëlectrische con-
stante van de materialen waartussen het grensvlak gevormd wordt), de grensvlak vorm
en grootte, en de diëlectrische anisotropie, de bindingsenergie van ladingsdragers aan-
zienlijk kunnen beı̀nvloeden. De bovengrens voor bindingsenergie wordt aangetoond
om een richtlijn te geven voor de optimalisatie van grensvlak ontwerp, voor de ontwik-
keling van zeer efficiënte elektronische toepassingen.
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