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Synopsis

Printable semiconductors are a part of the new generation of electronic devices
which can be flexible and lightweight. Organic-inorganic hybrids offer a natural
improvement over solution processable organic semiconductors. These systems consist
of organic and inorganic components offering a combination of enhanced performance
and processability. Organic-inorganic hybrid perovskite (OIP) have recently
demonstrated a range of superior electronic and optical properties. This thesis focuses
on studies of a set of specific organic and hybrid semiconductors and interfaces.

The first part of the work probes into the use of meltable alloys for vacuum free
cathode and interconnects applications. Meltable alloys are a suitable alternative for
metal dispersion and carbon based inks. This study is directed towards understanding
the adhesion, optical and electrical properties of indium based alloys. These alloys are
ternary-quaternary eutectic systems, forming conformal contact with a polymer layer
and the workfunction is comparable to that of aluminum. Optical and electrical studies
indicate charge-transfer interaction at the alloy/organic semiconductor interface.
Efficient devices have been realized using printing techniques. These studies suggest
the role of indium in controlling the properties of the alloy.

The second part of the work consists of hybrid interfaces and materials. Chapter
3 discusses the bilayer hybrid interface consisting of large band gap inorganic and small
gap organic layer. Such systems can be difficult to realize with ease, in pure inorganic
heterojunction where surface states can be detrimental. High band gap n-doped gallium
nitride (n-GaN) and low gap organic layers can form a type I or type Il hybrid junction.
The n-GaN surface polarization modifies the energy level of the polymer layer near the

interface, which manifests in to a symbatic and antibatic spectral response (lpn)
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depending on the direction of illumination. Its energy diagram is arrived based on the
spectral response.

In next part of the work, the formation of thin film structure of organic-inorganic
hybrid perovskite (CHsNH3PbBrs) system and their correlation with emission has been
studied. Organic small molecule additives have been used for controlling the
morphology and crystallization kinetics of OIP. Maze like the growth of fibrous
network composed of sub-micron OIP grains was observed upon additive assisted
antisolvent treatment. Simultaneously a significant increase in photoluminescence and
an accompanied decrease in disorder were observed. Modified OIP thin films were used
in the printable light emitting diode which showed luminescence up to 50 Cd/m?2.

In the next chapter, the study focuses on perovskite nanocrystals (NC) which
show high fluorescence quantum yield. The OIP’s property to rapidly react with
moisture has been overcome by the formation of capped NCs. The increase in optical
band gap and exciton binding energy is associated with the onset of confinement
effects, which get amplified in NCs of sizes smaller than 6 nm. Variation in emission
properties of NCs are observed compared to that of bulk and can be associated with
confinement effects. Single pixel emitter-detector device combination has been studied
in bilayer structure using NC and organic acceptor layers.

The OIP quantum dots embedded in fibrous dielectric matrix show enhanced
environmental stability. Such structures are known to show narrowing of emission.
Large tunability in emission wavelength, exciton-phonon coupling and lifetime have
been seen as a function of particle size. The emission peak shift shows a dependence

on the bulk OIP band gap.
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Chapter 1: Introduction

1.1: Overview of printable electronics

The advent of solution processed, polymer semiconductors have paved the way
for a large area, roll to roll processing of electronic devices. Solution-processed, organic
active layer based semiconducting components like organic solar cells (OSC) [1-7],
light emitting diode (LED) [8-10] and transistors [11-14] have been extensively studied
for over last two decades. Flexible electronic devices like detectors, display, memories
and circuits form an integral part of the new generation of smart technology. Some of
the key features of printed electronic devices include low-cost manufacturing, low
material consumption and light weight which make this technology energy efficient
[15-18]. Availability of a large catalog of solution-processed semiconductors with

tunable band gap allows for application specific material selection.

Besides semiconductors, conductors and buffer layers play an important role in
device operation [19]. The solution processed active inks and metal inks lie at the core
of the printed electronics, which can be cast into thin films using numerous available
printing techniques [20-23]. The printable inks can be classified into various categories
based on their physical and chemical nature. Active ink materials include organic
polymer semiconductors [24-27], organic-inorganic hybrid perovskite (OIP) [28-30]
and inorganic/hybrid quantum dots (QDs) [31, 32] have been successfully used in
efficient electronic devices. One of the key advantages of solution processed
semiconductor based ink lies in the ability to tune its absorption and emission properties
[33, 34]. These allow for materials to be designed for specific applications such as
tunable band detector [35] and narrow width emitter [36], which are particularly

important for optical communications [37, 38]. Note that the printed electronics is
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benefited by the already available knowledge on various application-specific printing
processes. This chapter presents the necessary background required to describe the
main observations and results of subsequent chapters in this thesis. Since the field is

vast, only the relevant topics have been selected for discussion.

1.2: Solution processed semiconducting inks

Solution processed semiconductors can easily fit in the role of printing inks
while also being electronically active. Semiconducting ink has been grouped into three
major categories namely (i) organic, (ii) organic-inorganic hybrid and (iii) QDs, The
classification is based on their physical and chemical composition. Though the primary
components of each class of semiconductor varies significantly, some of the features,
common across different class of materials include, (i) facile dissolution/dispersion in
a variety of polar and non-polar solvents, (ii) range of materials with access to tunable
band gap, (iii) optimum interface formation for homogeneous films and suitable

electronic interface.

1.2.1: Organic semiconducting inks

The organic semiconductors are n-conjugated organic molecules which can be
either a small molecule or a chain of repeated monomers (polymers). The carbon atoms,
in an organic semiconductor, are mostly sp? hybridized and the 7 bond is formed by the
overlap of half-filled 2p orbital between the adjacent carbon atoms. An example of an
organic semiconductor is shown in Figure 1.1a. The delocalization of & electron cloud
across the polymer chain is essential for the electronic transport [39]. The band gap of
an organic semiconductor is defined as the energy gap (~ 1-3 eV) between the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)

[40, 41]. The band gap, in organic semiconductors, originates from the dimerization of
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delocalized 7 electron cloud, the n-n” transition is the lowest possible transition and
defines the absorption edge [42]. The tunability of energy gap is achieved by varying
the m conjugated chromophores in the molecular structure. With this understanding, it
is possible to design semiconductors with molecular components as side groups and

hetero-aromaticity to give a wide selection with tunable properties.

The optical and electronic properties of organic semiconductors are very
different from their inorganic counterpart. The difference arises from the ease of
polarizability in the organics due to their low bond strength [43, 44]. The absorption
coefficient of a typical organic semiconductor (~ 10° cm™) is 1-2 orders of magnitude
higher than that of the inorganic semiconductor; consequently, the active layer
thickness required is much lower (~ 100-200 nm) in organic semiconductor devices
[45]. The charge transport species in organic semiconductors are polarons, which are
quasi-particles where charge carriers are coupled with electronic and structural
distortions [46, 47]. In organic semiconductors, the low mobility of charge carriers
arises from the localization effect. This results in an activated behavior, where mobility

increases with an increase in temperature [48].

1.2.1 I: Excitonic Character

On absorbing a photon, a quasi-particle of coulombically bound electron-hole
pair is formed (excitons), which has a Frenkel character in the organic semiconductors
[49], the exciton binding energy (Eg) in organic semiconductors (~ 0.1 - 0.2 eV) is much
higher than the room temperature thermal energy (KT ~ 25 meV at T = 300K) [50]. Low
dielectric constant (~ 2.5-3) and ease of polarizability of organic materials results in a
large Eg [43, 51]. In order to efficiently separate the excitons into free carriers, carefully

tailored heterostructure interfaces are required. The energetic offset between the phases
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IS a necessary driving force for dissociating the excitons [52]. This is achieved, in
general, by using a bulk heterojunction (BHJ) morphology consisting of donor (D)
(hole transporting) and acceptor (A) (electron transporting) type organic
semiconductors [53]. A schematic of BHJ morphology in a thin film diode structure is
shown in Figure 1.1b. The free charges created at D-A interface, following dissociation
of excitons, are transported to respective electrodes via D and A domains [52]. Most
designs of PVs based on organic semiconductors use this architecture to improve the
light to charge conversion efficiency [54], table 1.1 lists the properties for a range of
organic materials. The D-A phase separation is strongly dependent on thin film
deposition techniques, materials, and solvents used for fabricating BHJ architecture
[55]. Understanding the mechanics of D-A phase separation in printed devices is a key

step towards improving their performance.

b)

Reflective cathode

Hole transporter
Transparent anode

Figure 1.1: a) Molecular structure of a typical organic semiconductor (PBDTTT-C-T),
b) Schematic representation of the BHJ D-A phase separation in organic

photodetectors.

Table 1.1: Properties of organic semiconductors used in this thesis.
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Semiconductor Bandgap | LUMO (eV) | HOMO (eV) Mobility
(&) (hole)
Donor (cm?/Vs)
P3HT 1.9 -3.0 -4.9 ~ 10 [56]
PBTTT-C14 2.0 -3.46 -5.46 ~0.2-0.6
(LFET) [57]
PBDTTT-C-T[58] | 1.68 -3.6 -5.28 ~103
Acceptor electron
N2200 1.45 -3.95 -5.40 ~ 045 - 0.8
(LFET) [59]
PCBM-C70 2.0 -3.9 -5.9 ~ 102 [60]
TPBI[61] 4.0 2.7 6.7
PTCDA[62] 2.2 -4.6 -6.8

Large Eg in the organic materials also results in higher fluorescence quantum
yield (PLQY), which is evident from their utility as dyes for a variety of applications.
Dyes with very high PLQY (~ 90-100 %) finds applications as lasing materials [63].
The organic dyes are also used as efficient down converters for lighting and solar

concentrators [64].

1.2.2: Organic-inorganic hybrid perovskite (OIP) inks

Conjugated organic semiconductors have been extensively studied for over four
decades, whereas, OIPs in their current form are a new class of materials for PV
applications, where the mechanics are relatively less understood. Perovskites are
compounds with the ABXz molecular structure, where the A is a monovalent cation, B
is a divalent cation and X is a monovalent anion [65]. Perovskites are inorganic

compounds in general, however, by replacing any of the A, B or X with an organic

5
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molecule an organic-inorganic hybrid can be formed. The perovskite structure which is
specifically useful in printed electronics applications constitutes of organic monovalent
cations at A site [66]. The organic cation like methylammonium ion (CHsNH3") or
formamidinium ion (CH(NH2)2*) have an ionic radius (~ 2.6 A) suitable for this role
[67]. The heavy metal ions like Pb?* and Sn?* are used as divalent cation for B site and
the halogens (I, Br, CI") are used as monovalent anions. A typical hybrid perovskite
structure can be written as CH3NH3sPbls, where the Pbls forms the corner-sharing
octahedral structure and the CH3NH3" ion occupies the octahedral site, which has a
coordination number of 12 (Figure 1.2) [68]. Like their inorganic counterparts, the OIPs
exist in cubic phase at higher temperatures. However, the phase change from cubic to

tetragonal and orthorhombic with a decrease in temperature (the phase transition

temperature varies with composition) [69].

Pbl, octahedra Q

Figure 1.2: Schematic representation of organic-inorganic hybrid perovskite unit cell.

Though being known for a long time, recent interest in hybrid OIP is motivated
by their superior performance as extremely low-cost photovoltaic materials [70-72].
The absorption coefficient (a(E)) for OIPs is comparable to that of organic

semiconductors (~ 10° cm™) [73, 74], requiring thin layers (~ 300 nm) for efficiently
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harvesting a major fraction of the incident solar radiation. The low band gap of
CH3NH3Pblz (~ 1.6 eV) enables absorption of nearly all of visible and near infrared
solar spectrum. This allows for achieving the Shockley-Queisser limit for a single
junction cell [75]. Superior absorption in these materials is also supported by easy
dissociation of excitons (Egz ~ 12-16 meV) under room temperature thermal energy (~
25 meV) and efficient charge transport [69] [76]. Large carrier diffusion length (~ um
for polycrystalline films) [77-79] and very low trap densities at the surface and in bulk
reduces recombination losses [80]. The charge carrier mobilities for polycrystalline

films (~ 10 cm?/Vs) are similar to that of inorganic semiconductors [81, 82].

The hybrid OIPs show properties, superior to that of pure organic
semiconductors; nevertheless, they can be easily solution processed and have low
formation energy [83]. The band gap in OIP is formed between the unoccupied p orbital
of Pb (conduction band (CB)) and X (valance band (VB)). Though organic cation plays
an important role in stabilizing the OIP structure, it has a very small influence on the
valence and conduction band levels [84]. The band gap of OIP can be tuned easily by
varying the B (Pb?* and Sn?*) and X (I, Br, CI) site ions, which gives an energy range
from 1.3 - 2.6 eV [85-87], table 1.2 lists the band gap of different Pb-based OIPs. The
possibility to solution process and easily tune the band gap makes the OIP a versatile
material for various printed electronics applications like PVs, LEDs, Transistors and
LASER (Light Amplification by Stimulated Emission of Radiation) [29, 30, 33, 88].
The morphology of the thin film plays a key role indevice characteristics, large grains
sizes are preferred for PV application, while small grains are essential for improving
the luminescence and LED output [29, 89]. Solvent engineering has been shown to be
useful in finely controlling the morphology of OIP films, where many interesting

morphologies can be achieved [90]. In this thesis, organic small molecule mediated
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solvent engineering technique has been utilized as an effective route for realizing the

unique morphologies in thin films of OIP.

Table 1.2: Properties of Pb-based OIP perovskites.

OIP Bang gap
(eV)
MAPDI3 ~1.56
MAPDI3«Bry | 1.55-2.3
MAPbBI3 ~2.33
MAPDBrsxCly | 2.3-2.7
MAPDCI3 ~2.7

1.2.3: Inorganic/Hybrid quantum dots based inks

The energy gap and stability of inorganic and hybrid semiconductors can be
further tuned by lowering the dimensionality. The QDs are quasi-zero-dimensional,
nanometer (~ 2-10 nm diameters) sized particles of classical semiconductors, where the
electronic properties show large dependence on the particle diameter [91]. The QDs of
inorganic semiconductors have been proven to be useful in controlling the energy gap
by introducing the geometrical confinement [92]. Some of the interesting features
include high PL vyield, greater band gap tunability, improved color purity and
processability from different solutions, such features are difficult to achieve in bulk
inorganic semiconductors [93]. There are numerous ways for creating QDs, simplest
being the reaction flask chemistry [94, 95]. The surfaces of QDs are generally
passivated by organic surfactant ligands which restrict aggregation [94]. The hybrid
QDs of OIP are formed by using a combination of long (octyl ammonium) and short

(methylammonium) chain organic cation (Figure 1.3) [96, 97]. Long chain cations act
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as surface termination groups, which restricts further crystallization and defines the size

of QDs.

l ' PbX; octahedra
?O ® 0
VoYY ¥ T @ cnw
NN CH(CH,),NH;*

Figure 1.3: Schematic representation of hybrid OIP QDs.

The band gap of QDs as a function of particle diameter can be estimated by

using the effective mass approximation,

27.[2 2

E,op =E +—-
g9,QD g,bulk 2,[17‘2

) 11
Amer (1.1)

where u is the effective mass of carriers, r is the particle radius and e is the electronic
charge. The second term represents the confinement induced attraction energy and the

third term represents Columbic interaction energy between the electron-hole pair. The

eh?

ume?’

exciton Bohr radius (rg) is given as, rg = When, rg > r, the quantum nature

dominates and its signatures can be seen as a large blue shift in «(E) and PL(E) spectra.

The QDs of OIP show many remarkable properties which advance the
usefulness of OIPs. One of the most notable properties of hybrid QDs is their enhanced
moisture tolerance compared to the bulk [97, 98]. Simultaneously, the PL quantum

yield and lifetime improves [99, 100]. Unlike the bulk OIPs, the QDs can be easily
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suspended in a variety of non-polar solvents, which allows for depositing very thin
layers on any surface [97, 101]. In general, confinement of charge pairs can result in
the excitonic nature of QDs, while the respective bulk semiconductor may not be
excitonic [102]. The charge transport properties of QDs are different from that of the
bulk; the capping layers can severely restrict the electron transport by acting as a barrier.
Modifications to the QD design by choosing right organic ligands can improve the
charge transport property, making them useful for device applications [103]. Large
PLQY and tunable band gap observed in OIP QDs are also advantageous for optical
down conversion in lighting and display application, solar concentrators and emission
tuned lasing. Due to their superior emission and greater dispersibility in various
solutions, QDs can serve as a potential alternative for organic and hybrid
semiconducting inks. In this thesis, electronic properties of OIP QDs have been studied
in detail in the subsequent chapters (5 and 6), new routes for in-situ fabrication of QDs

encapsulated in the dielectric matrix has also been explored.
1.3: Printable conductive inks

Apart from the semiconducting active layer, the second most important part, of
an electronics device, is the metal contacts/electrodes and interconnects. They serve the
purpose of injecting and transporting charges between the semiconducting devices.
Different formulations have been proposed for these applications, which include
carbon-based inks, high conductivity metal particle paste, and metal alloys. Some of
the important features desirable for conductive inks are (i) suitable work function (Wg),

(i) low resistivity (~ 10 mQ sq) and (iii) good adhesion to various substrates.

1.3.1: Carbon based inks

Conductive carbon inks used in printed electronics technology can be broadly

classified into two categories, (i) conducting polymers like Poly(3,4-

10
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ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT: PSS) and polyaniline
dispersed in an aqueous medium, used as conducting inks [104-106] and (ii) dispersions
based on a mixture of polymer binding agent and conductive carbon pigments (graphite,

carbon black, carbon nanotube) in a suitable solvent [107-109].

1.3.1 I: Conducting polymer-based inks

Conducting polymer-based inks, like PEDOT: PSS and polyaniline have found
applications in various electronic devices due to their unique properties. Some of the
interesting features of PEDOT:PSS include homogeneous coverage with low surface
roughness (< 5 nm) when fabricated using different printing processes, high optical
transmission in the visible EM spectrum (~ 90% at 2.5 eV), good photo and thermal

stability in air and wide range of electrical conductivity (10 to 10° S cm™) [110].

a) / \ b)

wl,

n

PEDOT:PSS SO3 Na‘t polyaniline

Figure 1.4: Chemical structure of PEDOT: PSS.

The PEDOT: PSS consists of conjugated PEDOT which is positively charged
and is stabilized by negatively charged surfactant, PSS, dispersed in an aqueous
medium (the chemical structure is shown in Figure 1.4a). The conductivity of the
PEDOT: PSS film can be tuned by varying the PEDOT to PSS ratio and using different

polymer and ionic additives [110-112]. In thin film PVs and LEDs, the low conductivity

11
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PEDOT: PSS is also used as a buffer layer for selective hole transport due to its high
work function (~ 5.1 eV) [110]. Charge transport in PEDOT: PSS films occur through
hole polaron along the conjugated PEDOT chain, this results in large anisotropy in
conductivity along lateral and transverse directions [113]. These inks are suitable for a

variety of applications like displays and antistatic coatings.

1.3.1 11: Carbon pigment based inks

Inks based on carbon pigment suspended in the organic binder have a large
variety depending on the type of carbon pigment and the binder/solvent used. Some of
the common variants include powdered graphite [114], carbon black (soot) [115] and
graphene/carbon nanotubes [116] which can be suspended in dielectric binder matrix
like Poly(methyl methacrylate) (PMMA). Micron-sized pigments are finely and evenly
dispersed in a polymer matrix, which allows for a uniform coating. After the solvent
has dried, the pigments are left embedded evenly in the polymer film, allowing the
electrical conductivity across the film. In order to achieve low electrical resistance, the
conductive particles must be in contact with each other or the separation should be less
than ~ 10 nm. The resistance decreases with an increase in pigment loading, and above
a critical concentration (percolation threshold) the resistance drops significantly [117].
The pigment loading is decided by the amount of pigment that can be evenly dispersed
in the polymer. Some of the important features of carbon pigment based inks include
(i) availability of different printing methods, (ii) high mechanical, Thermal and
chemical stability, (iii) good adhesion with different plastic substrates. The resistance
value ~ 10 €/sq can be achieved for 25 um thick coatings. Carbon pigment based inks
can be cheaper than metal particle-based inks. However, a better W and contact

uniformity is desirable for an electrode.

12
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1.3.2: Metal powder based inks

The micron-sized metal powders can be formed into inks, very similar to that of
carbon pigment based inks. Powders of high conductivity metals like silver, copper,
and aluminum (particle size ~ 1-5 um) is used as conductive pigments mixed in
different polymer binders. The electrical conductivity of these inks is higher than that
of carbon pigment based inks, mainly due to the higher specific conductance of metals.
Charge transport in these inks is also controlled by the percolation (Figure 1.5), which
requires a critical concentration of metal powder in a polymer matrix. By varying the

polymer binder, different formulations suitable for specific applications can be created.

Polymer matrix @ (onducting pigment

Figure 1.5: Schematic representation of percolation pathways through the network of

conducting pigments.

Low resistances values ~ 10 m€)/sq are easily attainable, which makes these
inks ideal for printable electrode and interconnects. However, the cost associated with

atomizing high melting point, noble metals makes these inks expensive.

13
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1.3.3: Liquid metal alloys as inks

Eutectic alloys can be an alternative to traditional inks; they have been used for
long in the electronics industry. However, their use as a printable metal electrode has
not been realized due to the high melting point which is not compatible with flexible
plastic substrates. Fusible alloys of solder metals (tin, lead, bismuth, indium and
gallium) can have melting point lower than ~ 100 °C, which makes them suitable for
printing applications. Metal alloys with indium can form soft, conformal contact with
the underneath layer [118, 119]. Their usefulness as an efficient cathode has already
been demonstrated for thin film OPVs. The work function, for indium-based alloys, is
close to that of Al, which makes the fusible alloys a suitable metallic ink for the cathode
and interconnects application [64, 90]. The bulk electrical and thermal conductivity of
these alloys are much lower than that of the noble metals. However, they are
comparable to that of metal powder based inks. Due to their low melting point, fusible

alloys can locally melt and self-heal the cracks upon thermal treatment.

Metal surfaces are also known to host surface plasmons which can amplify local
electric field in presence of nanostructures [120]. These structures are especially useful
for light harvesting applications; the net amount of light absorbed in PVs can be
increased by incorporating plasmonic mediums into the device structure. Metal gratings
and periodic metallic structures of silver, gold, and Al have been successfully used to
improve the efficiency of inorganic and organic PVs alike [121-124]. Metals like
Indium, used in low-temperature fusible alloys, also show plasmonic activity [125],
which can impart light harvesting properties to printable metal alloys. This thesis
(chapter 2), explores the optical and electronic properties of low-temperature metal

alloy inks for printable electrode and interconnects application.

14
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1.4: Transferring inks onto surfaces

The process of printing various inks over different substrates has been well
understood for decades. However, the physical characteristics of thin films required for
printed electronics application are very different from that of standard graphic printing.
One of the important steps is to create an ink formulation of semiconducting materials

which is compatible with different printing processes.

1.4.1: Properties of printing inks

The physical properties of the solutions of different semiconducting materials
may vary significantly based on the type of solvent used, solubility, and physical state
in the solution. These properties play a major role in controlling the deposition process,
film uniformity and drying. The process of transferring the active inks to a printing
substrate is controlled by the viscosity and surface tension of the ink. The viscosity of
an ink defines its capacity to transfer the pressure onto the substrate while the surface
tension at the ink-substrate interface is responsible for homogeneous distribution of ink

across the surface.

The liquid ink can be categorized into Newtonian or non-Newtonian fluids
based on the change in their viscosity with applied shear force. For Newtonian fluids,
like water, the viscosity remains constant at a particular temperature. However, the
majority of printing inks show non-Newtonian behavior, where the viscosity either
increases (shear-thickening) or decreases (shear-thinning) with an increase in shearing
force. Polymer solutions and solid particles in liquid mediums are examples of shear-
thinning liquids. The viscosity () of a non-Newtonian liquid, as a function of shear rate

(¥) can be written as,
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N4

|4

N = Nref ( ) (1.3)
Vref

Where 7ref IS @ nominal viscosity measured at a defined shear rate . The exponent o
is 0 for Newtonian liquids, a > 0 for shear-thickening and -1 < a < 0 for shear-thinning

liquids [126].

The surface tension of the ink controls the amount of mechanical stress a liquid
interface exerts onto the substrate; determining the wettability of the substrate by the
ink. The surface tension is a force per unit surface area on the curved liquid surface.
This is directed towards the liquid volume for convex surface (cohesive nature) and
away from the liquid volume for concave surface (adhesive nature) [126]. The optimum
range of surface tension and viscosity suitable for different printing techniques varies

significantly, as shown in Figure 1.6.
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P . . . . m
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Figure 1.6: Surface tension and viscosity range for inks used in common printing

techniques. Figure adapted with permission from [126].

The inks, which do not lie in the range indicated for a specific technique, can
still be processed successfully. However, the ratio of ink transferred and printing

resolution can be very different.
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1.4.2: Surface wettability

Wetting of the printed surface is one of the most important requirements for the
printing. By definition, wetting is the ability of an ink to evenly spread on a solid surface
by creating a thermodynamically favorable condition [126]. Wettability of any ink on
a substrate is controlled by the surface tension of the liquid (o1), the surface energy of
solid (os) and the angle between the surface and tangent at the free liquid-gas interface

(6 = contact angle). The relation between the quantities is given by Young’s equation:

O-LGCOSQ = Ogg — Og], (14)
where oLc is surface tension at liquid-gas interface and osg and os are substrate surface
energy towards gas and liquid phase of the ink [126]. Then the wetting of any substrate

surface can be characterized by the wetting parameter (S),

S = 05, — 056 — 016 (1.5)
and, the energy of adhesion (Wagn(LS)), which is defined as attractive interaction energy

per unit area, between the ink and the substrate is given as,

Waan(LS) = 05 + 016 — 05, & 0,5(1 — cos 0) (1.6)

In printing, a perfect wetting (S > 0) is characterized by even distribution of
deposited ink, onto the surface. A large cLe >> -S > 0, represents small contact angle
and a large adhesion energy [126]. Under dynamic processes like printing, the
properties of the thin layer of ink deposited on the surface of the substrate can be
explained in the lubrication limit [126]. The redistribution of printed ink form can be
described using a simplified Stokes equation (Landau-Levich equation) under the
assumption that the ink thickness is much smaller than the feature size of the print. The
contributing factors to the equation are surface tension at liquid-gas interface, volume

related pressure and lateral drag [126].
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In drop based printing techniques, the film thickness consists of an average
height ho and a very small surface modulation hi(x, y, t) (where |h1| << ho) arising from
hydrodynamic instability. With time the surface is leveled by the surface tension and
the speed of leveling is controlled by the viscous friction of the lateral flow. The
leveling is exponential in time and the relaxation time oc (modulation wavelength)®.
Hence, small modulations (~ um) may decay fast (~ ms) while the larger modulation

will require longer time [126].

1.4.2 I: Drying of printed inks
Printing inks are pigments dissolved in a liquid medium, the surface tension of

the ink can change with the concentration of the pigment (¢). Upon drying the thickness

(h) of the film decreases and the ¢ increases accordingly: % = — ATh, consequently, the

surface tension will change with decrease in the ink film thickness.

do haa .7
dp  Oh '

Drying liquid film gives rise to lateral fluid transport which is driven by the
gradient of capillary forces. Using Landau-Levich equation, a relaxation time scale can
be derived which varies as a square of perturbation wavelength. The liquid flow can

either result in relaxation of the perturbation or formation of spontaneous patterns

depending on the sign of oy = 2—:. Sign of oy is dependent on the solvent and the
pigments used. Spontaneous dewetting of the surface can occur if the o4 is negative,

even if perfect wetting was achieved initially [126].
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1.4.3: Printing process
Independent of the layer being printed, certain steps are common which is
necessary to ensure a pin-hole free, a uniform surface coating of the active layer. The

processes can be subdivided into five steps which are listed below [126],

i.  Conditioning of printing ink and pretreatment of printing surface is required to
ensure a maximum wetting. This step is essential for achieving the uniformity of
printed film.

ii.  Ink acquisition, predosing and dosing of printing forms or press to allow for an
equal distribution of printing ink over the entire printable surface.

iii.  Transfer of dosed ink from printing form to the substrate using mechanical
pressure, hydrodynamic shear, chemical and thermodynamic force. A forced
wetting is ensured for a short moment to allow adhesion.

iv.  Relaxation of the printing ink surface to even out any surface perturbations which
can result in undesirable wavy patterns.

v.  The final step in the printing process is the drying of printed inks. This process
may involve the use of temperature or electromagnetic radiation to achieve fast
curing of printed inks.

1.4.4: Printing and coating techniques

Various techniques have been utilized for depositing thin films of
semiconducting materials for printed electronics applications. These techniques can be
broadly classified into two major categories: (i) printing, where well-defined structures
are printed from the printing form, (ii) coating, where thin films are deposited in regular
strips without any pattern. Printing can be further divided into conventional and digital
printing based on the use of printing plate. A conventional printing technique uses

physical plates where the printed and non-printed regions have different physical
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characteristics. These can be summarized into 4 different classes, as described below
[126],
I.  Printing forms are raised above non-printed forms, like in flexographic printing.

ii.  Printing forms are below the non-printing forms, like in gravure printing.

iii.  Printing and non-printing regions are in the same plane but have different
wettability for the ink, like in offset printing.

iv.  Printing and non-printing regions are in the same plane but they have a different
permeability for the ink, like in screen printing.

The schematic of different printing processes is shown in Figure 1.7.
Flexographic, gravure and screen printing are an example of conventional printing
technique, while the inkjet printing represents digital printing process. In the digital
printing process, there is no physical plate and the digital information is either printed
directly or transferred using a temporary printing form. Inkjet printing transfers the
image directly to the substrate using a nozzle, the ink volume to be deposited is
controlled by a piezo or thermal element. A transient printing form is used as an
intermediate step in electrophotography [126].

Conventional printing techniques allow for the rapid fabrication process, which
reduces fabrication time and production cost. However, the film quality required for
printed electronics (continuous active layer without pinhole) is much higher than that
for conventional graphic printing (pixilated deposition). Active ink differs significantly
from graphic inks in their viscosity and surface tension; this requires tuning of the

printing parameters which can provide homogeneous films with the suitable electrical

property.
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Figure 1.7: Schematic representation of a) Flexographic, b) Gravure, c) Screen

printing and d) Inkjet printing process.

Unlike the printing process, where an irregular pattern can be deposited on the
substrate, the coating techniques are used to deposit a uniform layer of ink without any
patterns. Some of the conventionally used techniques include spin coating, spray

coating, slot-die coating and knife edge coating (Figure 1.8).
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Figure 1.8: Schematic representation of different coating techniques, a) spin coating,

b) slot die and knife coating, c) roller coating, d) spray coating.

Compared to the printing techniques, the coating techniques provide a more
uniform and continuous layer. In printed electronic devices the coating techniques have
been preferred for depositing semiconducting layers while the printing techniques are

more suited for depositing patterned electrode layers.

1.5: Solution processed electronic devices

The end goal of printed electronics is to realize efficient, flexible, thin film
devices which are low cost and require less material. Various device architectures based
on solution processed semiconductor layers have been well reported in the literature.
Some of the typical printed electronic devices include thin film PVs, photodetectors,

LEDs and transistors.
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1.5.1: Photovoltaics

Thin film PVs are being extensively studied for their application in low-cost
energy harvesting. In a single p-n junction PV, the upper limit of light to charge
conversion efficiency was proposed by William Shockley and Hans J. Queisser in 1961
using the second law of thermodynamics [127].
1.5.1 I: Shockley Queisser (SQ) limit of efficiency

The efficiency limit of single p-n junction PV was estimated to be ~ 30% under
1 sun (100 mW/cm?) illumination. The limit of maximum efficiency results from
multiple factors including,

1 Radiative losses: In a PV, upon absorption of a photon, electron-hole pairs are
created. Assuming minimum non-radiative losses, the radiative recombination
becomes the dominant loss mechanism. The radiative recombination is also a
function of the voltage across the cell. At any given voltage, the total current is
given as a difference between photogenerated current and carriers lost due to

radiative recombination.

qV
ItOt = IL - Io [exp (_ kB_T> - 1] (18)

Where I is photogenerated current, lo is a radiative loss at zero bias, V is the
voltage applied across the PV and T is the cell temperature.

2 Spectrum mismatch: The process of creating a charge-pair upon
photoexcitation requires transferring one electron from VB to CB of the
semiconductor. The minimum energy required for this process is equal to the
band gap of the material. Photons, which are below the band gap, will not
contribute towards charge-pair creation while photons much higher in energy
will lose excess energy, as heat, to the lattice. This mismatch in the solar

spectrum and the band gap of the material is a major factor in limiting the
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maximum efficiency (48% in silicon (Si)). The best band gap for absorbing
sunlight is ~ 1.1 eV which is also the band gap value of Si.

3 Impedance matching: The maximum amount of power drawn from a PV, at a
given illumination level, depends on the external load attached. The impedance
matching factor (m) is defined as the ratio of power extracted to the maximum
power available (also known as fill factor). The optimum value of m depends
on the J-V curve and approaches unity at high illumination intensity.

Combining all the losses in a PV the net efficiency can be written as,

Vg/

v, V.V,

n=tsu(—[;")v(f,vc,—lf)m SAL (1.9)
S S S

Where, ts represent a fraction of above bandgap photons absorbed, u, v and m represent
ultimate efficiency factor, the ratio of the band gap voltage to open circuit voltage and
impedance matching factor respectively. Vg, Vs, V¢ represents band gap voltage, voltage
equivalent of the temperature of the sun (6000K) and voltage equivalent of the
temperature of the cell respectively. Factors like finite mobility and non-radiative
recombination contribute towards additional losses. The theory was further modified
by C. Henry to include (i) graphical analysis method, (ii) single and multi-junction cells,
(iii) terrestrial solar spectrum (AM 1.5) instead of a black body radiation, (iv) effect of
concentrated solar light and (v) a discussion on efficiency of ideal solar cell being lower

than the limit [128].

1.5.1 11: overcoming the SQ limit

The basic SQ limit of efficiency in a single junction PV can be surpassed using
various techniques like use of (i) multi-junction cell (tandem cell) [129], (ii) light
concentrators [130, 131], (iii) multiple exciton generation [132] (iv) upconversion of
below band gap photons [133] (v) down conversion of above bandgap photons [134]
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(vi) singlet exciton fission [135]. Use of light concentrators is an effective way to
improve the amount of light absorbed as it can be employed on any existing PV
structure.

Surface plasmons in metallic nanostructures present an effective way for locally
trapping the incident light. Plasmons are electron oscillations, induced by the excitation
light, they have been studied extensively for their role in enhancing the local electric
field, resulting in a large increase in Raman scattering signals [136-138]. Similar
mechanisms are also useful in PVs for increasing the efficiency by improving the
absorption. Two basic mechanisms proposed for light enhancement using plasmonic
medium are, (i) light scattering and (ii) near field concentration of light [139]. Metal
nanoparticle with diameter well below the wavelength of light can be considered as

point dipole, the absorption and scattering is given as [140],

1 2m* o
CSCClt = E(T) Ialz ICabs = TImlal (110)
Where
& /em — 1
=3V |2 —— 111
: Lp/gm + 2] (1.11)

Is the polarizability of the metal nanoparticle, V is the volume, ¢p is the dielectric
function of the metal particle and &m is the dielectric function of embedded medium. At
plasmon resonance (e, = —2¢y,,) polarizability becomes large and the scattering cross-
section can be larger than geometrical cross-section. Metal nanoparticles and metallic
gratings incorporated in Si and BHJ PV structure [141-143] have been shown to be
useful in improving the performance of thin film PVs. The metal films coated at the
back end of the PV is also shown to be useful in harvesting light by exciting surface

plasmons at the metal/semiconductor interface [144].
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1.5.1 I11: Bulk heterojunction solar cell

The device structure of different generations of PV is strongly influenced by the
Eg of the semiconductor. In the case of inorganic semiconductors, where the room
temperature thermal energy is sufficient to split the excitons into free charge carriers,
bilayer architecture of n and the p-type layer is efficient for light harvesting. However,
in the case of organic semiconductors, large Eg requires an additional driving force for
splitting excitons into free polarons [145]. This is achieved by creating a nanoscale D-
A interface which allows energetic dissociation of excitons. The exciton diffusion
length, in the organic semiconductors, is in tens of nm, this places the upper limit on
the size of pure D(A) domains in BHJ [146, 147]. The BHJ architecture is the most
widely used architecture in organic thin film PVs.

The characteristic photo response of a PV cell is shown in Figure 1.9. Under
zero bias or small forward bias, lower than the open circuit voltage (Voc), the device
operates in photovoltaic mode. In this mode the diode delivers power to the external

circuit, working as a battery.

— N
Rg 1 5 R, = Series resistance
I ‘—‘M/\'—-. ’é Rg, = Shunt resistance
. + = I, = Photocurrent
=
v =~ I, = Dark current
Ragp .E'
I; I - 5 H
. = i
. o g i
Equivalent circuit diagram E il
= 1
i [TV P VPR P PP Rre: o ey
Vmux V¢ W VDltngc (V)
Maximum FF —
Jinax power point -
Photodiode mode Photovoltaic mode

Figure 1.9: Schematic representation of the J-V characteristics of the photodiode. The

inset shows the equivalent circuit model for a typical photodiode.
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The inset of Figure 1.9 shows the equivalent circuit model for a typical solar
cell. The performance of a solar cell is characterized by four quantities, Voc, short

circuit current density (Jsc), fill factor (FF) and power conversion efficiency (PCE).

Vmax]max ]max Vmax

FF =—— PCE =———— 1.12
Voclsc P; (1.12)

The PCE of a photovoltaic cell is defined by the fraction of input optical power (Pin)
delivered as electrical power at the output. The Standard reference for measuring this

parameter is AM 1.5G illumination (1 Sun = 100 mW/cm?).

1.5.2: Photodetectors

A photodetector is a PV operating in reverse bias, which ensures maximum
charge extraction thereby improving the sensitivity. The response time of a
photodetector is reduced in photoconductive mode due to the increased depletion width.
In the operational intensity range of photodetector, the photocurrent should be a linear
function of excitation density. One of the important parameters for characterizing a
photodiode is the spectral responsivity (R(E) = Jpn(E)/Win(E)) where E is photon
energy. In an efficient photodiode, the R(E) should be high in the spectral region of
interest. Organic photodetectors are composed of solution processed blend of organic
D-A molecules; general schematic for such a device structure is shown in Figure 1.10a.
The response time of organic materials is slower compared to traditional inorganic
semiconductors due to low charge carrier mobility. Hybrids of organic and inorganic
semiconductors can offer significant improvements over the pure organic
photodetectors while still preserving the ease of manufacturing and tunability of

operation range.
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Figure 1.10: Schematic representation of a) organic photodiode and b) hybrid

— |

photodiode.

Different combinations of inorganic semiconductors (silicon, gallium nitride,
zinc oxide) and organic conducting and semiconducting polymers have been shown to
work efficiently as photodiodes [148-151]. A general schematic of the hybrid
photodetector is shown in Figure 1.10b. The hybrid photodiodes can benefit from the
properties of both the semiconductor families, some of the advantages of hybrid system

over conventional system are listed below,

i.  The widely available p-type donor polymers are a good match for inherently n-
type inorganic semiconductors.
ii.  The requirement for an epitaxially matched interface is relaxed when forming a
heterojunction of two different semiconductors.
iii.  Hybrid photodetectors can have large tunability in spectral response by making
use of a variety of donor polymer, where the band gap can be easily controlled.
iv.  Inorganic semiconductors can act as substrate as well as a protective window from

ultraviolet light when a large band gap semiconductor like gallium nitride is used.
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v.  Organic-inorganic hybrids are model systems for studying heterojunction with
different energy alignment, such energy level alignment is difficult to achieve in
conventional systems.

This thesis emphasizes the role of energy level alignment and hybrid interfaces
in controlling the charge transport in hybrid photodetectors, using model systems

comprising high bandgap inorganic and low gap organic semiconductors.

1.5.2: Light emitting diodes

The LEDs operation is opposite of a photodiode, where the light is generated at
the expense of externally supplied electrical power. Conventional inorganic LEDs are
made using stacked multilayer structure where the emissive layer is sandwiched
between a highly doped p and the n-type semiconductor layer. Solution processed LEDs
have layered construction, identical to that of inorganic LEDs; however, the light is out

coupled through the substrate (Figure 1.11).

a) Inorganic LED b) Solution processed LED

‘ Emission
Cathode | I || I'—I
— Reflective cathode
Organic emitter
n-layer
substrate Transparest,lt anode —
substrate

Emission
v

"~ Terminal connection

Figure 1.11: a) Layered structure of a conventional inorganic LED and b) solution-

processed thin film LED structure.

The emissive layer, in any given LED structure, is sandwiched between electron

(ETL) and hole (HTL) transport layer. These layers allow for efficient injection of
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charges from the respective electrodes. The electron mobility in ETL and hole mobility
in HTL should remain comparable to ensure that the recombination centers are located
in the emissive layer. The electron and holes, injected into the emissive layer, combine
to form excitons. The spins of the injected carriers are randomly distributed; this results
in the formation of both singlet and triplet excitons. Due to the quantum statistics of
singlet and triplet states, there is a 75% probability of forming triplet state, while only
25% for singlet state [152]. The transition from triplet excited state to ground state is
forbidden by the selection rules. This process limits the upper efficiency of LEDs to
25%. However, in the organic molecules and in the case of OIP the spin-orbit coupling
is significant, which allows for single to triplet inter-system crossing and increases the

limit for maximum efficiency [153-155].

Printable LEDs fabricated using organic and hybrid OIP emitter layers offer
many advantages over their inorganic counterpart. Due to their ability to form uniform
thin films, large area emission can be more easily realized in printed LEDs as compared
to inorganic LEDs were emission centers are small crystal. The easy tunability of band
gap in solution-processed semiconductors allows a continuously tunable emission
range. The OIP emitters have high color purity compared to other solution-processed
semiconductors which are desirable for display applications. This thesis explores OIP

based new printable LED structures using low melting eutectic alloys (chapter 4).

1.6: Thesis outline

This thesis focuses on studying different device architectures comprising
solution-processed semiconductors and meltable alloy electrodes and explores the
underlying optical and electronic properties for maximizing their applicability. The

mechanism underlying the superior performance of low temperature (> 50 °C) meltable
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alloy cathodes has been emphasized in chapter 2. The performance parameters of
meltable alloys have been compared with thermally evaporated Al cathode. The hybrid
interface between metal and polymer film has been probed using atomic force
microscopy, post mechanical stress, and shearing, which suggests strong adhesion upon
the inclusion of indium in the alloy. Surface enhanced Raman studies have been used
to study the increase in optical activity of alloys surfaces upon addition of indium, a
comparison is also shown with widely used metal layers. Photocurrent measurements
as a function of excitation energy and active layer thickness support the results observed
in surface enhanced Raman studies. Impedance measurements show the high quality of
alloy electrodes fabricated in ambient conditions, which is comparable to thermally
evaporated Al electrode. These observations suggest that indium (a primary
constituent) plays a crucial role in enhancing the adhesion properties of alloy electrodes,
which is critical for realizing optical activity and electrical compatibility with organic
semiconductors. Alloy work function, being lower than that of Al, is useful in
minimizing the degradation due to oxidation and improving the device stability.
Consistent performance enhancement has been demonstrated for OPVs with alloy
cathodes compared to that with Al. Utilization of the alloy is extended for other systems

and is described in other chapters.

Chapter 3 deals with an example of the hybrid device composed of organic and
inorganic layers. The Hybrid structure comprising n-doped gallium nitride (n-GaN) and
D(A) polymers has been used to study charge transport in non-conventional systems.
The J-V and excitation energy dependence of photocurrent suggests a large
modification in photo response compared to standard photodiodes. The spontaneous

polarization present at the n-GaN surface strongly influences the charge transport and
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photo-response of hybrid photodetectors. Electric field and white light bias have been

used as external perturbation for tuning the energy level of the hybrid interface.

Active layers based on hybrid crystal structure using perovskite (OIP) have been
discussed in chapter 4. Large scale morphology restructuring of hybrid OIP
semiconductor film has been demonstrated using solvent engineering technique. Rapid
crystallization of OIP structure results in the reduction of the average grain size. The
macroscopic morphology shows a large dependence on the small molecule additives
used in the kinetic control of the growth of OIP thin films. Morphologically modified
films show a decrease in disorder and significant improvements in PLQY and lifetime,
which is useful for numerous applications like electroluminescent emitters. Printable

LED structure has been fabricated using low melting alloys.

The nanocrystals (NCs) of OIP demonstrate improved stability compared to
their bulk counterparts. The emission characteristics of OIP NCs have been studied in
chapter 5. Hybrid OIP NCs demonstrate absorption and emission properties comparable
to that of bulk; however, the solution processability is greatly improved. Added effects
of a reduction in average crystallite size are visible as an increase in energy gap, large
Es and high PLQY. NCs show larger exciton-lattice interaction compared to that of
bulk, suggesting dominant exciton localization effects. The NCs/acceptor polymer
hybrid show the difference in photo-response of acceptor polymer, compared to the

diodes made using bulk perovskite, while the EL properties remain unaltered.

Fabrication of luminescent OIP QDs embedded in a 1D fibrillar network using
electrospinning of PMMAV/OIP precursor mixture is demonstrated in chapter 6. The
QDs are formed in-situ during the spinning of fibers, resulting in an alignment of OIP

grains within the fiber growth direction. Optical absorption and emission studies of OIP
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QDs embedded PMMA fibers show a large blue shift in the optical band gap. The QDs
embedded fibers show high PLQY, comparable to conventionally prepared OIP QDs.
Localized emission maps suggest a large-scale spatial and spectral uniformity for a
given fiber, which indicates a uniform distribution of QDs across the fiber. The
cylindrical structure of PMMA fibers and the ellipsoidal geometry of OIP grains are
advantageous for realizing effects like wave guiding of local emission, a 3D cavity for
lasing and propagation of whispering gallery modes. Temperature dependence of PL
indicates size dependent exciton-lattice coupling, which is similar to conventional QDs.
Excitation intensity dependence suggests an excitonic nature of emission in QDs of
larger diameter, the emission nature changes to donor-acceptor type for smaller QDs
which is an indicative of stronger confinement. Amplified spontaneous emission was
observed for excitation powers as low as ~ 4 pJ, indicating possibilities of low-threshold

lasing.

In summary, the thesis highlights the usefulness of solution processed
semiconductor and metals for printable electronics. Improvements observed in the
polymer/metal adhesion and optical activity of solder alloys in presence of indium
metal has been discussed. Charge transport in bilayer hybrid interface is limited by the
interfacial states. Morphological modifications of hybrid perovskite thin films show
large dependence on small molecules used in antisolvent treatment. The perovskite
guantum dots demonstrate an increase in exciton-lattice coupling with particle size
reduction. The one-dimensional core-shell fiber structure of perovskite quantum dots
and Poly(methyl methacrylate) display large tunability in electronic property with

density and composition of perovskite.
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Chapter 2: Eutectic Metal Alloys for Large

Area Solution-Processed Electrodes

2.1: Introduction

In lab efficiencies for solution-processed photovoltaics (PVs), have reached
beyond 11% for OSC [1, 2] and 22% for organic-inorganic perovskite-based absorbers
[3, 4]. To scale up the PVs, for large-area applications, low-temperature, printable metal
inks which can be easily processed into anode-cathode and interconnects are essential
[5-7]. Many conducting ink formulations (silver ink, carbon ink) have been made
available for this application, however, it is always desired to minimize the losses by
reducing the work function (Wr) mismatch and improve the conductivity [8, 9].
Meltable eutectic solder alloys can be doubled up as both electrodes and interconnects,
where the mechanical and electronic properties can be tuned by varying the
composition [10, 11]. The eutectic mixtures of the binary alloy (In-Ga alloy) have been
explored as vacuum free electrodes for long [12, 13]. Other combinations of ternary
and quaternary alloy systems have also shown to be useful for printable electrode
applications [14-16]. However, the underlying mechanisms for establishing low
resistance contacts for these alloys are not well understood, thereby requiring a

thorough investigation for improving the performance and applicability.

The cathode and interconnects are characterized in terms of parameters like
mechanical adhesion to the substrate, workfunction-Weg, conformability and sheet
resistance. In plastic electronics, the ability of an electrode to withstand a certain degree

of bending and flexing is also desirable. Wr plays a crucial role in maximizing the
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charge injection and collection efficiency of an electrode [17, 18]. In previous work, it
was demonstrated that a quaternary eutectic alloy with low melting point (~ 58 °C)
works at par with thermally evaporated cathodes like aluminum (Al) [15]. The alloy
electrodes offered small series resistance compared to the evaporated electrodes. High
efficiencies attained over a small area, can be retained over larger pixel size. In the
organic bulk heterojunction (BHJ) system the lowest unoccupied molecular orbital
(LUMO) of acceptor (A) molecule (PCBM-C70) is at 3.8 - 4.0 eV [19]. The metals
with WE close to ~ 4 eV are suitable as a cathode. One of the widely used cathode metal
is Al as its Wr (~ 4.07 eV) is close to that of acceptor LUMO and is cost effective.
However, a low Wr metal also suffers from the problem of rapid oxidation under
ambient conditions. As the Wk increases, the stability towards oxidation improves,
simultaneously the barrier for electron collection also increases and the interface
changes from ohmic to Schottky. The indium (In) based solder alloys, where the We is
below that of Al, demonstrate a superior stability towards oxidation while still forming
an ohmic contact with the acceptor component. Thus the alloys (with low indium

content) can suitably replace Al as a cathode layer in printable thin film devices.

The polymer bulk heterojunction system has been used in conjugation with alloy
cathode to study the electrical properties of alloy/polymer interface. Low band gap
donor polymer has been selected in particular for highlighting the optical activity of
alloy as a function of indium concentration using surface enhanced Raman
spectroscopic and photocurrent studies. Kelvin probe in conjugation with capacitance-
voltage studies is used to estimate the work function of alloy cathode while the
electrical quality of alloy/polymer interface is probed using current-voltage and
impedance studies. Observations suggest that indium is essential for the efficient

performance of alloy cathodes.
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2.2: Overview of low-temperature meltable alloys

Eutectic solder alloys or fusible alloys can be a binary, ternary or quaternary
mixture of post-transition metals like In, lead (Pb), bismuth (Bi), tin (Sn) and gallium.
Alloys with different metal ratios demonstrate large variation in melting point,
electrical and mechanical properties. Fusible alloys are characterized by their melting
point which varies from a minimum of 35 °C to maximum of 250 °C. This range of
melting temperature is ideal for printing on plastic substrates, which can become
unstable above ~ 150 °C. The solder alloys have thermal and electrical conductivity (~
4-5 %) comparable to that of metal inks made of silver (Ag), Al and copper. The ability
to locally melt and form conformal contact with the underlying substrate gives a

decisive advantage over commonly used metals.

Alloys used in the present study are a ternary or quaternary mixture of In, Sn,
Bi and Pb mixed in the different weight ratio as is shown in Figure 2.1a. The melting
point increases with a decrease in the indium content (below 21 %), while at a higher
weight percentage of indium (21-51 wt %) the melting point does not vary significantly
(~ 58 - 62 °C). For the ease of differentiation, alloys have been named based on their
relative indium content. The melting point for various alloys used in this study lies in
the range of 58 - 94 °C depending on the composition, as shown in the melting point
curves in Figure 2.1b. Additionally, the Bi alloys feature some unique properties like
an expansion upon cooling by ~ 3.3 %, such features are desirable for achieving a

homogeneous contact without any gaps between metal and polymer layer.
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Figure 2.1: a) Composition vs. melting point curve for different alloys used, b) melting

point estimated through temperature vs. time plot.

2.3: Experimental details

2.3.1: Materials

Semiconducting polymer PBDTTT-C-T (2,6-Bis(trimethyltin)-4,8-bis(5-(2
ethylhexyl) thiophen-2-yl) benzo[1,2-b :4,5-b' ]dithiophene) was procured from
Solarmer, USA and PCBM-C70 ([6,6]-Phenyl C71 butyric acid methyl ester) was
purchased from Luminescence Technology Corporation, Taiwan. Hole transporter
PEDOT:PSS (Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)) (Al PVP
4083) was procured from Clevious. Conducting transparent electrode, ITO (indium tin
oxide) coated glass substrates (Rs= 8 Qcm) were purchased from Xin Yan Technology
Limited, China. Low-temperature meltable alloys with 0%, 21% and 51% indium
content were purchased from Roto Metals, USA, while the 5%, 10% and 35% indium

content alloys were prepared in the laboratory.

2.3.2: Sample preparation
Substrate cleaning
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Quartz and ITO substrates were cleaned using wet cleaning procedure as

described below,

I. 10 min Sonication in surfactant and de-ionized water at 40 °C.
[l.  Rinsed and sonicated in di-ionized water for 10 min.

I1l.  Rinsed and sonicated in acetone for 10 min.

IV. Rinsed and sonicated in Isopropyl alcohol 10 min

V.  Blow dried using compressed air and treated in air plasma for 10 min.
Thin film fabrication

A solution of PBDTTT-C-T and PCBM-C70 was prepared in 1:1.5 wt ratio in
1,2-dichlorobenzene in different concentration (1 to 25 mg/ml ) to obtain a range of

film thicknesses (~ 10 to 120 nm).

Films for Raman and absorption measurement: All the thin films of pristine and
blend semiconductors were spin coated at 1000 rpm on quartz substrates in the nitrogen
filled glove box. PEDOT: PSS films were spin coated at 3000 rpm for 60 s in air

followed by annealing at 180 °C for 15 min.

Solar cell fabrication: PEDOT: PSS films (film thickness ~ 40 nm) were spin coated
on plasma cleaned ITO glass at 3000 rpm in air, followed by annealing on a hot plate
at 180 °C for 15 min. Blend solution with different concentration was spin coated at

1000 rpm in nitrogen filled glove box, films were not annealed.

2.3.3: Metal electrode deposition
Metal electrodes like aluminum (Al), silver (Ag) and gold (Au) were thermally
evaporated in a thermal evaporation chamber at ~ 5-6 x 10" mbar pressure. The active

area was controlled using a metal mask. Low-temperature alloy electrodes were
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deposited as a cathode on a hotplate, in air, using low-temperature injection technique
as illustrated in Figure 2.2. The area was controlled using a perforated Polyethylene
terephthalate (PET) mask with the active area ranging from 0.07 to 0.12 cm?. The
process of depositing alloy electrode involves three steps, (a) the nozzle is charged from
a reservoir using a small vacuum pump, (b) the molten alloy is carefully dispensed on
the perforated area and (c) the excess metal is removed using the nozzle. The alloy
electrode thickness is typically = 150 um and is comparable to the thickness of PET
sheet (~ 70 um); thickness can be further reduced by using more controlled alloy

deposition.

b) c)

Nozzle Nozzle

Solar cell Solar cell Solar cell
Loading the nozzle Depositing alloy Removing access alloy

d) €)
)

Glass substrate

Device structure A working solar cell

Figure 2.2: An illustration of low-temperature injection deposition of alloy cathode, a0
charging of nozzle, b) dispensing alloy, ¢) removing access alloy, d) device schematic

and e) actual working solar cell with mirror finish alloy electrode.

2.3.4: Characterization
All characterizations were performed in air without any encapsulation, while

the devices were stored in nitrogen filled glove box in between the measurements.
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Raman: Surface enhanced Raman spectroscopy has been used as a tool to study the
plasmonic and chemical nature of alloy/polymer interface; the results were compared
with the standard electrodes like Al, Ag, and Au. A custom made Raman setup
with 180° backscattering was used to collect the Raman signals [20]. An epi-fluorescent
microscope was converted to work as a Raman microscope. A diode pumped frequency
doubled (A = 532 nm) Nd: YAG solid state laser (Photop Suwtech Inc., GDLM-5015
L) was used as an excitation source. Laser power at the sample was 8 mW without
filters, and it was controlled using appropriate neutral density filters to prevent
photobleaching of the sample. The incident light was focused onto the sample using a
high numerical aperture (0.45) objective lens with a working distance of 17 mm. The
entrance slit width to the monochromator defines the spectral resolution and it was
typically set at 200 um. 1800 grooves per mm grating were used to achieve a resolution
of 0.7 cm™. The Raman spectrometer was equipped with a SPEX TRIAX 550
monochromator and a liquid nitrogen cooled CCD. Spectra were acquired in 100 cm™
to 2000 cm™ range with a typical accumulation time of 30 - 90 s, in general, multiple
spectra were recorded for each system and averaged. Raman intensities were

normalized using Raman intensity of first order Si optical mode as a reference.

Absorption and Reflection: Absorption and reflection measurements were performed
on a Perkin Elmer UV-Vis spectrometer equipped with integrating sphere for accurate
reflection and transmission measurements. Teflon disks were used as high reflective

holders, where ever necessary, to reduce background signatures.

Atomic force microscopy (AFM): Topography and Kelvin probe (KPFM)
measurement of pristine and blend films of PBDTTT-C-T and PCBM-C70 and alloy
electrode was recorded using JPK Nanowizard 3 atomic force microscope. Topography

and phase images were recorded in non-contact tapping mode using Si cantilever with
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platinum/iridium coating, the resonance frequency of 300 KHz and force constant of
40 N/m. thermally evaporated gold on the glass and highly oriented pyrolytic graphite
(HOPG) were used as a calibration standard for estimating the W of the AFM

cantilever.

Impedance and capacitance-voltage (C-V): Small signal impedance measurement
was performed using a function generator (Tektronix) and a lock-in amplifier (SR830).
A small sinusoidal varying voltage of ~ 100 mV was applied with 0 VV DC bias across
the device, and the current was recorded using a low noise preamplifier (SR570). The
C-V measurement was performed at 10 kHz from -0.5 V to 1.5 V using a semiconductor

parameter analyzer (Keithley SCS 4200).

Current-Voltage (J-V) and quantum efficiency (QE): Dark and under illumination
measurements were performed on Newport solar simulator. Oriel Class 3 A solar
simulator was used for 1 Sun illumination. Keithley 2400 source meter was used for J-
V measurement. QE measurement was performed in a lab built facility; a tungsten lamp
coupled with a monochromator (Zolix Omni 750) was used as a light source. Device
photocurrent (Ipn) response was recorded in using lock-in amplifier (SR830). Incident

optical power was calibrated using a calibrated detector (DS1-200, Zolix).

Photocurrent scanning: Large area scanning of photocurrent was performed on in lab
developed facility. A red laser (A = 632 nm) was focused through a 0.45 NA 50X
objective. The samples were mounted on a stepper controlled X-Y-Z stage (Thor Labs).
The samples were raster scanned at a resolution of 50 um in X and Y axis for a total
length of 4 mm by 4mm. Photocurrent signal was recorded using a lock-in amplifier

(SR830) along with the low noise current preamplifier (FEMTO 2000).
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2.4: Result and Discussion

2.4.1: Morphology and surface potential

The liquid alloy coated on a clean surface of ITO forms an optical quality
interface. The roughness of alloy surface, at the peeled alloy/ITO interface, was mapped
using non-contact AFM. Roughness map of alloy with different weight percentage of
indium is indistinguishable, as shown in Figure 2.3 for 21%, 35% and 51% Alloys.
Conformal mapping of the surface features of the ITO coated substrates, by molten
alloy, is exhibited in the surface feature resembling grain size distribution. The average
roughness of alloy surface is ~ 10 nm; highest features are ~ 20 nm. Low roughness

observed over a large area is important for homogeneous charge extraction.
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Figure 2.3: Surface roughness measured on the surface of alloy with a) 21%, b) 35%,

and c¢) 51% indium.

Along with the roughness of alloy surface, the contact potentials were also
mapped on the planar alloy surfaces cast on ITO-glass substrates. Use of oxide layer,

like ITO, is helpful for avoiding any modification to surface potential, due to the
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residual polymer layer. The surface potential map shows a small average variation < 30
mV over an area of ~ 15 x 15 pm?. Variation in contact potential over the measured

area remains small between alloys with different indium wt %, as is evident in Figure

2.4.
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Figure 2.4: Surface contact potential map for alloy with a) 10%, b) 21%, c) 35% and

d) 51% indium.

The absolute value of contact potential is ~ 435 mV (for 21%, 35% and 51%
indium alloy), while for 10% indium alloy the value is ~ 470 mV (Figure 2.5). A
variation in surface potential can be associated with two possible sources, i) The alloys

used in this study are a ternary or quaternary mixture of solder metals (In, Pb, Bi and
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Sn). The work function of In and Pb is ~ 4.0 eV while that of Bi and Sn is ~ 4.3 eV.
Thus the work function of the alloy will be governed by the relative ratio of constituent
metals, ii) The 10 % In alloy also demonstrates higher melting point temperature (> 15
°C) compared to 21%, 35% and 51%, the higher processing temperature is also
associated with increased susceptibility towards oxide formation. The Kelvin Probe
measurement used for determining the surface potential was performed on the alloy
electrodes processed in air, which increases the possibility of surface modification due

to the presence of oxides.
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Figure 2.5: Line scans representing absolute contact potential for alloy with, a) 10%,

b) 21%, c) 35% and d) 51% indium respectively.

Contact potential at the exposed surfaces is typically modified due to the
formation of thin oxide layers and other carbon impurities, which makes it difficult to
estimate the absolute WFr in air. However, the surface contact potential difference
between different alloys can be used to estimate their Wr by comparing it with the
known WE of any alloy. The Wr for 21% indium alloy (~ 4.27 + 0.03 eV), measured

using ultraviolet photoelectron spectroscopy (UPS) is shown in Figure 2.6. Using the
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contact potential map for alloys with different indium wt % to that of 21% indium alloy,
the absolute Wk for remaining alloys was estimated to be in the range of 4.25 - 4.30 eV,
which is close to that of their constituent metals. The Wr show little modification across
different alloys, which is beneficial for a stable, oxidation resistant cathode layer in

polymer solar cells.
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Figure 2.6: Workfunction estimation using UPS for the alloy with 21% indium.
(Reprinted with permission from P. Kumar, B. Zhao, R. H. Friend, A. Sadhanala, and
K. S. Narayan, Kinetic Control of Perovskite Thin Film Morphology and Application
in Printable Light Emitting Diodes, ACS Energy letters, 2, 1, 81-87, (2016). Copyright

(2017) American Chemical Society).

2.4.2: Surface adhesion properties of Indium alloys

Adequate adhesion between alloy and polymer surface is the minimum
necessary criteria for ensuring a low loss charge collection. Alloys adhesion with
polymer BHJ layer differs significantly with alloy composition. The alloys without
indium, i.e. the ternary mixture of Pb, Bi, Sn, demonstrate the high melting point (> 90

°C) and negligible adhesion strength (delaminates instantaneously) with a polymer
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layer. Higher melting point alloys also pose difficulty in processing due to the higher
cooling rates, solidifying very quickly in the nozzle. Alloys adhesion strength to
polymer layer shows large improvements with the addition of a small fraction of indium
(~ 5%) into the Bi, Sn, Pb alloy. The strength of adhesion is proportional to the content
of indium; highest strength was observed for 51% indium alloy. Improvement in
adhesion strength suggests the formation of alloy/polymer bond which is activated in

the presence of indium.
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Figure 2.7: a) Morphology and b) phase map of 21%, ¢) morphology and d) phase

map of 35%, e) morphology and f) phase map of 51% indium alloy.

The surface roughness map shows little variation between different alloys,
however, the phase images show a significant modification. Small regions ~ 5-10 pm
diameters can be consistently seen in the phase image of alloys with 35% and 51%

indium (Figure 2.7). These regions do not show any correlation with topography or
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surface contact potential maps. The occurrence of such regions can be associated with
the high indium content, which is likely to form indium rich regions. The small
difference in tip-surface interaction for indium rich regions compared to that of the
alloy as a whole can be easily picked in phase map. The presence of indium rich regions,
at the surface, will result in a larger density of indium/polymer bond and hence a

mechanically stronger contact.

The adhesion energy, which is defined as the minimum amount of energy per
unit area required to separate the two surfaces in contact an infinite distance apart. The

strength of adhesion (Ea) between a metal and polymer layer can be summed as,

Eqo Xym+Vp+vYur (2.1)
Where, m is the surface energy of metal, » is the surface energy of polymer and ymp
is interfacial energy between metal and polymer [21]. The term mve is controlled by two
factors: (i) nature of atomic/molecular bonding at the interface and (ii) the interfacial
morphology. The physical nature of the bond between metal and polymer layer has
been studied with respect to the overlap between atomic orbital of metal and molecular
orbital of the polymer layer. Metals with a large number of vacant d-orbital like
chromium and titanium are known to form strong metal-polymer bond [21, 22]. In the
case of metals with a small number of free d-electrons like copper, the bond strength is
weak, which is reflected in an island like deposition of metal and a small decrease in
polymer carbonyl peak [21, 23]. The strength of the metal/polymer bond in metals with
vacant p-orbital, like Al, is intermediate [21, 24, 25]. The indium belongs to the same
group as Al, suggesting that the polymer/indium interface should have similar adhesion

strength.
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Apart from the metal-polymer bond, the interfacial microstructure plays a
significant role in defining the strength of adhesion. The strength further amplifies with
the increase in the amount of intermixing at the interface, which depends on the
temperature of the interface. The higher melting point for indium-free alloys allows for
higher intermixing. However, the increased diffusion does not help improve the
adhesion due to the weak bond between the polymer and alloys. Due to the disordered
nature of polymer semiconductors and lack of understanding of the lattice structure of
alloy, a quantitative understanding of the adhesion has not been established. However,
further qualitative insights are gained by probing the interfacial morphology of the

delaminated films of alloy and underlying polymer surface.

The viscoelastic nature of the polymer and metal deformation energy, larger
than the adhesion energy, makes it difficult to determine the adhesion energy
accurately. Lateral elongation and peel test are generally used to estimate the adhesion
energy; the elongation test can only be used for free-standing polymer films while the
peel test is more suitable for polymer films coated on a stiff substrate like glass.
Improved adhesion between alloy and polymer layer has been followed by peeling the
alloy layer and probing the morphology of the surfaces, in contact, at the interface.
Figure 2.8 shows the AFM surface topography and phase image of alloy and BHJ layer
at the interface. The alloy electrode has a very low surface roughness (~ 2 nm) (Figure
2.8a), which is conformal with the surface roughness of BHJ layer. Phase image of the
same region (Figure 2.8b) suggests a large variation in the material stiffness on and off
the web-like network indicating that the web-like network is composed of the polymer
layer. Thin layer of web-like network, visible on the alloy surface, has an average

thickness of ~ 3nm and average feature size < 100 nm (Figure 2.8c) Along with the

59



Chapter 2: Eutectic Metal Alloys for Large Area Solution-Processed Electrodes

morphology, the Wk of the alloy surface also decreases by ~ 200 meV (Figure 2.8d)

suggesting a surface modification of alloy by the polymer layer.
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Figure 2.8: a) Surface topography and b) phase map of peeled alloy surface, c) line

scan showing the average thickness of polymer layer on alloy surface, d) surface
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contact potential map for alloy surface peeled from the working device. e) Topography
and f) phase image of polymer surface below the alloy electrode. G) Surface roughness

and h) phase for polymer layer outside the active area.

The polymer layer morphology, underneath the alloy electrode, is shown in
Figure 2.8e, is a negative of alloy surface morphology. Small islands ~ 100 nm
correlates well with the holes of similar dimension on alloy surface. The BHJ phase
image shows a typical D-A separation, which is not correlated with the morphology
(Figure 2.8f). The phase image map of fractured polymer layer represents sub-surface
(~ 3 nm below the surface) D-A separation, which is expected to be unperturbed by the
modifications introduced by the drying of the surface. The surface morphology and D-
A separation for as spin coated BHJ layer are shown in Figure 2.8g and 2.8h.
Delamination of alloy cathodes can also be used to probe the subsurface phase

separation.

Above observations indicate that, upon peeling the alloy cathode, from the
polymer layer, the fractures developed in polymer layer prior to the delamination of
alloy/polymer interface. The intermolecular interaction within the polymer film is
dominated by the n-7 interaction of neighboring aromatic rings, which also defines the
strength of interaction. Fracture in the polymer layer, before metal/polymer layer
delimitation, suggests that the adhesion energy at the alloy/polymer layer is large when
compared to the polymer n-m interaction energy. Similar adhesion strength is also
expected at the metal/polymer interface of evaporated cathodes like Ag and Al, though;
it is not obvious since the metal films are very thin (~ 200 nm). However, the
importance of metal-polymer adhesion becomes evident in freestanding metal films
which can peel off in the absence of sufficient adhesion strength. The improved

adhesion is critical for printed electrodes as it ensures mechanical stability.
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2.4.3: Light harvesting properties of indium alloys

2.4.3 I: Raman scattering of thin polymer films and charge-transfer state
Further understanding of the physical nature of the bond between polymer and
alloy can be developed by using optical probes. Surface modified Raman spectroscopy
measurements serves as a unique highly sensitive optical probe to study the charge
transfer nature of bonds at the interface and the effect of the surface plasmon. Optical
absorption techniques cannot be used in a meaningful way due to the opaque nature of
the metal surface, making it difficult to separate the effects of absorption and total
internal reflection. The alloy/BHJ interfaces were compared with standard metal
electrodes like Ag, Au, and Al. Pristine and blend films were used to understand the
optical activity of alloy surface and selective enhancement of polymer Raman. As the
surface interactions are limited to few monolayers, a thin layer (~ 8-10 nm thickness)

of pristine PBDTTT-C-T and PCBM-C70 was spin-coated on quartz substrates.
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Figure 2.9: Surface topography map of a) pristine PBDTTT-C-T and b) PCBM-C70,

inset show the chemical structure.
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The AFM topography of pristine PBDTTT-C-T and PCBM-C70 shows high
surface roughness, Figure 2.9a, and 2.9b respectively, the inset shows the chemical
structure of the organic molecule. The Raman spectra for pristine PBDTTT-C-T films
show asymmetric -C=C- stretching mode peak for thiophene rings at ~ 1472, 1508 and
1538 cm™ as is shown by a black solid line in Figure 2.10a. With the Raman scattering,
a strong fluorescence background is present, resulting from the finite absorption of
PBDTTT-C-T at 532 nm excitation. An increase in the Raman cross-section of
PBDTTT-C-T has been observed in presence of metal overlayers; the highest increase

is seen for Al followed by Au and Ag.
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Figure 2.10: Raman spectra for, a) pristine PBDTTT-C-T measured with a different
metal electrode, the characteristic -C=C- peaks associated with thiophene rings at
different positions have been marked. b) Raman spectra for PBDTTT-C-T measured
without any metal contact, the two spectra were recorded with a delay of 1 min, c)

Pristine PCBM-C70 measured with different metal electrodes.

Large increase in Raman cross-section for Al can be related to larger cluster size

formed due to rapid deposition during thermal evaporation of Al layer. However, in the
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case of alloy over-layer, the Raman cross-section decreases below the magnitude of the
pristine film. The increase Raman cross-section could not be quantified due to the
variable nature of Raman cross-section of pristine PBDTTT-C-T films (Figure 2.10b),
when exposed to large excitation densities (~ 2.5 kW/cm?), under ambient condition.
This effect is suppressed considerably in presence of metal over-layer (Figure 2.10a).
However, such observation is not new, donor polymers are well known to undergo rapid
photo-oxidation under such large excitation densities. The decrease in Raman intensity
was also seen for ~ 10 nm thick pristine PCBM-C70 films (Figure 2.10c); however, the
Raman cross-section did not change significantly, over time, for PCBM-C70 films
exposed to air. Origin of suppression in alloy electrode can be related purely to the local
geometrical effects. During the cooling process of the alloy, the surface binds strongly
with polymer layers, which along with high surface roughness of organic layer, can

locally trap the Raman scattering, thereby reducing the out-coupled intensity.

In addition, the fluorescence background for PBDTTT-C-T gets suppressed
significantly for alloy and Ag, while the level of suppression is less for Au and Al
electrodes. The decrease in fluorescence is associated with the presence of metal-
polymer charge-transfer (C-T) state (not a van-der-Waals interaction) at the
metal/organic interface and a visual proof of chemical Raman enhancement [26-28].
These C-T states have also been highlighted as the possible mechanism for Raman
enhancement in presence of metal electrodes like Ag, the enhancement gets suppressed
by introducing a less active, monolayer thick Pb [29, 30]. The fluorescence quenching,
equivalent to that of the Ag electrode, observed in alloy electrodes, suggests that the
alloy surface can host a similar level of C-T states. The high density of C-T state at

polymer/ alloy interface can also be related to improved energy of adhesion.
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2.4.3 1l: Chemical enhancement of Raman scattering in BHJ films

The Raman scattering in the blend of PBDTTT-C-T and PCBM-C70 show a
significant increase in the presence of metal over-layer (Figure 2.11a), the level of
increase changes significantly with different metal layers. The fluorescence of
PBDTTT-C-T is completely quenched (~ 100%) in presence of PCBM-C70, resulting
in no visible fluorescence background. Increases in Raman cross-section in the presence
of metal over-layer have been frequently reported for metals like Ag and Au [31, 32].
The magnitude of enhancement observed for PBDTTT-C-T in the presence of alloy is
similar to that of conventional metal electrodes, which suggests that a similar
mechanism is active at the alloy/polymer interface. The increase in Raman cross-
section is highest for Al, which again can be related to larger metal clusters formed

during evaporation and the associated plasmonic nature of Al [33, 34].
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Figure 2.11: Raman spectra measured for PBDTTT-C-T: PCBM-C70 BHJ with, a)

Different metal electrodes and b) alloy with varying concentration of indium.

Enhancement observed for flat Ag films is comparable to that of Al, which is

linked to the large density of C-T state and the surface plasmon. The level of
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enhancement is comparable for Au and alloys, though Au is a better plasmonic substrate
than the alloy; the enhancement is weak for Au, as the 532 nm excitation is off-
resonance for Au. The Raman scattering cross-section improves with increasing ratio
of indium in the alloy, as can be seen in Figure 6b. Scattering cross-section increases

1.5 times for 51% indium compared to that in 5% indium alloy.

A new mode is visible in the Raman spectra of PBDTTT-C-T at 1675 cm'! for
all metal electrodes, which represents a metal-polymer bond. The increase in PBDTTT-
C-T Raman cross-section higher than that of PCBM-C70 suggests a better coupling of
energy from alloy to D molecule. Above results indicate that the indium imparts the
optical activity to the alloy. The increase in optical activity with higher wt % of indium
is associated with an increase in the density of C-T state, which also gets reflected in

the improvement of adhesion energy.

A possible mechanism by which the Raman scattering cross-section can
increase has been shown in Figure 2.12. Other than resonance enhancement (Figure
2.12a), Raman scattering can also be enhanced by two possible mechanisms, namely
by chemical enhancement (Figure 2.12b) and plasmon resonance enhancement (Figure
2.12c). Chemical enhancement results from the bonding at the metal/adsorbate interface
which controls the density of C-T states at the interface. Also, known as first layer
effect, it may lead to the formation of the surface-adsorbate complex. Charge transfer
from metal to adsorbed molecule mimics the process of resonance Raman, thereby
increasing the scattering cross section. In a chemical enhancement process, a photon is
absorbed by the metal, this results in the ejection of the hot electron. Excited hot
electron gets transferred into the organic LUMO, which when decays, emits stokes
photon. The metallic surface does not require any nanostructure for this process and the

scattering enhancement is ~ 10-100 times. Plasmon resonance enhancement requires
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formation of nanostructures for amplifying the electric field in the near vicinity of the
molecule. Under plasmonic induced electromagnetic enhancement, the Raman

scattering can be easily enhanced by ~ 105-107 times.

a) b) c)
Metal  Molecule Metal Molecule
Molecule Nanostructure
-=> hy -
hy = Eg
HOMO —— HOMO HOMO
Tt
E
Charge-transfer Plasmon resonance
Resonance Raman
enhancement Raman

Figure 2.12: Schematic representation of possible enhancement mechanisms in SERS,

a) resonance Raman, b) plasmon enhancement, ¢) chemical enhancement.

2.4.3 111: Plasmon enhanced SERS in PEDOT: PSS

Raman scattering cross-section of BHJ layer show an increase which is
indicative of chemical enhancement and the scattering intensity increases by 6-8 times.
However, a larger enhancement was recorded in the case of PEDOT: PSS layer, which
is also used as a hole transporter in organic BHJ solar cells. The Raman scattering
intensity of -C=C- stretching mode in thiophene ring shows ~ 10* - 10° times

enhancement for multiple electrodes (Figure 2.13a).
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Figure 2.13: SERS spectra measured in PEDOT: PSS film, a) SERS in presence of
different metal electrodes, the inset shows the alloy reflectance, b) SERS intensity as a

function of the spacing between metal and PEDOT: PSS.

Large increase in Raman cross-section suggests that the surface plasmon is
active at the alloy surface [35] and in the presence of suitable nanostructures plasmon
induced electromagnetic SERS can be easily realized. This is particularly useful for
light harvesting in inverted OPV structure where derivatives of PEDOT is used as hole
only transport layer for back contact [36, 37]. A thin layer of BHJ, coated between
metal and PEDOT: PSS, can act both as a spacer and a roughness inducing medium.
The roughness of ultra-thin BHJ layer (~ 10 nm) is higher than that in thick films (~ 1
- 2nm), used in devices. Rough spacer layer helps in creating the nanostructure which
can act as active dipole and enhance the EM field locally. Higher scattering cross-
section in the case of Al can be related to the added effect of larger nanostructures

formed during evaporation.

The Raman scattering cross-section for alloy shows higher enhancement

compared to that of Au and Ag, which can be associated with the selective chemical
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interaction between metal/PEDOT: PSS. The Raman scattering does not show any
improvement in presence of Ag metal, however, the PEDOT: PSS Raman signatures
have been shown to improve in presence of Ag nanoparticle [38, 39]. The scattering
cross-section decreases exponentially as the alloy metal surface is moved away from
the PEDOT: PSS layer using a dielectric spacer (Figure 2.13b). Exponential decay of
Raman scattering with an increase in spacer thickness is a strongly indicative of the EM
origin of enhancement. The plasmon absorption is visible in the reflection spectra of
alloy which has a significant overlap with the excitation energy ~ 2.33 eV (inset of

Figure 2.13a).

2.4.4: Electrical characteristics of Alloy/polymer interface

2.4.4 1: Current-voltage characteristics

The electrical characteristic of alloy cathode is identical to that of thermally
evaporated cathode like Al. The J-V response measured under dark, with alloys as a
cathode, matches well with that of thermally evaporated Al electrode, as seen in Figure
2.14. The electrical properties of indium-free alloys could not be tested, due to the lack
of adhesion. The dark I-V curves have been modeled using equation 2.2,

I =1, {exp <q([;k;B;RS)>} + (V}_?%ﬁ 2.2
where n is the diode ideality factor and Rs and Rsh represent series and shunt resistance
respectively. A detailed analysis of the dependence on Rs, Rsn, and n is presented in
Appendix . The adhesion between the alloy and polymer layer allows enhanced
mechanical stability and efficient electrical contact similar to that of Al. Thus the J-V
characteristics of OPVs with alloy can be simulated using Shockley equation

(equationl) without requiring any additional series resistance correction for adhesion.
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The value of n is ~ 1.75 for all alloys and the Al cathode, a small difference in the
forward current for different cathode can arise from a combination of Rs and Rsh, where
Rsh has a larger influence on the magnitude of J. The similarity between the J-V
characteristics of alloy and thermally evaporated Al suggests good interface quality and
minimizing of transport losses. Better performance observed in the case of alloys with
indium can be attributed to the thin oxide layer (~ 1-2 nm) formed at the interface
during deposition [14]. Thin oxide interfacial layer, can function as a buffer layer,
which improves the selective charge extraction and suppresses recombination losses,

thereby reducing the number of steps in processing.
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Figure 2.14: Dark J-V curve for different metal cathodes.

The Rsh for alloy cathode is comparable to that of thermally evaporated Al. Low
Rsh is a signature of manufacturing defects, which can cause charge leakage pathways
and reduce the performance of a PV cell. Origin of these defects can be traced to the
manual fabrication process of alloy cathode, where the puncturing the polymer layer is

very likely. However, quality of alloy cathode being comparable to that of Al suggests
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that the alloy conforms well to the underlying surface and does not form shorts or
pinholes. The electrical characteristics of diodes with different alloys as a cathode are
comparable; Variation between different alloy cathodes is within the device statistics.
Above analysis supports the argument that a small quantity of indium can significantly

improve the charge injection property, by improving adhesion.

2.4.4 11: Impedance and capacitance-voltage spectroscopy
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Figure 2.15: a) Cole-Cole plot showing single RC nature of the device, the inset shows
the equivalent circuit diagram, b) Typical impedance and phase response of BHJ solar

cell.

Small signal impedance was measured at short circuit (Vpc = 0) under no light
illumination. The impedance curves were fitted using Zview impedance modeling
software (Scribner Associates). The impedance cole-cole plot is a single semi-circle
(Figure 2.15a) for Al as well as alloy cathode, which is representative of a single RC
circuit. The impedance response was simulated using an RC circuit with an additional
resistance (R1) (Figure 2.15a) which can be viewed as Rs. The trend in series resistance

is consistent with the trend observed for R1. Typical impedance and phase behavior of
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a BHJ device as a function of frequency is shown in Figure 2.15b. The circuit
parameters derived from model fit are summarized in table 1. The RC time constant for
different cathodes are in the range of 50-400 ps. From the impedance plot, it can be
inferred that the alloy electrode processed under ambient conditions have a low density

of traps at the interfaces. Additionally, the thin oxide layer has no influence on the series

resistance value, which is significantly lower for alloy cathodes.

Table 2.1: Impedance parameter fit for a solar cell with different cathodes.

Cathode R1 (Q) R2(KQ) | C1(nF) T (ps)
Aluminum 370+10 52.5+0.5 3.0+0.01 15545
21% alloy 230+10 44.5+0.5 6.4+0.01 28015
35% alloy 160+10 53.0+0.5 6.2+0.01 22045
51% alloy 180+10 9.040.5 | 6.0+0.01 | 5745

Capacitance-Voltage measurements

The capacitance-voltage plot for BHJ system shows a characteristic peak in the
positive voltage region as is shown in Figure 2.16. Origin of this peak has been
associated with the presence of built-in voltage in the device [40, 41]. The region below

the peak voltage represents a diffusion limited transport, while the transport above the

peak voltage it is drift mediated.

72




Chapter 2: Eutectic Metal Alloys for Large Area Solution-Processed Electrodes

10 - @ Al
E ® 10%In
— [
= 8 21 % In
£ A 35%In
@
o L B 51%Tn
A
= 6 . by
= * Ay
) I.. A‘A
S 4 Vet
< . ng
&) 00008% .'ll
)
2 0.000
0.‘
&
0 s 1 N e
0.0 1.0 1.5

Voltage (V)

Figure 2.16: Capacitance-voltage plot for PV cells with different metal cathodes.

The built-in voltage has a significant dependence on the Wk difference between
anode and cathode. Capacitance peak for Al devices is higher (AV ~ 0.25 V) than that
for the devices with alloy cathodes. PV cells were composed of the identical layers
with similar thicknesses, while the cathode layer was varied. Modification in the peak
capacitance voltage, by replacing the Al cathode with alloy can be understood with
respect to the difference in the W of alloys and Al. The We of Al is ~ 4.07 eV, a lower
capacitance peak voltage for alloy indicates that the alloy WF is 4.3 + 0.3 eV, which

matches very well with the values derived from KPFM and UPS plot.

2.4.5 Charge collection efficiency of Indium based alloys

2.4.5 I: Power conversion efficiency
Charge collection efficiency of the alloy is superior to that of Al cathode. The
representative light J-V curves for Al and different alloy cathode is shown in Figure

2.17a.
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Figure 2.17: a) Light J-V curve for PBDTTT-C-T: PCBM-C70 with Al and alloy with

varying indium content, b) J-V curved for best OPV device with alloy cathode.

The variations in Voc for different cathodes are within the device statistics. Fill
factor for alloy cathode is higher than that of Al, which arises from the improved
collection efficiency of the alloy, owing to the thin oxide layer [9, 42]. While the Jsc
and Voc remain comparable. High fill factor contributes towards the higher efficiency
for the alloy cathodes. Best efficiencies achieved in alloy based solar cells are only
limited by the active layer material. Under optimized conditions (without additives),
best device efficiencies achieved with alloy electrode in BHJ architecture was ~ 3.8%
(Figure 2.17b). Efficiencies ~ 6% has been demonstrated in the previous report from
our laboratory by using performance enhancing additives like di-iodooctane [15].
Performance variation and device statistics, in light J-V characteristics, is shown in
table 2.2, parameters, averaged over ~ 10 devices have also been plotted in Figure 2.18
for ease of viewing. The average performance of 35% indium alloy is superior to that
of other wt % alloys. Better performance can be related to relatively low melting
temperature (~ 60 °C), which ensures fewer defects during manufacturing and a larger

indium content which improves adhesion and charge collection.
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Table 2.2: Light J-V parameters for PBDTTT-C-T: PCBM-C70 OPV with

different metal cathodes.

Voc Jsc FF R at Voc | R at Jsc
Cathode PCE (%)
(V) | (mA/em?) | (%) (Qo) (Qo)
0.74 + 20+0.2
6.5+04 |[41+3 300 +
Al 0.03 Best Efficiency 50+ 10
50
BHJ - 2.36%?
0.76 + 22104
- + + +
0% 1 | 0oL 6.5+£09 [43+2 Best Efficiency 24 +7 350 +
60
BHJ - 2.57 %2
2.1+£05
0.74 +
6.2+0.8 |46+5 | Best efficiency 31+ 6 500+
21% In | 0.01
BHJ OIP 100
3.8%° | 7%
0.75 + 25104
7.2+05 |46+3 24 +2 400 +
35% In | 0.04 Best efficiency
100
BHJ - 3.49%"
0.72 + 21+05
6.6+06 |(42+4 o 36+9 320 +
51% In | 0.06 Best Efficiency
70
BHJ - 2.9%?
a- 75 nm BHJ thickness, b - 120 nm BHJ thickness
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Figure 2.18: Variation in light J-V characteristics for different metal cathodes in a)

Voc, b) Jsc, ¢) FF, d) PCE, e) R at Voc and f) R at Jsc.

2.4.5 11 Spectral photocurrent response (Ipn(E))

Optical activity of alloy surface can be verified by using Ipn(E) as a function of

indium and the thickness of BHJ layer. Absolute and normalized EQE response for PVs

with different cathodes is shown in Figure 2.19a and 2.19b respectively.
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Figure 2.19: a) absolute EQE and b) normalized EQE with the different cathode.
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The normalized EQE response shows a relative increase (~ 5-10%) at ~ 2.5 eV
for 35% and 51% alloy while it remains similar to that of Al for 21% and 10% alloys.
This observable increase in EQE can be attributed to the absorption contribution from
alloy surface. Given that the optical improvements associated with the back metal layer
are limited to only a few monolayers in the vicinity of polymer/alloy surface, the
relative increase is significant. This observation is also consistent with the occurrence

of indium rich regions in the phase image of 35% and 51% alloys.

The interfacial effects are further amplified by restricting the Ipn(E) response
from the BHJ bulk, by reducing the active layer thickness. Figure 2.20 shows the
normalized EQE response for PV with alloy cathode at different BHJ thicknesses. As
has been highlighted in Figure 2.20a, the sub-band gap EQE response shows a small

shift (~ 0.025 eV) in peak position from that of D-AC-T state (~ 1.45 eV).
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Figure 2.20: Normalized EQE response for 21% indium alloy, a) near the band edge,

b) at the alloy absorption.

This shift can be related to the significant contribution from the metal/polymer
C-T state present at the polymer/ alloy interface. However, the change in EQE is very
small as the effect is only limited to a monolayer at the interface. The high energy region
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of the normalized EQE response is shown in Figure 2.20b. As the thickness of BHJ is
reduced, the relative contribution from the interface increases, which can be viewed as
a corresponding increase in the spectral feature of the EQE response between 2.5 - 3.0
eV. These changes observed in normalized EQE response are not similar to the effects

originating purely from thickness variation [43, 44].

2.4.5 11l: Large area photocurrent mapping

The ability of the alloy cathodes to form soft and conformal contact with
polymer surface can be visualized better in the large area photocurrent maps. Soft
contact with the active layer allows for a uniform, leakage free cathode layer. A uniform
photocurrent response is visible across the electrode region as shown in Figure 2.21a

and 2.21b.
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Figure 2.21: Large are photocurrent map of OPV with alloy cathode, a) 10 nm thick

BHJ layer and b) 60 nm thick BHJ layer.

Homogeneous photocurrent response was observed for thin BHJ layer (~ 10
nm), which improves further with an increase in BHJ layer thickness (Figure 2.21a),

uniform Ipn response across the active area is essential for maximizing the efficiency.
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2.4.6: Instability induced patterning in meltable alloys

Liquid alloys show cohesive behavior similar to that of a mercury
droplet. Under suitable drying conditions the surface of the alloy, at the alloy/polymer
interface, show formation of a regularly spaced circular pattern (diameter ~ 10 pm).
Origin of these features can be related to surface instability present at alloy surface and
high surface energy at the polymer surface. Such effects result in the self-patterning of
alloy drops at um scale on alloy/polymer interface, as is shown in Figure 2.22a. These
structures are particularly useful for diffusing the reflected light at random angle inside
the polymer layer [45-47]. Diffused reflection can result in increased path length for
photons reflected in the polymer layer, resulting in increased absorption of reflected

photons and hence improving the EQE.

Figure 2.22: a) Instability induced self-patterning of alloy droplets at the alloy/polymer
interface, b) image of a calibration disk captured at same magnification; each square

isof 10 um X 10 um area.
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2.5: Conclusions

In summary, the eutectic solder alloys provide a viable option as electrodes for
printable electronics applications. It is observed that the indium present in the
quaternary alloy plays a decisive role, in the perspective of thermal, mechanical and
electronic aspect. Indium is instrumental in lowering the melting point and improving
the adhesion of alloy, which is essential for easy fabrication and efficient charge
transport. The optical activity of alloy surface also shows improvement with an increase
in indium content, which is beneficial for light concentration at the reflective back
surface. Improvements in optical activity are also translated into photocurrent
improvements in BHJ solar cell. The work function of the alloy is well suited for the
role of electron collection while being less susceptible to degradation related to rapid
oxidation, as is seen in Al cathodes. The electrical purity of alloy/polymer interface
fabricated in ambient is at par with thermally evaporated Al cathodes, providing a facile
route for vacuum-free device fabrication. The ability to locally melt at moderate
temperatures is beneficial for properties like self-healing of cracks, making them more

desirable than traditional metal inks.
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Chapter 3: Hybrid n-GaN/Polymer Interface:
Model System for Tunable Photodiodes

3.1: Introduction

The hybrid interface formed between semiconductors offers a range of
interesting properties, which cannot be easily realized in pure organic or inorganic
semiconductors. The understanding of solution-processed organic semiconductors has
advanced rapidly and provides complementary technology for realizing flexible,
wearable electronics. However, the applications of these amorphous semiconductors
are limited by the slow charge transport owing to lower carrier mobility and diffusion
length. Pairing organics with inorganic layer can significantly improve the charge
transport properties while being able to process tunable devices with relative ease [1-
4]. However these materials have very dissimilar properties, contrary to the crystalline
and band type inorganic semiconductors, the polymeric semiconductors are disordered,
low dielectric constant materials with high absorption coefficient (a(E)). A hybrid p-n
junction can be realized, given that the process at the organic-inorganic interface is not

detrimental to the device performance.

The hybrid interface of large band gap n-doped gallium nitride (n-GaN) and low
band gap p-type donor (D) polymeric semiconductors has been studied in this chapter.
A comparison is drawn with n-type polymeric semiconductors which belong to the class
of acceptors (A). The basic difference in the nature of optical excitations in organic
(Frenkel exciton)[5] and inorganic (Wannier-Mott exciton)[6] semiconductors is
expected to reveal phenomena such as splitting of the excitonic spectrum, dipole-dipole

coupling, and enhancement of optical nonlinearities[7-11]. Similar to what has been
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observed in inorganic quantum-well/nanocrystal structures[12]. Furthermore, many
studies have been reported on the fabrication and application of hybrid light-emitting
diodes in microdisplays [13-15]. Hybrid interfaces for device applications are still at an
emerging stage providing many unique directions for better device architectures in the
area of photodetectors [16, 17], hybrid solar cells [18-20], emitters [21, 22], and
transistors [23, 24]. Many recent reports have explored the hybrid devices using 11-VI
semiconductors such as ZnO [25] and other amorphous oxides [26] and organic layers.
Although some of these oxide semiconductors provide low-temperature growth, their
band gap energies are difficult to tune. The 111-N semiconductors are very attractive in
the regard since a wide range of band gap energies is achievable by changing the Al,
Ga, and In composition [27-29]. Tunability is required for matching the energy levels
of inorganic with the HOMO and LUMO energies in organic/polymeric
semiconductors. The inorganic system, n-GaN, provides an ideal platform for creating
an interface with the low band-gap organic semiconductors for understanding the
charge and exciton transfer at the hybrid junction. Important advantages offered by I11-

V semiconductor system in general and n-GaN, in particular, are listed below.

i.  The semiconductors of I11-N family are intrinsically n-doped, which results
from the nitrogen vacancies and the doping can be increased to achieve high
carrier (electron) density (~ 10'8-10° /cm®). The difficulty to achieve p-doping
in these systems makes them a suitable candidate for coupling with a large

variety of donor polymers.

ii.  Transmission of n-GaN films is > 80 % for the visible range of EM spectrum
making them an excellent active window element for exciting low band gap
polymers. Due to its large band gap, the applicability of n-GaN in visible light

detection is limited. However, with a heterointerface with low gap
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semiconductors, the active detection window can be easily tuned for visible and

near IR detection.

iii. By controlling the ratio of another element like aluminum and indium, the band

gap of GaN can be easily tuned for required applications.

Our work explores the model system of n-GaN/polymer photodiodes for tuning
the spectral detection by changing the polymer layer alone and keeping the n-GaN layer

identical, providing a simple route for windowed photodetection.

3.2: Experimental details

3.2.1: Materials

Gallium polar, n-doped GaN films, with a thickness of 3pum, were grown on
sapphire substrates using metal-organic chemical vapor deposition (MOCVD)
technique [30] by the group of F. Shahedipour-Sandvik at Albany-State University of
New York. Donor semiconducting polymers P3HT (Poly(3-hexylthiophene)) (Mw ~
30,000-40,000 D) and PBTTT-C14 (Poly(2,5-bis(3-tetradecyllthiophene-2-
yl)thieno[3,2-b]thiophene)) (Mw ~ 40,000-80,000 D) were procured from
Luminescence Technology Inc. Taiwan. Acceptor semiconducting polymer Polyera
Activelnk N2200 (Poly{[N,N - bis(2-octyldodecyl)-napthalene-1,4,5,8-
bis(dicarboximide)-2,6-diyl]-alt-5,5-(2,2 -bithiophene) (P(NDI20D-T2))) (Mw -~
1,20,000 D) was obtained from Polyera, USA. The organic soluble hole transporting
buffer layer dihexyl-poly(3,4-propylenedioxythiophene) (PProDOT-Hx2) was

provided by Prof. Anil Kumar at IT Mumbai [31].
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3.2.2: Sample preparation

The n-GaN films were cleaned using wet chemical cleaning procedure as

described below.

I.  The n-GaN coated sapphire substrates were sonicated for 10 min in 2-propanol

and acetone.
ii.  Substrates were boiled in 2-propanol for 10 min and sonicated for 10 min.

iii.  Following sonication, sapphire/n-GaN substrates were blow dried and treated

with nitrogen plasma.

Polymer semiconductors were spin coated from a 20 mg/ml solution for P3HT
and PBTTT-C14 and 10 mg/ml solution for N2200 in ortho-dichlorobenzene giving a
film thickness of 100-120 nm for P3HT and PBTTT-C14 and 60-70 nm for N2200.
P3HT films were annealed at 120 °C and PBTTT-C14 films were annealed at 180 °C
for better crystallinity [32, 33]. A layer of hole transporting buffer, PProDOT-Hx2, was
spin coated on P3HT and PBTTT-CT from a 10 mg/ml solution in dichloromethane and
chloroform respectively. The hole transporting layer was required primarily for
avoiding the diffusion of gold in the organic layer. No buffer layer was required for
N2200. Au was deposited as top contact for P3HT and PBTTT-C14 devices while Al
was used as a top electrode for N2200 using thermal evaporation (~ 5x10° mbar
pressure, 1 A/s evaporation rate and 100 nm thickness). Active area ~ 0.06 cm? was
controlled using a metal mask. The ohmic contact with n-GaN was formed using indium
or indium alloy on the same side. This kind of geometry requires lateral charge transport
in the n-GaN, which has a drawback of higher lateral series resistance which can

influence the photoresponse.
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3.2.3: Characterization
Optical: All absorption studies were performed in Perkin EImer UV-Vis spectrometer;

PL measurements were performed in a spectrofluorometer (Perkin Elmer).

Charge transport studies: Current-voltage measurement was performed using
Keithley 4200 semiconductor characterization system. High power LED and the laser
was used to study excitation energy and intensity dependence. Photocurrent response
(Ipn(E)) with and without external bias was measured in an in lab developed setup as

described in the previous chapter.

Structural: Stacking in thin films of P3HT and PBTTT-C14 coated on quarts and n-

GaN substrates was studied using the P-XRD system.

3.3: Results and Discussion

3.3.1: Wannier-Frenkel hybrid excitons at n-GaN/polymer interface

The a(E) for organic semiconductors is two orders of magnitude higher than
that of the inorganic n-GaN layer, as is shown in Figure 3.1a and 3.1b respectively.
Large o(E) allows for a very thin layer (~ 100 nm) of an organic compound, compared
to that of the n-GaN layer, which is an order of magnitude thicker (~ 3um). The PL
from n-GaN layer shows two peaks at ~ 3.3 eV and ~ 2.2 eV (Figure 3.1a). Emission
near band gap (~ 3.4 eV) is related to the band edge emission of the n-GaN. The
emission at ~ 2.2 eV arises from the defect states, which is inherent to, strain relaxed,

epitaxially grown layers, the emission spans from ~ 2.76 - 1.95 eV.
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Figure 3.1: a) a(E) and PL spectra of the n-GaN layer, b) o(E) spectra for the P3HT

thin film.

The defect state emission from n-GaN has a considerable spectral overlap with
the PBTTT-C14 absorption (Figure 3.2a). The PL peak (~ 1.7 eV) of PBTTT-C14 is
significantly Stoke shifted (~ 0.7 eV) from its absorption peak (~ 2.4 eV) (Figure 3.2b).
The PL from n-GaN/PBTTT-C14 hybrid interface has a peak at ~ 1.96 eV which lies
in between the organic and n-GaN emission maxima (Figure 3.2c). Simultaneously, the
defect state emission from n-GaN is significantly quenched, suggesting that the defect
state emission is coupled into the organic layer. The emission peak intensity, at ~ 1.96
eV, follows the intensity of defect state emission from n-GaN and is maximum at the
band gap excitation of n-GaN (~ 3.4 eV) (inset of Figure 3.2c). The origin of this
emission band can be associated with the charge-transfer state formed between organic
HOMO and n-GaN CB at the hybrid interface, (Figure 3.2d). The internal recycling of

defect state emission can be a contributing factor towards the photocurrent

enhancement in the polymer layer.
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Figure 3.2: a) Spectral overlap between defect state emission in the n-GaN and PBTTT-
C14 absorption, b) PBTTT-C14 PL, c¢) PL from hybrid bilayer n-GaN/PBTTT-C14
structure, the inset shows PL intensity as a function of n-GaN excitation, d) Schematic
representation of hybrid state between n-GaN/PBTTT-C14. (Reprinted from Organic
Electronics, 14, 11, P. Kumar, K. Shadi, S. Guha and K. S. Narayan, Hybrid n-GaN
and polymer interfaces: model systems for tunable photodiodes, 2818-2825, copyright

(2013), with permission from Elsevier).
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3.3.2: Charge injection and transport at the hybrid interface

The bilayer structure formed between n-GaN and polymer, as is shown in Figure
3.3a, can be easily tuned into type I or type Il heterostructure (Figure 3.3b). The J-V
characteristic has a significant dependence on the energy level alignment across the
hybrid interface. The n-GaN/D polymers form type Il energy structure and n-GaN/A

polymers form type | energy structure (specific to the choice of polymer).

a) b)

Figure 3.3: a) Schematic representation of n-GaN/polymer bilayer hybrid device, b)
type | and type Il energy structure. (Reprinted from Organic Electronics, 14, 11, P.
Kumar, K. Shadi, S. Guha and K. S. Narayan, Hybrid n-GaN and polymer interfaces:
model systems for tunable photodiodes, 2818-2825, copyright (2013), with permission

from Elsevier).

The dark J-V characteristics for n-GaN/D(A) devices is shown in Figure 3.4a.
A diode like behavior is seen for all device structure with good rectification. For devices
with D polymer layer, a small positive offset in VVoltage (at J=0) and a zero bias reverse
current is seen in dark J-V characteristics (Figure 3.4b), such feature is not present for

n-type polymer layer. The magnitude of the offset voltage of ~ 0.4 V shows no
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dependence on measurement history or prior conditioning. Origin of such offset voltage

in J-V curve has been associated with the charging of traps present in organic BHJ

system [34]. Alternatively, the traps can originate at the n-GaN/polymer interface sue

to the large surface polarization in n-GaN [35, 36], which can modify the energy level

of polymer in the vicinity, leading to the formation of charge carrier trap state at the

interface.
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offset voltage observed in n-GaN/Donor polymer hybrid diodes. (Reprinted from

Organic Electronics, 14, 11, P. Kumar, K. Shadi, S. Guha and K. S. Narayan, Hybrid

n-GaN and polymer interfaces: model systems for tunable photodiodes, 2818-2825,

copyright (2013), with permission from Elsevier).

The dark 1-V responses were modeled using the thermionic emission model

(equation 3.1), assuming that the charge density of n-GaN >> organic layer [37].

I =A*T?exp (

_¢B)[ex (Va
nkgT p nkgT

— IR

)1

(3.1)
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Where A" is Richardson constant and ¢s is Schottky barrier height, n is the diode ideality
factor and Rs is the series resistance. Equation 3.1 is a transcendental equation, which

requires further simplification into linear equations for model fitting [38].

__nksT | g (3.2)
d(ln)  ¢q s '
nkgT I
H() =V — ( : )ln (A*Tz) — g + IR, (3.3)

The fitting parameters derived from thermionic emission model are summarized
in table 3.1. The reverse saturation current density and diode ideality factor calculated
from dark I-V are higher than that of GaN/polymer hybrid systems reported previously
[39, 40]. High reverse saturation current density originates from lower barrier height,
which is a function of offset between n-GaN Wr and donors LUMO. The performance
of a hybrid diode is dominated by the electronic nature of the interface; a higher value
of n (non-ideal behavior) suggests large recombination losses. Interface traps and
polarization induced effects from the n-GaN surface can contribute significantly
towards higher n. The Schottky barrier height for both n-GaN/P3HT and n-
GaN/PBTTT-C14 system is comparable, the small difference of ~ 0.08 eV can arise

from the energy offset between the LUMO of two systems.

The hybrid diodes consisting of n-GaN and P3HT feature superior performance
compared to the n-GaN/PBTTT-C14 hybrid diodes. This observation can be attributed
to the energy level alignment, which is a type Il for n-GaN/P3HT while for n-
GaN/PBTTT-C14 the energy level alignment is at the boundary of type | and 1l
structure. Observed effect can also be attributed to the increased stacking property of

P3HT on the n-GaN surface, which is not the case for PBTTT-C14. The stacking in
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P3HT and PBTTT-C14 on the n-GaN surface is controlled by the surface energy and
steric effects. The XRD spectrum shows an ordering peak for P3HT at 260 =5.16 degree,
which corresponds to the edge on stacking and the interchain spacing is ~ 1.6 nm
(Figure 3.5). Similar features are absent in PBTTT-C14 films coated on the n-GaN

layer, suggesting no favorable ordering.
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PBTTT.C14 onn-GaN N }( \F!

| —— PBTTT-C14 on Quartz ‘i
Wb,ﬂ" A

w"’
\ “’
WA

kv,

Intensity (a.u.)

MWWNAWNM\NM, "

0 M N M A 1 s " N "
3 9 15

2-theta (degree)

Figure 3.5: XRD spectra of P3HT and PBTTT-C14 thin films coated on n-GaN and
quartz substrates. (Reprinted from Organic Electronics, 14, 11, P. Kumar, K. Shadi, S.
Guha and K. S. Narayan, Hybrid n-GaN and polymer interfaces: model systems for

tunable photodiodes, 2818-2825, copyright (2013), with permission from Elsevier).

Table 3.1: Thermionic emission model fit for n-GaN/D polymer hybrid diode.

Hybrid structure n Dy (V)
n-GaN/PBTTT-C14 3.8 £0.2 0.85 £0.01
n-GaN/P3HT 2.37 +£0.01 0.93 +0.01

3.3.3: Photoresponse in bilayer hybrid diode
A typical photodiode response was observed upon illumination on n-GaN/D

hybrid system as is shown in Figure 3.6a. The n-GaN serves as electron transport layer
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while holes are transported in the donor layer, as can be deduced from the polarity of
Jsc. The n-GaN/N2200 system show much lower Jsc, than that of n-GaN/D system,
which is related to the energy structure and the selective charge transport (n-type) nature

of both layers (inset of Figure 3.6a).
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Figure 3.6: a) The n-GaN/D polymer photodiode response, the inset shows the
photodiode response for n-GaN/A polymer diode, b) photodiode response at excitation
wavelengths for n-GaN and PBTTT-C14. (Reprinted from Organic Electronics, 14, 11,
P. Kumar, K. Shadi, S. Guha and K. S. Narayan, Hybrid n-GaN and polymer interfaces:
model systems for tunable photodiodes, 2818-2825, copyright (2013), with permission

from Elsevier).

Under larger reverse bias, the hybrid diode operates in photodiode mode. The
fill factor in photovoltaic mode is ~ 25%, the photocurrent does not show saturation
with increasing reverse bias. These observations imply a strong field dependence of
charge carrier extraction resulting from large density of interface traps. In the absence
of strong reverse bias, the carriers trapped at the hybrid interface will eventually be lost

via recombination process.
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From the dark J-V response, it can be concluded that P3HT forms a better hybrid
interface with n-GaN, which facilitates better charge transport compared to PBTTT-
C14. Extraction of the photogenerated carrier is relatively easy in the n-GaN/P3HT
system, compared to that of n-GaN/PBTTT-C14 system, under the driving force of
built-in electric field. This can also be inferred from the stronger field dependence of
photocurrent in the n-GaN/PBTTT-C14 system. In a given hybrid system the charge
generation and transport are asymmetric across the hybrid interface (Figure 3.6b). It is
observed that the photocurrent from the hybrid device is higher for 365 nm illumination
compared to that of 532 nm illumination (similar incident power ~ 5 mW/cm?). The J-
V at 365 nm excitation shows a strong, nonlinear field response in reverse bias. This
indicates the presence of larger barrier for charge injection from n-GaN to D layer. The
asymmetry in charge transport can be related to the large offset between the energy

levels of n-GaN and the organic layer.

The intensity dependence of Voc shows a logarithmic dependence on incident
photon intensity (Figure 3.7a). The Jsc vs. Intensity (Jsc oc 1) shows a sublinear
response for both n-GaN (¢ = 0.73) and D polymer (¢ ~ 0.85) suggesting a bimolecular
recombination (Figure 3.7b). Further insights on charge transport across the hybrid
interface were obtained by spectrally tuning the incident light and direction of

illumination, which allows for selecting the spatial zone of photocarrier generation.
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Figure 3.7: a) Intensity dependence of Voc and b) Intensity dependence of Jsc, at n-
GaN and PBTTT-C14 excitation. (Reprinted from Organic Electronics, 14, 11, P.
Kumar, K. Shadi, S. Guha and K. S. Narayan, Hybrid n-GaN and polymer interfaces:
model systems for tunable photodiodes, 2818-2825, copyright (2013), with permission

from Elsevier).

3.3.4: Spectral photocurrent response in hybrid photodiodes

The Ipn(E), in the hybrid photodiode, shows a characteristic dependence on the
energy level of the polymer layer and the direction of illumination. The responsivity for
n-GaN and the different organic layer is shown in Figure 3.8a and 3.8b respectively.
The responsivity of the n-GaN layer (~ 2.5 mW at -2.0V) is an order of magnitude
higher than that of the polymer layer. The responsivity for an inorganic and organic
layer under selective excitation is expected to be different. The carrier generation in
organic layer is hindered by large exciton binding energy (~ 0.2-0.3 eV) compared to
that of the n-GaN layer (~ 10-15 meV). The superior charge transport in the n-GaN
layer is associated with high charge carrier mobility (~300 cm?/Vs), which is much

slower in the organic layer.
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Figure 3.8: Spectral Ipy response for a) n-GaN layer and b) polymer layers. (Reprinted
from Organic Electronics, 14, 11, P. Kumar, K. Shadi, S. Guha and K. S. Narayan,
Hybrid n-GaN and polymer interfaces: model systems for tunable photodiodes, 2818-

2825, copyright (2013), with permission from Elsevier).

The affinity (driving force) for electron transport towards n-GaN and hole
transport towards organic layer shows a significant difference. The origin of this
behavior can be related to large asymmetry in the offset between CB-LUMO and VB-
HOMO. An Iph(E) response in organic semiconductor sandwiched between ohmic and

Schottky contacts show a strong dependence on the direction of illumination [41, 42].

The Ipn(E) for donor polymer shows a characteristics peak at lower a(E), while
the Ipn(E) is lower at the a(E) maximum when illuminated from the n-GaN side
(antibatic response). This behavior is consistent for n-GaN/PBTTT-C14 (Figure 3.9a)
and n-GaN/P3HT (Figure 3.9b) and contrary to the trends observed for conventional
bilayer polymer devices. When illuminated through the thin gold anode, the Ipn(E) o<
a(E) (symbatic response). However for n-GaN/N2200 system the Ipn(E) o< a(E) when

illuminated from the n-GaN side (Figure 3.9c), which is the ideal expected behavior.
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Figure 3.9: Ipn response along with the absorption of, a) P3HT, b) PBTTT-C14 and c)
N2200 polymer layer. (Reprinted from Organic Electronics, 14, 11, P. Kumar, K.
Shadi, S. Guha and K. S. Narayan, Hybrid n-GaN and polymer interfaces: model
systems for tunable photodiodes, 2818-2825, copyright (2013), with permission from

Elsevier).

Normalized symbatic and antibatic response measured for type Il energy
structure, n-GaN/PBTTT-C14 and n-GaN/P3HT diode, when illuminated from thin Au
and the n-GaN sides, shows a consistent behavior (Figure 3.10). The antibatic response
is more pronounced in the n-GaN/P3HT system, which can be related to higher LUMO
in P3HT (~ 3.0 eV) compared to that of PBTTT-C14 (~ 3.46 eV). The n-GaN/polymer
interface is the rectifying junction in hybrid diodes, the Ipn(E) response for light
illuminated through n-GaN is expected to be symbatic. Which is also the case for
bilayer polymer devices, where light incident through rectifying junction Ipn(E) o
a(E)[41]. The origin of such a behavior can be related to surface polarization present in

the n-GaN layer.
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Figure 3.10: Dependence of Ipn (E) response on the direction of illumination in a)n-
GaN/ P3HT and b) n-GaN/PBTTT-C14 hybrid diodes. (Reprinted from Organic
Electronics, 14, 11, P. Kumar, K. Shadi, S. Guha and K. S. Narayan, Hybrid n-GaN
and polymer interfaces: model systems for tunable photodiodes, 2818-2825, copyright

(2013), with permission from Elsevier).

The observation of symbatic and antibatic response in Ion(E) can be understood
by using the energy diagram shown in Figure 3.11. The energy structure of the
semiconductor layer is such that electron transport towards metal-A is favored, while
holes move towards metal-B. Upon illumination from the direction of metal-A, a
maximum number of photons, at the a(E) maxima, will be absorbed close to metal-
Alpolymer interface. The charge carriers can easily move towards the respective
electrode, contributing towards a symbatic Iph(E) response. However, when the light is
illuminated from the metal-B side, the maximum amount of photons is absorbed close
to metal-B/polymer interface. The free charges generated have an unfavorable energy
condition, restricting the movement towards their respective electrodes, resulting in a
decrease in Ipn(E) at a(E) maxima. However, the photons, in the low a(E) region, can

penetrate deeper into the polymer films and can generate e-h pair close to metal-
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A/polymer interface, which can contribute towards Ipn(E) response. Hence the Ipn(E)
response is higher at low «(E) and lower at high a(E), giving rise to an antibatic

response [41, 42].

Metal

Ion(E) o 1/ (E)
Antibatic
response

Iph(E) oo (E)
Symbatic
response

Semiconductor

Figure 3.11: Schematic depicting the origin of symbatic and antibatic response.

Bias dependence of Iph(E) in the n-GaN/PBTTT-C14 hybrid devices, for
illumination from the n-GaN side is shown in Figure 3.12. For n-GaN excitation, the
Ion(E) increases linearly with applied reverse bias (Figure 3.12a). The responsivity for
the n-GaN layer is an order of magnitude higher than that of the polymer layer. A
gradual shift, in Ipn(E) of the PBTTT-C14 layer, is observed under steady-state external
bias. The maxima in Ipn(E) shifts from lower a(E) under forward bias (~ 0.75V) (Figure
3.12b) to Iph(E) o a(E) under reverse bias (~ -2.0V) (Figure 3.12c). The ability to
control the Ipn(E) response with external bias, suggests the energy level modification at
the n-GaN/polymer interface. In presence of n-GaN surface polarization and the built

in voltage, the energy level at the hybrid interface can be significantly modified.
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Figure 3.12: Spectral Ipn response for a) n-GaN layer under reverse bias, b) polymer
layer under forward bias and c) polymer layer under reverse bias. (Reprinted from
Organic Electronics, 14, 11, P. Kumar, K. Shadi, S. Guha and K. S. Narayan, Hybrid
n-GaN and polymer interfaces: model systems for tunable photodiodes, 2818-2825,

copyright (2013), with permission from Elsevier).

Thin films of n-GaN, grown using epitaxial growth technique, show a strong

surface polarization (}3) which is a cumulative of spontaneous and strain induced
polarization [43, 44]. In the case of Ga-polar n-GaN films, grown using MOCVD, the

surface polarization is directed away from the surface, into the n-GaN film [45]. In the
hybrid bilayer device structure an additional built in field (Eg; ) is present, which arises

from the workfunction restructuring across the device. Net field (5) present at the

hybrid interface is a sum of built in voltage and polarization, as given in 3.4,

B = SoerEBl + ﬁ (34)
Where, &, is relative permittivity of the organic layer, D is directed from polymer

towards n-GaN layer.
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Presence of D at the interface modifies the polymer energy level in the vicinity

of hybrid interface. It is assumed that the band bending effect of D is equal for both
electrons and holes. Modification in polymer energy level gives rise to an energy hill
for hole transport towards Au electrode. The holes created at hybrid interface, at the
peak o(E), will be trapped and will not contribute to Ipn(E)response. At the absorption
edge the photons are weakly absorbed, which increases the penetration depth. These
photons can reach the polymer/Au interface, chargers generated at this interface does
not experience the energy level restructuring. Hence the contribution towards Ipn(E)
response is higher from polymer/Au interface compared to n-GaN/polymer interface,
which gives rise to antibatic response. Alternatively, when the light is incident through
Au side, the charges generated at peak a(E) contribute towards Ion(E), giving rise to

symbatic response. In case of type | energy structure between n-GaN and n-type N2200,

the energy structure does not seems to have an identical effect of D.

The bias dependence of spectral feature can be understood better by considering
the effect of external bias in renormalizing D.The spontaneous polarization induced in
strain relaxed n-GaN film is ~ 29 mC/m? [44, 46]. Assuming that the polarization effect
extends over the polymer thickness of ~ 2 - 3 nm [47], the magnitude of external field

required to reverse the effect can be easily estimated. In order to estimate the magnitude

of external field, the required condition is D =o.

-

P = eoer(EBl + Eext) (3.5)

From dark J-V, the built in voltage for n-GaN/PBTTT-C14 structure is 0.85+0.01 V
and & for polymer layer is assumed to be = 2.7. Thus the minimum external bias
required to create a zero field condition and reverse the polarization induced effect is ~

-1.3+ 0.2 V. As can be noticed in Figure 3.12c, the spectral feature shows a transition
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from antibatic to symbatic between -1.0 to -1.5 V, which is well in the range of
calculation. A schematic representation of expected energy structure in hybrid device

structure is shown in Figure 3.13a.
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Figure 3.13: Schematic representation of a) ideal energy structure and b) energy
structure under applied external bias. (Reprinted from Organic Electronics, 14, 11, P.
Kumar, K. Shadi, S. Guha and K. S. Narayan, Hybrid n-GaN and polymer interfaces:
model systems for tunable photodiodes, 2818-2825, copyright (2013), with permission

from Elsevier).

The distortion at the hybrid interface under the influence of polarization and
built-in electric field is shown in Figure 3.13b. Upon applying forward bias, the zero
bias energy structure gets amplified, giving rise to higher antibatic response. However,
under reverse bias, the energy structure gets renormalized towards ideal bilayer
structure, which is also reflected in a shift from antibatic to symbatic response.  The
Ion(E) response measured for different organic layers, suggests, that by using different
polymers, a wide and well defined spectral range can be accessed. Above highlighted

strategy, of using polymer layers with variable spectral sensitivity, is possibly more
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effective and facile than approaches involving alloying of n-GaN using indium and

aluminum.

3.3.5: Background illumination and thickness dependence of photocurrent
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Figure 3.14: Spectral Ipn response under background light illumination for a) n-GaN

layer and a b) polymer layer.

Using external DC background light, a situation analogous to the external field
can be created. Figure 3.14a and 3.14b shows the response in presence of background
light illumination for n-GaN and polymer layer, respectively. The background charges
trapped at the interface can create an additional field at the interface, which can
compensate for polarization effects. This result is a decrease in antibatic response with
an increase in background charge density, which is proportional to the background light
intensity (Figure 3.14b). The internal filter effect shows strong thickness dependence
as is shown in Figure 3.15. With an increase in polymer layer thickness, the photons at
peak a(E) is filtered more efficiently, and the Ipn(E) response decreases further at peak

a(E). While the carrier generated at polymer/Au edge still contribute towards Ipn(E),
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which results in a narrower peak at the a(E) edge. A strong antibatic response is visible

for P3HT/n-GaN hybrid device for 130 nm thick films compared to 90 nm thick film.
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Figure 3.15: Thickness dependence of Ipn(E) response in n-GaN/P3HT hybrid.

3.4: Conclusions

The hybrid diode formed using large band gap (no response in visible range) n-
GaN and low band gap organic donor/acceptor polymers provide a model system to
study charge transport across the hybrid interface. Polarization at n-GaN surface
strongly affects the energy level bending in the polymer layer, in the vicinity of the n-
GaN layer. The modification in polymer energy level is reflected in the deviation of
Ion(E) response from the polymer absorption. The use of external field and light bias to
realign the polymer energy structure results in a normal Ipn(E) response. This study
indicates that the interfacial modifications are essential to passivate the surface states

and the polarization induced effects to improve the charge transport and photodetection.
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Chapter 4: Kinetic Control of Perovskite Thin
Film Morphology

4.1: Introduction

In contrast to the hybrid bilayer structure, the bulk hybrid active layers harbor
greater potential. Hybrid organic-inorganic perovskites (OIP) have come into view as
high-efficiency materials for their applications in low-cost, flexible, light weight PVs
and display devices [1-6]. These materials can be easily solution proceed into thin films
and have a low enthalpy of formation [7-9]. Charge transport characteristics in OIPs,
like charge carrier mobility and diffusion length, are analogous to that of pure inorganic
semiconductors [10-12]. Hybrid OIP show many notable properties like easy tunability
of band gap [13, 14], geometrical structure and dimensionality tuning [15, 16] and high
PL quantum yield (PLQY) [17]. The ability to easily form various nanostructures, along
with the emission spanning over entire visible and infrared range of the electromagnetic

spectrum is advantageous for various optoelectronic applications [3, 17-21].

Morphology tuning of polycrystalline thin films of OIP has shown to improve
the device efficiencies considerable [3, 22, 23]. Decreasing the average size of OIP
grains from tens of micron to tens of nanometer have resulted in remarkable
enhancements in PL and EL of the films [3]. Simultaneously, the reduced grain size is
also useful in a homogeneous distribution of OIP grains across the film which is
inhomogeneously distributed in bulk films [24]. One of the ways highlighted for
modifying the morphology of OIP thin films is by the use of antisolvent treatment. Cho
et al. have used this technique in conjugation with the addition of organic small

molecule additive to fabricate high-efficiency LEDs [3].

113



Chapter 4: Kinetic control of perovskite thin film morphology

This chapter discusses the role of small molecule additives in defining the
morphology of methylammonium lead bromide (MAPDBTr3) thin films. The kinetic
control of thin film crystallization results into the formation of dendritic and maze-like
structures composed of sub-micron OIP grains [24]. Such structures are advantageous
for applications in a narrow channel or anisotropic charge transport such as field effect
transistors [25, 26], high photoconductive gain and array based photodetectors [27, 28].
The choice of MAPDBTr3 is motivated by the visible range band edge emission which is
useful for display and lighting applications [6]. The low-temperature meltable eutectic
alloy is used as a cathode, with the modified OIP films, to realize a vacuum free,

printable, all solution processed LED structure [29, 30].

4.2: Experimental Details

4.2.1: Materials

Methylammonium bromide (MABr) was procured from Dyesol, Australia, and
PbBr2 (99.999% metal basis) was bought from Alfa Asear and used as it is. Small
molecule TPBi (2,2,2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)) was
purchased from Sigma-Aldrich. Low conductivity poly(3,4-ethylenedioxythiophene)-
poly(styrene sulfonate)) (PEDOT:PSS) (Clevios P VP Al 4083, resistivity 500 — 5000
Qcm) was obtained from Heracus. The eutectic alloy was bought from Roto Metals,

USA.

4.2.2: Sub-micron crystal (SMC) and device fabrication

Quartz and ITO-coated glass substrates were cleaned following the procedure
described in section 2.3.2. OIP films for optical characterization were prepared on
quartz substrates. For devices, low conductivity PEDOT: PSS was spin-coated at 3000

rpm on pre-cleaned ITO coated glass substrates and annealed at 180 °C for 10 min in a
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nitrogen atmosphere. SMCs were formed using microcrystal pinning (MCP) process
via two different routes. When only the anti-solvent (CHCI3) was used (described as
solvent assisted sub-micron crystal (S-SMC)) the grain sizes were larger compared to
that of the films made using small molecule additives, mixed in anti-solvent (A-SMC).
The grain size and film morphology show a strong dependence on the solubility and
concentration of additive. An n-type small molecule like PTCDA (perylene-3,4,9,10-
tetracarboxylic dianhydride) or TPBi was dissolved in chloroform (CHCIs) at very low
concentration (~ 0.2 wt %) to be used as an additive. The OIP layer was spin coated on
PEDDOT: PSS/ITO/Glass substrates from a 40 wt % solution of PbBr. and MABr
(1:1.05 molar ratio) in dimethyl sulfoxide (DMSQ). After the 60s, while the OIP film
is still spinning, the additive mixed antisolvent is added in quick continuous drops. A
thick layer of TPBi (50-60 nm) was coated on SMC at 2000 rpm from a 30 mg/mi
solution in CHCI3.The SMC and TPBi films did not require any annealing and the entire
process was carried out at room temperature. Alloy cathode was deposited by following

the procedure described in section 2.3.3.

4.2.3: Characterization

Optical and structural: Unmodified and morphologically modified SMC films were
coated on quartz substrates for optical measurements. PL and PLQY measurements
were performed in a custom integrated quantum yield setup. PL was collected using a
fiber coupled Si CCD-based spectrometer. 405 nm laser (~100 mW) was used for
excitation. Sub-bandgap absorption studies were carried out using photothermal
deflection spectroscopy. Crystallization properties of thin films of untreated OIP and
SMC were studied using powder X-ray diffractometer, where 26 was varied from 10 -

90 degree.
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Microscopy: AFM and confocal microscopy were carried out on an integrated confocal
(LSM 700) - AFM (Nano wizard 3) setup from Carl Zeiss and JPK Instruments,
Germany. AFM topography and phase images were recorded in non-contact tapping
mode using a 300 KHz cantilever (force constant ~ 40 N/m). Localized emission map
was recorded using 100x oil immersion objective, and 488 nm excitation. Emission was
recorded using a photomultiplier tube (PMT), for spectral emission map the emission
was split into two channels via a variable dichroic. SEM and energy dispersive x-ray

spectroscopy (EDAX) were performed in a Bruker Instrument.

Electrical characterization: LEDs fabricated using A-SMC as an active layer and
meltable alloy as a cathode were characterized in a custom built LED characterization
set-up. Keithley 2400 source meter used as a voltage source, the LED emission was
recorded using a calibrated Si detector in reverse biased configuration. EL spectrum

was captured using a fiber coupled Si CCD-based spectrometer (Ocean Optics).

“All measurements were performed in air without any encapsulation layer.”

4.3: Result and Discussion

4.3.1: Crystallization of sub-micron OIP crystals

The process of the formation of sub-micron crystals is governed by the kinetic
control factors like drying of solvent and the movement of OIP grains during the solvent
drying process. Thermodynamically, the crystallization process is controlled by the
minimization of Gibbs free energy of the system. Crystallization from the solution
phase is known to result in the formation of ordered structures, where the symmetry of
crystal plays a crucial role in controlling the large-scale morphology [31, 32]. Such

process happens over an extended period and results in a structure representing local
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minima in the free energy curve. Figure 4.1a shows one such microscopic image of
MAPDBrs OIP grains crystallized thermodynamically, inherent cubic symmetry is
replicated as large cubes over micron scale. The film shows high roughness (~
micrometer) and contains large voids, where the OIP thickness is very less as can be
inferred from topography and the phase mapping (Figure 4.1b). Such films are not
suitable for optoelectronic devices, due to the large density of electrical shorts between

anode and cathode.

27.59 deg
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slow [pum]

-203.8 nm -11.57 deg

fast [um] fast [um]

Figure 4.1: a) AFM topography image of OIP grains crystallized from solution in spin-
coated thin films, b) phase image of OIP grains. (Reprinted with permission from P.
Kumar, B. Zhao, R. H. Friend, A. Sadhanala, and K. S. Narayan, Kinetic Control of
Perovskite Thin Film Morphology and Application in Printable Light Emitting Diodes,

ACS Energy letters, 2, 1, 81-87, copyright (2017) American Chemical Society).

However, the crystallization can be altered by introducing certain kinetic
elements during the process which can result in entirely different morphology [15]. In
the case of OIP thin films, use of solvent extraction by using orthogonal
solvents/antisolvent has been reported to modify the morphology and the quality of the

thin films for electronic applications. By the use of orthogonal solvents the solubilizing
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medium, which is DMSO or DMF in the case of OIP, is rapidly expelled from the film.
This process initiates formation of multiple nucleation sites which can rapidly grow

into small grains, due to the drying of solvent [33].

b)

160.7 nm 37.03 deg
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Figure 4.2: a) AFM topography image of OIP thin film after treatment with CHCl3, b)
phase image of S-SMC film. (Reprinted with permission from P. Kumar, B. Zhao, R. H.
Friend, A. Sadhanala, and K. S. Narayan, Kinetic Control of Perovskite Thin Film
Morphology and Application in Printable Light Emitting Diodes, ACS Energy letters,

2, 1, 81-87, copyright (2017) American Chemical Society).

Large scale crystallization and rapid growth results in the reduction of the OIP
grain size from tens of micron to tens of nanometer. Such processes are controlled by
the kinetics of solvent evaporation, which also results in large scale homogeneous
distribution of SMC OIP grains. Figure 4.2 shows the effect of CHCIs as an orthogonal
solvent on the thin film morphology of MAPDBTrs. As can be easily noticed, the micron-
sized grains have been reduced to a sub-micron level (200-400 nm) (Figure 4.2a), while

the surface coverage has been greatly improved (Figure 4.2b).
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Figure 4.3: a) AFM topography and b) phase image of PTCDA additive based A-SMC
films. ¢) and d) morphology variation by changing the processing parameters.
(Reprinted with permission from P. Kumar, B. Zhao, R. H. Friend, A. Sadhanala, and
K. S. Narayan, Kinetic Control of Perovskite Thin Film Morphology and Application
in Printable Light Emitting Diodes, ACS Energy letters, 2, 1, 81-87, copyright (2017)

American Chemical Society).

The morphology can be further tuned by using small molecule additive mixed
in antisolvent. Small molecules used as additives are n-type organic molecules which
can be easily dissolved or dispersed in CHCIs. It has been shown that when blended
with the OIP precursor, the small molecules can easily get trapped at the grain
boundaries [34]. Preferential orientation resulting from the stacking of small molecules

and Kkinetics introduced by the solvent evaporation can tailor the macroscopic
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morphology. Figure 4.3 shows the topography image of OIP A-SMC films fabricated
using 0.2 wt % PTCDA in CHCls. The origin of such structure can be associated with

the nature of PTCDA to stack and form fibrillar networks [35].
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Figure 4.4: A-SMC films based on TPBi additives, a) and c) topography and b) and d)

phase treated with the small and large volume of 0.2 wt % TPBi mixed CHCls.

The sub-micron grain size is further reduced (~ 100-300 nm) as compared to
that of CHCI;3 treated S-SMC films. The phase image shows a uniform distribution of
OIP grains across the scan area. The formation of the fibrillar network is sensitive to
the processing conditions and can yield a different morphology by changing the time

delay before the additive is added. Figure 4.3c and 4.3d show the effect of altering the
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delay time by at most 20s. The solubility and structure of additive also influence the

overall morphology of the film, as can be seen in Figure 4.4.

A small molecule like TPBI, which has different solubility in CHCIs results in
much planar, wrinkled and folded like morphology with much less surface roughness.
By changing the volume of additive the size of wrinkles can be tuned as is seen in
Figure 4.4a and 4.4c. The phase image shows a much smooth distribution and a further
decrease in pinhole density. By increasing the concentration of TPBi from 0.2 wt % to
1.3 wt %, the morphology shows a large modification, with no observable surface

microstructures (Figure 4.5a).

35.84 nm 2.619 deg

slow [um]
slow [um]

0nm

fast [um] fast [um]

Figure 4.5: The AFM a) topography and b) phase image of OIP films treated with 1.3

wt % TPBI dissolved in CHCls.

This can be attributed to large density of TPBi molecules which can homogenize
the surface variations underneath. Simultaneously the phase image also shows a much

less variation (Figure 4.5b) as compared to that of OIP surface seen previously.

Above highlighted morphologies represent local minima along the free energy

curve and can go under further modification upon thermal treatment. Figure 4.6a shows
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the AFM topography of PTCDA modified A-SMC films annealed for 5 min at 100 °C
under a nitrogen atmosphere. As can be noticed, the grains are homogeneously
distributed, similar to the unannealed films, however, the unique fibrillar network gets
modified to a much smoother surface with an average surface roughness < 50 nm.
Though the overall morphology gets significantly modified, the average grain size
remains similar to the un-annealed film. Simultaneously the phase image (Figure 4.6b)

shows a smaller variation as compared to the unannealed films.

130.7 nm

21.47 deg

slow [um]
slow [um]

fast [um] fast [um]
Figure 4.6: a) AFM topography and b) phase image of PTCDA based A-SMC after

annealing.

4.3.1 I: Crystallization Kinetics

The kinetics of crystallization, in solution growth of crystalline materials, is
governed by the minimization of Gibbs free energy. In the equilibrium crystallization
process, like controlled evaporation of the solvent, the concentration of solute increases
with solvent evaporation. The difference in the chemical potential () in solution (x)
and crystallite phase (us) is the thermodynamic driving force for crystallization. As one
moves along the pressure axis in the P-V phase diagram (Figure 4.7a), the Au = u- us
increases, resulting in a supersaturation. The nucleation rate depends exponentially on
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supersaturation (Figure 4.7b). During the equilibrium growth process, the shape of the
crystallite is governed by the Wulff plot [36]. The equilibrium shape is controlled by
the minimization of the surface tension over all faces. However, under non-equilibrium
cooling processes, the growth of one face can be preferred, leading to morphological
instabilities and dendritic growth. Further, the presence of organic ligands during the
crystallization process can significantly influence the growth and morphological
arrangement of grains. The organic ligands can bind with the surface of the grain and
restrict further growth, thereby controlling the size of the grain. These ligands can also
interact within themselves to form unique morphologies which can be a representative
of the stacking nature of the organic ligands (Figure 4.7c). The fibrillar structure
observed in the case of PTCDA additive can be related to the inherent nature of perylene

to form fibers [35], while similar behavior is not present in TPBi films.
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Figure 4.7: a) Schematic P-V phase diagram, b) nucleation rate as a function of super
saturation and c) schematic depicting the formation of the fibrillar network in presence

of organic ligands.

4.3.2: Crystal structure of sub-micron grains

The large scale modifications observed in OIP thin film morphology does not
alter the inherent crystal structure. Cubic symmetry is prevalent in untreated and
PTCDA treated A-SMC thin films alike, as is shown in Figure 4.8. The 20 peak for
PTCDA modified A-SMC grains at 14.9° (100), 21.14° (110), 30.11° (200), 33.77°
(210), 37.12° (211), 43.11° (220) and 45.9° (300) represent cubic symmetry identical to
the literature values. Lattice constant (a) calculated from 20 is ~ 5.95 A which is in
good agreement with the previous reports [37, 38]. The XRD peak for untreated OIP
grains are shifted by 0.07° towards lower 0 as compared to PTCDA treated A-SMC
peaks suggesting a small shift in “lattice constant-a”, as shown in the inset of Figure

4.8).

—=— Untreated
—— A-SMC
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Figure 4.8: Powder X-Ray diffraction of untreated OIP grains (red) and PTCDA
treated A-SMC, inset is a zoom in on (100) peak. (Reprinted with permission from P.

Kumar, B. Zhao, R. H. Friend, A. Sadhanala, and K. S. Narayan, Kinetic Control of
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Perovskite Thin Film Morphology and Application in Printable Light Emitting Diodes,

ACS Energy letters, 2, 1, 81-87, copyright (2017) American Chemical Society).

The origin of a shift in XRD peak can be related to the stoichiometry imbalance
in OIP structure where, a, is smaller than expected. Compressive stress in large crystals
has also been associated with such shifts when the grain size is reduced such strains can
get relaxed. The stoichiometry of the OIP precursor was altered from the standard 1:1
to 1:1.05 molar ratios of PbBr, and MABTr. Higher content of MABT has been shown to
be helpful in a complete conversion of the lead salt into perovskite structure, which
otherwise can be present as metallic Pb centers, acting as exciton quenching sites [3].
Untreated and PTCDA modified A-SMC were fabricated from same precursor solution
to maintain an identical stoichiometry. The boundary conditions involved during the

crystallization of large grains can bring in strain in the crystallites.

4.3.3: Reduced disorder in S-SMC and A-SMC films

As the average crystallite size is reduced by ~ 100 times, the associated disorder
and PL is expected to be modified. To probe the variation in sub-band gap states, Photo
Thermal Deflection (PDS) technique was used (PDS measurements were performed by
Dr. Aditya Sadhanala, at Prof. Sir Richard Friend’s Laboratory, at Cavendish
Laboratory, Cambridge, UK). PDS is known for its 4-5 orders of the dynamic range of
measurement compared to standard absorption which is limited to 2-3 orders [38, 39].
Absorbance measured through PDS shows more than an order of magnitude decrease
in subgap absorption compared to the untreated films. The order of decrease is identical
for S-SMC and A-SMC (Figure 4.9a), suggesting that the grain size reduction is the
only factor responsible for the decrease in subgap absorption. The presence of additives

does not have any additional influence unless the additive itself does not absorb in the
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subgap region. As can be seen in Figure 4.8a, the subgap absorption for PTCDA based
A-SMC shows an additional shoulder which is not present for S-SMC absorption. The
origin of this feature has been related to tail state absorption in PTCDA used as the
additive which overlaps well with the observed feature as shown in Figure 4.9b. This
suggests that the small molecules are embedded at the grain boundaries, a similar

observation has been reported with other OIP/small molecule blend system as well [34].
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Figure 4.9: a) PDS absorbance measured for untreated OIP, S-SMC and A-SMC, b)
A-SMC absorbance plotted against absorbance of PTCDA only films. (Reprinted with
permission from P. Kumar, B. Zhao, R. H. Friend, A. Sadhanala, and K. S. Narayan,
Kinetic Control of Perovskite Thin Film Morphology and Application in Printable Light

Emitting Diodes, ACS Energy letters, 2, 1, 81-87, copyright (2017) American Chemical

Society).

4.3.4: Photoluminescence and lifetime improvements in A-SMC

The reduced average grain size of OIP and accompanied decrease in disorder in
the absorbance is also followed by an increase in PL yield. The PL intensity increases
by ~ 6 times, while the PLQY increases from 1-2%, for untreated film, to 25% for

PTCDA, treated A-SMC. The increase in PL intensity is partially attributed to the
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confinement of charge carriers in the sub-micron grains which results in increased bulk
and surface radiative recombination due to the increased localization of carriers [3].
Factors such as a decrease in non-radiative defect density are also helpful in increasing
the PL intensity. The PL peak emission does not shift with a decrease in crystallite size
suggesting that the average crystallite size is still in bulk domain (Figure 4.10a). PL
lifetime (7) shows a similar increase from ~ 2 ns for untreated OIP film to ~ 36 ns for

PTCDA treated A-SMC films (Figure 4.10b).
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Figure 4.10: a) PL from untreated OIP films (black) and PTCDA treated A-SMC (blue)
and b) PL lifetime decay curve. (Reprinted with permission from P. Kumar, B. Zhao, R.
H. Friend, A. Sadhanala, and K. S. Narayan, Kinetic Control of Perovskite Thin Film
Morphology and Application in Printable Light Emitting Diodes, ACS Energy letters,

2,1, 81-87, copyright (2017) American Chemical Society).

The decrease in sub-band gap absorption can be attributed to the reduction in
the non-radiative defect state density which can also be estimated from t and PLQY.
PLQY and zcan be written in terms of radiative (k) and non-radiative (knr) decay rates

as,
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k.
PLQY = O] (4.1)
and
__t 4.2
T T+ o) (42)

The k- shows slight increases from ~ 5x10%s, for untreated OIP films, to
~7x10%/s for PTCDA treated A-SMC. A large decrease, of an order of magnitude, is
observed for knr which decreases from ~ 2.5x10%s, for untreated OIP films, to ~
2.3x107/s for A-SMC films. Factors, like increased outcoupling and reduced internal

re-absorption processes, can also add to the observed increase in PL quantum yield.

4.3.5: Localized photoluminescence spectral imaging

Emission at sub-micron scale can provide critical information about the
distribution of luminous OIP grains. Emission variation from point to point can be
mapped and the overall luminescence quality of the OIP film can be established. Using
confocal technique and sequential gating of emission to two separate PMT channels, it
is possible to create a detailed emission spectral plot with sub-micron spatial resolution
giving a distribution in emission spectral profile. The major fraction of PL in untreated
OIP films remains restricted to large cube like grains, which sharply decreases outside
the region (Figure 4.11a). The emission peak energy for 3 distinct regions, marked as
1,2 and 3 in Figure 4.10a, shows a large variation from ~ 2.20 - 2.32 eV around the far
field emission ~ 2.26 eV (Figure 4.11b). Large contrast in dark and bright regions can
be associated with the concentration of OIP in the region. The emission for A-SMC is
homogeneous and closely resembles the morphology (Figure 4.11c), while the peak
energy for 3 distinct regions, marked as 1, 2 and 3 in Figure 4.11c, shows a much

smaller spread compared to that of untreated OIP films (Figure 4.11d).
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Figure 4.11: a) Localized spectral emission map for untreated OIP films, b) Emission
profile across 3 distinct regions (1, 2 and 3) market in (a), c) Confocal spectral map of
PTCDA treated A-SMC thin film, d) emission profile across 3 distinct regions (1,2 and
3) marked in (c). (Reprinted with permission from P. Kumar, B. Zhao, R. H. Friend, A.
Sadhanala, and K. S. Narayan, Kinetic Control of Perovskite Thin Film Morphology
and Application in Printable Light Emitting Diodes, ACS Energy letters, 2, 1, 81-87,

copyright (2017) American Chemical Society).

Emission peak shift can be related to the effects of internal re-absorption or
photon recycling processes previously reported in OIP films and crystals [40]. Larger
variation in untreated films can arise from the larger difference in path length present

from point to point due to the bigger grain size. Multiple internal re-absorption can
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modify the far-field PL. In the case of A-SMC film, where the grain size is much smaller
and more homogeneously distributed, the variation in peak energy is much smaller.
Small variations can still arise from the morphology related effects. The large width of
PL, observed in confocal, arises from the instrument response function and has no

material origin.

Emission map for S-SMC films does not show any correlation with the
morphology, simultaneously, the emission distribution is inhomogeneous (Figure
4.12a). The annealed films show the distribution of emission similar to the PTCDA

treated A-SMC without any structural features (Figure 4.12b).

Figure 4.12: Localized emission map for a) S-SMC and b) PTCDA based A-SMC after

annealing at 100 °C for 5 min.

Emission distribution in TPBi based A-SMC is homogeneous over the entire
scan area as shown in Figure 4.13. The average particles size is smaller than that of
PTCDA based A-SMC. The fibrillar structures visible in emission spectra can be seen

as the edges of folded, wrinkle like structure where OIP concentration is higher
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resulting in stronger emission compared to the uniform background. Such

improvements in emission are ideally suited for EL devices like LEDs.

Figure 4.13: Emission map of A-SMC films prepared using 0.2 wt % TPBi.

4.3.6: Low-temperature printable light emitting diode

Large improvements observed in morphology and emission of OIP films
fabricated using additive-assisted process can be easily integrated into efficient device
structures. A schematic of printable LED and vacuum level energy diagram along with

two step A-SMC fabrication has been shown in Figure 4.14.
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Figure 4.14: Schematic of fabrication of A-SMC OIP based printable LED structure.
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The innate surface variation observed in A-SMC films makes the eutectic alloys
more suitable candidate for cathode layer. These alloys, being able to stick conformally
with the underneath layer can preserve the microstructures while forming a smooth
contact for charge injection [30]. The morphology of alloy cathode in contact with the
TPBi layer is imaged in SEM, after carefully peeling it off and washing with
chloroform. Sub-micron sized surface roughness can be seen in the active region as

shown in Figure 4.15.

EHT=1000KkV ~ WD=28mm  Date:§Feb2016  Time :15:22:03

Figure 4.15: SEM micrograph of alloy cathode in contact with TPBi layer. (Reprinted
with permission from P. Kumar, B. Zhao, R. H. Friend, A. Sadhanala, and K. S.
Narayan, Kinetic Control of Perovskite Thin Film Morphology and Application in
Printable Light Emitting Diodes, ACS Energy letters, 2, 1, 81-87, copyright (2017)

American Chemical Society).

Along with the uniform coverage and improved PL, balanced charge mobility
is essential to ensure that the recombination occurs in the OIP bulk, leading to a color
pure electroluminescence (EL). Charge transport mobility in electron and hole only
devices were measured in ITO/TiO/OIP/TPBi/Alloy and ITO/PEDOT:

PPS/OIP/PTB7/Au configuration respectively. Space charge limited current (SCLC)
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method is suitable for estimating mobility in pristine semiconductors of thickness
greater than 200-300 nm. The Current-voltage curve for electron only and hole only
devices is shown in Figure 4.16. The bulk charge transport mobility for electron and
hole was estimated to be ~ 102 cm?/Vs. While the transport is balanced; a low value
can result from a large number of grain boundaries and the additional layers which can

limit the measured average bulk mobility.
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Figure 4.16: J-V curve for hole only (red circle) and electron only (blue square) devices
and respective SCLC fit. (Reprinted with permission from P. Kumar, B. Zhao, R. H.
Friend, A. Sadhanala, and K. S. Narayan, Kinetic Control of Perovskite Thin Film
Morphology and Application in Printable Light Emitting Diodes, ACS Energy letters,

2, 1, 81-87, copyright (2017) American Chemical Society).
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Figure 4.17: Passivation of the fibrillar network in the presence of additional transport

layer a) morphology and b) phase map.

The top transport layer can easily passivate the microfibrillar network observed
in the case of A-SMC. Figure 4.17 shows a representative image of reduced surface
roughness in PTCDA based A-SMC films after coating thin films of the transport layer,
which is essential for homogeneous injection of charges. The A-SMC EL and PL have

an identical width, as shown in Figure 4.18.
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Figure 4.18: PL (red, square) and EL (blue, circles) from a typical A-SMC film. The

inset shows an image of the working pixel. (Reprinted with permission from P. Kumar,
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B. Zhao, R. H. Friend, A. Sadhanala, and K. S. Narayan, Kinetic Control of Perovskite
Thin Film Morphology and Application in Printable Light Emitting Diodes, ACS

Energy letters, 2, 1, 81-87, copyright (2017) American Chemical Society).

The LEDs fabricated using A-SMC as an active layer with PTCDA and TPBI
as additives show comparable electrical characteristics. The PTCDA based devices

show an early rise in current compared to TPBi based devices as seen in Figure 4.19a.
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Figure 4.19: LED characteristics of A-SMC fabricated using PTCDA and TPBI, a) J-
V, b) Luminance, c¢) Current efficiency and d) EQE plot. (Reprinted with permission
from P. Kumar, B. Zhao, R. H. Friend, A. Sadhanala, and K. S. Narayan, Kinetic

Control of Perovskite Thin Film Morphology and Application in Printable Light
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Emitting Diodes, ACS Energy letters, 2, 1, 81-87, copyright (2017) American Chemical

Society).

This observation can be linked to the fibrillar network which can act as
percolation pathways. Which results in peak luminance at a lower voltage for PTCDA
based devices (Figure 4.19b). However, the smaller grain size and better PLQY for
TPBI based A-SMC is reflected in higher current efficiency and EQE compared to that
of PTCDA based A-SMC. For both the A-SMC films the maximum performance is
achieved at ~ 5V forward bias after which the output steadily drops to ~ 35% of

maximum.

The decrease in performance after an early saturation is a result of thermal burn
in noticed for all devices [41]. This process was driven by a unique feature specific to

the OIP A-SMC films, after the coating of TPBI layer as electron transporter.
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Figure 4.20: Crack formation in OIP film after spin coating a thick layer of TPBI, a)

AFM height image and b) confocal fluorescence map of cracked film.

The drying of TPBi layer introduces strain in the films which result in the

formation of uneven cracks and hill like structures as shown in the AFM topography
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(Figure 4.20a). Fluorescence mapping suggests that the uneven structures are largely
composed of OIP grains which have emission similar to the bulk (Figure 4.20b). These
structures act as the sites of failure for the entire device by forming electrical short
circuit at large forward bias. It is interesting to note that the crystalline films can be

modulated with such an ease under solvent processing.

Low-melting alloys can perform suitably with a variety of active layers as
charge injection and collection layer. Apart from the LEDs, the OIP PVs fabricated

using liquid alloy electrode demonstrate efficient devices with PCE as high as 11%

(figure 4.21).
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Figure 4.21: J-V characteristics for PVs with MAPDIsz absorber, a) cells made at

JNCASR and b) cells made at Cambridge.

4.4: Conclusion

Large-scale morphological modification of OIP polycrystalline thin film was
demonstrated using additive mixed antisolvent mediated kinetic control of crystal
growth. The organic small molecule like PTCDA and TPBi results in very different

morphologies which are controlled by the intermolecular interaction. The morphology
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of A-SMC OIP shows sensitivity towards the stacking nature of additive, solubility,
and concentration. The subgap disorder reduces in A-SMCs, while the PL yield
improves owing to reduced non-radiative decay rates. Modifications in localized
emission spectra as a function of morphology suggest that internal re-absorption of
photons contributes significantly to PL. Morphologically modified films show better
EL and pinhole free charge transport which allows for realizing printable LED

structures using low-temperature metal cathodes.

References

[1] M. Saliba, T. Matsui, J. Y. Seo, K. Domanski, J. P. Correa-Baena, M. K.
Nazeeruddin, S. M. Zakeeruddin, W. Tress, A. Abate, A. Hagfeldt and M. Gratzel.
Cesium-Containing Triple Cation Perovskite Solar Cells: Improved Stability,
Reproducibility and High Efficiency. Energy & Environmental Science 2016, 9, 1989-
1997.

[2] W. S. Yang, J. H. Noh, N. J. Jeon, Y. C. Kim, S. Ryu, J. Seo and S. I. Seok.
High-Performance Photovoltaic Perovskite Layers Fabricated through Intramolecular
Exchange. Science 2015, 348, 1234-1237.

[3] H. Cho, S-H Jeong, M-H Park, Y-H Kim, C. Wolf, C-L Lee, J. H. Heo, A.
Sadhanala, N. Myoung, S. Yoo, S. H. Im, R. H. Friend and T-W Lee. Overcoming the
Electroluminescence Efficiency Limitations of Perovskite Light-Emitting Diodes.
Science 2015, 350, 1222-1225.

[4] Y. C. Ling, Z. Yuan, Y. Tian, X. Wang, J. C. Wang, Y. Xin, K. Hanson, B. W.
Ma and H. W. Gao. Bright Light-Emitting Diodes Based on Organometal Halide
Perovskite Nanoplatelets. Advanced Materials 2016, 28, 305-311.

[5] Z. K. Tan, R. S. Moghaddam, M. L. Lai, P. Docampo, R. Higler, F. Deschler,
M. Price, A. Sadhanala, L. M. Pazos, D. Credgington, F. Hanusch, T. Bein, H. J. Snaith
and R. H. Friend. Bright Light-Emitting Diodes Based on Organometal Halide
Perovskite. Nature Nanotechnology 2014, 9, 687-692.

[6] S. D. Stranks and H. J. Snaith. Metal-Halide Perovskites for Photovoltaic and
Light-Emitting Devices. Nature Nanotechnology 2015, 10, 391-402.

[7] M. M. Lee, J. Teuscher, T. Miyasaka, T. N. Murakami and H. J. Snaith. Efficient
Hybrid Solar Cells Based on Meso-Superstructured Organometal Halide Perovskites.
Science 2012, 338, 643-647.

[8] H.S. Kim, C. R. Lee, J. H. Im, K. B. Lee, T. Moehl, A. Marchioro, S. J. Moon,
R. Humphry-Baker, J. H. Yum, J. E. Moser, M. Gratzel and N. G. Park. Lead lodide
Perovskite Sensitized All-Solid-State Submicron Thin Film Mesoscopic Solar Cell with
Efficiency Exceeding 9%. Scientific Reports 2012, 2, 591.

[9] J. B. You, Z. R. Hong, Y. Yang, Q. Chen, M. Cai, T. B. Song, C. C. Chen, S.
R. Lu, Y. S. Liu, H. P. Zhou and Y. Yang. Low-Temperature Solution-Processed
Perovskite Solar Cells with High Efficiency and Flexibility. Acs Nano 2014, 8, 1674-
1680.

138



Chapter 4: Kinetic control of perovskite thin film morphology

[10] C.S.Ponseca, T.J. Savenije, M. Abdellah, K. B. Zheng, A. Yartsev, T. Pascher,
T. Harlang, P. Chabera, T. Pullerits, A. Stepanov, J. P. Wolf and V. Sundstrom.
Organometal Halide Perovskite Solar Cell Materials Rationalized: Ultrafast Charge
Generation, High and Microsecond-Long Balanced Mobilities, and Slow
Recombination. Journal of the American Chemical Society 2014, 136, 5189-5192.
[11] S. D. Stranks, G. E. Eperon, G. Grancini, C. Menelaou, M. J. P. Alcocer, T.
Leijtens, L. M. Herz, A. Petrozza and H. J. Snaith. Electron-Hole Diffusion Lengths
Exceeding 1 Micrometer in an Organometal Trihalide Perovskite Absorber. Science
2013, 342, 341-344.

[12] C. S. Ponseca, Y. X. Tian, V. Sundstrom and I. G. Scheblykin. Excited State
and Charge-Carrier Dynamics in Perovskite Solar Cell Materials. Nanotechnology
2016, 27.

[13] N. K. Kumawat, A. Dey, A. Kumar, S. P. Gopinathan, K. L. Narasimhan and
D. Kabra. Band Gap Tuning of CHsNHsPb(Bri1 xClx)s Hybrid Perovskite for Blue
Electroluminescence. ACS Applied Materials & Interfaces 2015, 7, 13119-13124.

[14] J. H. Noh, S. H. Im, J. H. Heo, T. N. Mandal and S. I. Seok. Chemical
Management for Colorful, Efficient, and Stable Inorganic-Organic Hybrid
Nanostructured Solar Cells. Nano Letters 2013, 13, 1764-17609.

[15] P.C. Zhu, S. Gu, X. P. Shen, N. Xu, Y. L. Tan, S. D. Zhuang, Y. Deng, Z. D.
Lu, Z. L. Wang and J. Zhu. Direct Conversion of Perovskite Thin Films into Nanowires
with Kinetic Control for Flexible Optoelectronic Devices. Nano Letters 2016, 16, 871-
876.

[16] J. H. Im, J. S. Luo, M. Franckevicius, N. Pellet, P. Gao, T. Moehl, S. M.
Zakeeruddin, M. K. Nazeeruddin, M. Gratzel and N. G. Park. Nanowire Perovskite
Solar Cell. Nano Letters 2015, 15, 2120-2126.

[17] F. Deschler, M. Price, S. Pathak, L. E. Klintberg, D. D. Jarausch, R. Higler, S.
Huttner, T. Leijtens, S. D. Stranks, H. J. Snaith, M. Atature, R. T. Phillips and R. H.
Friend. High Photoluminescence Efficiency and Optically Pumped Lasing in Solution-
Processed Mixed Halide Perovskite Semiconductors. Journal of Physical Chemistry
Letters 2014, 5, 1421-1426.

[18] Y. J. Fang, Q. F. Dong, Y. C. Shao, Y. B. Yuan and J. S. Huang. Highly
Narrowband Perovskite Single-Crystal Photodetectors Enabled by Surface-Charge
Recombination. Nature Photonics 2015, 9, 679-686.

[19] X.Y.Chin, D. Cortecchia, J. Yin, A. Bruno and C. Soci. Lead lodide Perovskite
Light-Emitting Field-Effect Transistor. Nature Communications 2015, 6, 7383.

[20] J.S. Luo, J. H. Im, M. T. Mayer, M. Schreier, M. K. Nazeeruddin, N. G. Park,
S. D. Tilley, H. J. Fan and M. Gratzel. Water Photolysis at 12.3% Efficiency Via
Perovskite Photovoltaics and Earth-Abundant Catalysts. Science 2014, 345, 1593-1596.
[21] S. Yakunin, M. Sytnyk, D. Kriegner, S. Shrestha, M. Richter, G. J. Matt, H.
Azimi, C. J. Brabec, J. Stangl, M. V. Kovalenko and W. Heiss. Detection of X-Ray
Photons by Solution-Processed Lead Halide Perovskites. Nature Photonics 2015, 9,
444-449,

[22] G. E. Eperon, V. M. Burlakov, P. Docampo, A. Goriely and H. J. Snaith.
Morphological Control for High Performance, Solution-Processed Planar
Heterojunction Perovskite Solar Cells. Advanced Functional Materials 2014, 24, 151-
157.

[23] G.R.Li, Z K. Tan, D. W. Di, M. L. Lai, L. Jiang, J. H. W. Lim, R. H. Friend
and N. C. Greenham. Efficient Light-Emitting Diodes Based on Nanocrystalline
Perovskite in a Dielectric Polymer Matrix. Nano Letters 2015, 15, 2640-2644.

139



Chapter 4: Kinetic control of perovskite thin film morphology

[24] P. Kumar, B. Zhao, R. H. Friend, A. Sadhanala and K. S. Narayan. Kinetic
Control of Perovskite Thin-Film Morphology and Application in Printable Light-
Emitting Diodes. ACS Energy Letters 2017, 2, 81-87.

[25] M. J. Lee, D. Gupta, N. Zhao, M. Heeney, I. McCulloch and H. Sirringhaus.
Anisotropy of Charge Transport in a Uniaxially Aligned and Chain-Extended, High-
Mobility, Conjugated Polymer Semiconductor. Advanced Functional Materials 2011,
21, 932-940.

[26] L. H.Jimison, M. F. Toney, I. McCulloch, M. Heeney and A. Salleo. Charge-
Transport Anisotropy Due to Grain Boundaries in Directionally Crystallized Thin Films
of Regioregular Poly(3-Hexylthiophene). Advanced Materials 2009, 21, 1568-1572.
[27] NaAi, Yan Zhou, Yina Zheng, Haibo Chen, Jian Wang, Jian Pei and Yong Cao.
Achieving High Sensitivity in Single Organic Submicrometer Ribbon Based
Photodetector through Surface Engineering. Organic Electronics 2013, 14, 1103-1108.
[28] Yuping Zhang, Xudi Wang, Yiming Wu, Jiansheng Jie, Xiwei Zhang, Yuliang
Xing, Haihua Wu, Bin Zou, Xiujuan Zhang and Xiaohong Zhang. Aligned Ultralong
Nanowire Arrays and Their Application in Flexible Photodetector Devices. Journal of
Materials Chemistry 2012, 22, 14357-14362.

[29] A.J. Dasand K. S. Narayan. Retention of Power Conversion Efficiency — from
Small Area to Large Area Polymer Solar Cells. Advanced Materials 2013, 25, 2193-
2199.

[30] M. Bag, D. Gupta, N. Arun and K. S. Narayan. Deformation of Metallic Liquid
Drop by Electric Field for Contacts in Molecular-Organic Electronics. Proceedings of
the Royal Society a-Mathematical Physical and Engineering Sciences 2009, 465, 1799-
1808.

[31] R. M. Hooper, B. J. McArdle, R. S. Narang and J. N. Sherwood. Chapter 10 -
Crystallization from Solution at Low Temperatures A2 - Pamplin, Brian R. In Crystal
Growth (Second Edition), Pergamon: 1980; Vol. 16, pp 395-420.

[32] P. Christian and P. O'Brien. Thermodynamic and Kinetic Control of Crystal
Growth in Cds Nanomaterials. Journal of Materials Chemistry 2008, 18, 1689-1693.
[33] N.J.Jeon,J. H. Noh, Y. C. Kim, W. S. Yang, S. Ryu and S. I. Seok. Solvent
Engineering for High-Performance Inorganic—Organic Hybrid Perovskite Solar Cells.
Nature Materials 2014, 13, 897-903.

[34] J. Xu, A. Buin, A. H. Ip, W. Li, O. Voznyy, R. Comin, M. Yuan, S. Jeon, Z.
Ning, J. J. McDowell, P. Kanjanaboos, J-P Sun, X. Lan, L. N. Quan, D. H. Kim, I. G.
Hill, P. Maksymovych and E. H. Sargent. Perovskite—Fullerene Hybrid Materials
Suppress Hysteresis in Planar Diodes. Nature Communications 2015, 6, 7081.

[35] K. Yan, B. X. Chen, H. W. Hu, S. Chen, B. Dong, X. Gao, X. Y. Xiao, J. B.
Zhou and D. C. Zou. First Fiber-Shaped Non-Volatile Memory Device Based on Hybrid
Organic-Inorganic Perovskite. Advanced Electronic Materials 2016, 2, 1600160.

[36] W. G. Zur Frage Der Geschwindigkeit Des Wachstums Und Der Auflésung Der
Krystallflagen. Zeitsch. fiir Kristall 1901, 34, 449-480.

[37] J. H. Noh, S. H. Im, J. H. Heo, T. N. Mandal and S. I. Seok. Chemical
Management for Colorful, Efficient, and Stable Inorganic—Organic Hybrid
Nanostructured Solar Cells. Nano Letters 2013, 13, 1764-17609.

[38] A. Sadhanala, F. Deschler, T. H. Thomas, S. E. Dutton, K. C. Goedel, F. C.
Hanusch, M. L. Lai, U. Steiner, T. Bein, P. Docampo, D. Cahen and R. H. Friend.
Preparation of Single-Phase Films of CH3sNH3Pb(l1-x,Brx)s with Sharp Optical Band
Edges. Journal of Physical Chemistry Letters 2014, 5, 2501-2505.

[39] S. D. Waolf, J. Holovsky, S. J. Moon, P. Loper, B. Niesen, M. Ledinsky, F. J.
Haug, J. H. Yum and C. Ballif. Organometallic Halide Perovskites: Sharp Optical

140



Chapter 4: Kinetic control of perovskite thin film morphology

Absorption Edge and Its Relation to Photovoltaic Performance. Journal of Physical
Chemistry Letters 2014, 5, 1035-1039.

[40] L. M. Pazos-Outén, M. Szumilo, R. Lamboll, J. M. Richter, M. Crespo-
Quesada, M. Abdi-Jalebi, H. J. Beeson, M. Vruéini¢, M. Alsari, H. J. Snaith, B. Ehrler,
R. H. Friend and F. Deschler. Photon Recycling in Lead lodide Perovskite Solar Cells.
Science 2016, 351, 1430-1433.

[41] M. H. Chang, D. Das, P. V. Varde and M. Pecht. Light Emitting Diodes
Reliability Review. Microelectronics Reliability 2012, 52, 762-782.

141



Chapter 4: Kinetic control of perovskite thin film morphology

142



Chapter 5: Quantum Confinement Effects In
Perovskite Nanocrystals

5.1: Introduction

Hybrid perovskites are similar to inorganic semiconductors, as is demonstrated
using efficient PVs and LEDs [1-12]. However, they do not demonstrate comparable
stability, which results from its low formation energy and a larger degree of freedom
associated with organic cation [13-15]. In order to improve the stability, numerous
studies have suggested the use of encapsulating layers like that of PMMA or polyaniline
to prevent the OIP films from reacting with ambient oxygen and moisture [16, 17].
Other approaches involve creating nano-dimensional crystals with the inert capping of
long chain alkyls or surfactant groups [18, 19]. Interesting observations have been
reported with a decrease in average crystallite size, which include a shift in absorption
edge [20, 21], an increase in photoluminescence (PL) [22] and formation of nanosheets
and platelets [23]. NCs are suitable for applications in devices compared to the bulk
polycrystalline methylammonium lead bromide (MAPbBTr3) films (bulk), primarily due
to the enhanced stability and high luminescence [24]. Thus it is important to understand
the electronic and optical properties of nanocrystals (NCs) for realizing efficient and

stable devices.

In this chapter, the optical and charge transport properties of highly luminescent
NC of methylammonium lead bromide (MAPbBr3) perovskite thin films have been
studied. The diameter of NCs varies from 4 - 10 nm, while the majority of crystals have
~ 6 nm diameter, simultaneously the luminescence quantum yield (PLQY) of NCs in

solution and film is high (> 50 %). The presence of a layer of large alkyl chain on the
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surface acts as an encapsulation, which is efficient is protecting the OIP against the
moisture. Reduced sizes are linked to quantum confinement, which has been studied
using the temperature dependence of emission; the lattice-exciton interaction was
investigated, which is significantly different when compared to the bulk counterpart.
The choice of system is driven by the fact that MAPbBr3; has band edge in the visible
(~ 540 nm) part of the electromagnetic spectrum, which is beneficial for lighting and
display applications. The emission and absorption also mimic human vision response
making them an interesting system for fabricating detectors replicating human eye

response.

5.2: Experimental details

5.2.1: Materials

MAPbBrs NCs were fabricated using the template-free synthesis route as
reported by Schmidt et al. [19]. NCs were synthesized by the group of Prof.
Vijayakumar C. Nair at National Institute for Interdisciplinary Science and Technology,
Trivandrum. The distribution in particle diameter, as observed in TEM analysis,
suggests variation in particle size from 3 to 10 nm, a major fraction of particles have
average diameter ~ 6 nm [18]. Semiconducting N-type polymer N2200 (Activeink-
N2200 (P(NDI120D-T2)) (Mw~ 84,000 g/mol)) was procured from Polyera Corporation
and PCBM-C70 (Phenyl-C71-butyric acid methyl ester) was purchased from
Luminescence Technology Inc., Taiwan. Low sheet resistance (8 ©sq) indium tin oxide
(ITO) coated glass slides were procured from Xin Yan Technology, China. High
conductivity PEDOT:PSS ((Poly(3,4-ethylenedioxythiophene)-poly(styrene
sulfonate)) (Clevios PH — 1000, specific conductivity ~ 800 S/cm) was procured from

Heraeus.
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5.2.2: Device Fabrication

Quartz and ITO-coated glass substrates were cleaned using wet cleaning
procedure as described in section 2.3.2. The MAPbBrs NCs were suspended in toluene
at 20 mg/ml concentration. Bulk OIP films were fabricated from 1:1.05 molar ratios of
MABTr and PbBr», dissolved in dimethylformamide, at 20 wt %. Films for optical
measurement were fabricated by spin coating the bulk precursor and NC suspension on
quartz substrates. Devices were fabricated on ITO coated glass substrates, PEDOT: PSS
layer was spin coated at 3000 rpm in the air and annealed for 30 min at 150 °C. NC and
bulk thin films were deposited in nitrogen filled glove box at 1000 and 2000 rpm
respectively. Following the OIP layer, an organic n-type semiconductor layer of
thickness ~ 40 - 50 nm of N2200 (PCBM-C70) was spin coated at 1000 rpm from 10
mg/ml (20 mg/ml) solution in chlorobenzene. A reflective Al back contact (~ 150 - 200
nm) was evaporated at an evaporation rate of ~ 0.5 - 1.0 A/s in a thermal evaporator at

~ 10" mbar pressure, the active area was controlled using a metal mask.

5.2.3: Characterization

Absorption (a(E))

Lock-In amplifier

LabVIEW
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Figure 5.1: Schematic for a(E) measured as a function of temperature.
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All absorption studies were performed in liquid N2 cooled cryostats, flushed
with dry nitrogen; measurements were performed at ~ 102 mbar pressure. Schematic
of the setup is shown in Figure 5.1. Temperatures of substrates were recorded using a
calibrated Pt-100 RTD and a multimeter (HP 2600). Tungsten lamp in conjugation with
a monochromator (Zolix Omni 500) was used as a monochromatic light source; a
calibrated Si detector (UDT sensors) along with lock-in amplifier (SR830) was used to
measure transmission. The a(E) at 300K was also verified in UV-Vis spectrometer

(Perkin Elmer).

Photoluminescence

Neutral density
Shutter filter
405 nm

Len
laser cns

. Interference filter

Optical fiber

Temperature
controller

LabVIEW

control

Mini spectrometer

Figure 5.2: Schematics for PL measured as a function of Temperature.

PL measurements at different temperatures were carried out in a temperature-
controlled cryostat (CTI cryogenics) cooled using a closed cycle helium pump. A 405
nm laser (output power ~ 100 mW) was used as an excitation source; PL was collected
at 90-degree reflection, using a fiber coupled Si CCD-based spectrometer (Hamamatsu
high sensitivity mini spectrometer C10083CA). The excitation wavelength was filtered

out using 450 nm long pass interference filter. The substrate temperature was recorded
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using calibrated Pt-100 RTD and electrometer (Keithley 6514). Schematic of low-

temperature PL setup is shown in Figure 5.2.

Electroluminescence (EL)

The EL was measured using a fiber-coupled Si CCD-based spectrometer.
Voltage was applied through Keithley 2400 source meter. EL at low temperatures was
measured in a Liquid N2 cooled cryostat, similar to the one used for absorption;

substrate temperature was recorded using Pt-100 RTD and Keithley 6514 electrometer.

Photocurrent (I,n(E))

The Ipn(E) was recorded in a device architecture identical to the one used for EL
measurements. A monochromator (Zolix, Omni-A500) coupled with tungsten lamp was
used as light source. Ipn(E) signals were recorded using lock-in amplifier (Stanford
Research Systems- SR830) and the lamp power was calibrated using a UV-enhanced

Si photodetector (DSi-200, Zolix).

5.3: Result and Discussion

5.3.1: Crystal structure

The NCs demonstrate cubic symmetry (at 300K), as is seen in Figure 5.4, where
the (100) and (200) peaks match well with that of bulk, the absence of higher order
peaks suggests that the long-range order is missing. The XRD peak shows a very small
increase in width compared to that of bulk, the width increases at the bottom of the
peak, suggesting a range of particle sizes present in the film. Narrower peaks

predominantly arise from larger NCs.
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Figure 5.3: XRD spectra of bulk and NC films coated on quartz substrates.

5.3.2: Quantum confinement effect on optical band gap

The recorded a(E) for bulk and NC were corrected for scattering related artifacts
[25] using the technique introduced by S.J. Leach and H. A. Scheraga [26]. The estimate
of the band gap (Eg) was obtained from the modeled a(E), close to the band edge using
the Elliot’ theory of Wannier excitons as was reported by Saba et al. [27]. Which is
more accurate for band gap estimation as compared to the values obtained using Tauc
plot (a(E) ~ (E — Eq)*?) [1], because of the excitonic peak present at the band edge.
The normalized a(E) response measured for bulk and NC MAPbBTr3 thin films, at 300
K, is shown in Figure 5.3(a) and 5.3(b) respectively, modeled a(E) is shown in solid
line. The Eg4 estimates from the model fit to modified Elliot’s formula (described in
appendix 1) is = 2.36 eV for bulk and ~ 2.39 eV for NC, which agrees well with the

previously reported values [28, 29].
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Figure 5.4: a) experimental (red square) and modeled (solid red line) absorption of
bulk, b) experimental (blue circles) and modeled (solid blue line) absorption of NC
films. (Reprinted with permission from P. Kumar, C. Muthu, V. C Nair, and K. S.
Narayan, Quantum Confinement Effects in Organic Lead Tribromide Perovskite
Nanoparticles, J. Phys. Chem. C, 120, 32, 18333-18339, Copyright (2016) American

Chemical Society).

In the high energy region of a(E), above the Eg, additional peaks are visible,
which are absent in the case of bulk. Origin of these peaks can be related to the NCs of
dimension smaller than ~ 6 nm, present in a small fraction. A small shift observed in
Eg (4Eg ~ 0.03 eV) signifies the onset of confinement effects in NCs (average radius ~
3 nm) Using the effective mass approximation, the exciton Bohr radius (rg) can be
estimated using 5.1,

eh?
TB =

= (5.1)

Where  is effective mass and ¢ is the dielectric constant. The value for rzis ~#3 nm in
MAPDBTr3 system, estimated using u = 0.117meand ¢ ~ 7.5 [30], which is very close to
the average NCs radius. Thus the excitons will experience a weak confinement in NCs
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giving rise to a small shift in energy gap. The band gap as a function of particle size

can be calculated from effective mass approximation,

27.[2 ez
g,NC g,bulk 2#7"2

. 5.2
Amrer (5-2)

Where second terms represent confinement induced shift and the third term represents
Coulomb interaction between electron-hole pair [31]. Egnc estimated using equation
5.2 gives an overestimated value of AEg (~ 0.3 €V). An order of magnitude increase in
calculated AEg can be associated with other complex interactions like spin-orbit
coupling [32], which is not included in effective mass approximation. Confinement
effects are stronger in NCs of smaller diameter (< 6 nm), seen as distinct peaks in a(E)

in higher energy regime.

5.3.3: Temperature dependence of absorption

The a(E) spectra go through a sizable change with a decrease in temperature.
The excitonic peak, which is seen as a shoulder feature at the band edge (at 300K), gets
resolved into a well-defined peak (Figure 5.5). The local maxima at the a(E) band edge
is an indicative of excitonic transition, which is prominent at low temperature (T ~ 105
K) for both bulk and NC films, as shown in Figure 5.5a and 5.5b respectively. The
excitonic peak is more sizable for NC, suggesting a larger binding energy. The
procedure for estimating the exciton binding energy (Es) using a(E) response has been
well described in the literature of inorganic band type semiconductors like GaAs [33,
34]. To estimate the Eg for bulk and NCs, from «a(E) response measured at 300K, the
modified Elliot’s theory for a(E) is used, as shown in Figure 5.3a and 5.3b respectively.
The Eg for bulk, at 300K, is ~ 50 meV which lies within the range of previous reports
[35]. In the case of NCs, the Eg value is ~ 75 meV, which is ~ 1.5 times higher than

that of bulk. The excitonic transitions, for particles of a size smaller than 6 nm, show a
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redshift of ~ 50 - 60 meV at 105 K. This behavior is analogous to the band-edge

excitonic peak and is consistent with the typical band-edge excitonic transitions.
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Figure 5.5: Low temperature (~ 105 K) a(E) for a) bulk and b) NC OIP film. (Reprinted
with permission from P. Kumar, C. Muthu, V. C Nair, and K. S. Narayan, Quantum
Confinement Effects in Organic Lead Tribromide Perovskite Nanoparticles, J. Phys.

Chem. C, 120, 32, 18333-18339, Copyright (2016) American Chemical Society).

5.3.4: Photoluminescence in bulk and NC films

The larger effects of quantum confinement, observed in the temperature
dependence of a(E), is also evident in the PL measurements as a function of
temperature. Normalized PL spectra for bulk and NC thin films, measured at 300K, are
shown in Figure 5.6. The NC PLQY is significantly higher than that of bulk as shown
in the inset of Figure 5.6. This effect is related to the increased radiative recombination
and higher outcoupling due to the increased surface area, which agrees well with a
previous report [36]. The blue shift, arising from the increase in Eg, in emission profile
of NC, is inhomogeneous compared that of the bulk PL. The shift in emission peak

(AEpeak ~ 0.037 eV) is smaller than the shift at the edge of the PL (AEedge = 0.076 eV),
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towards higher energy, at FWHM. Incidentally, the AEpeak is similar to the AEg (=~ 0.03
eV), calculated from a(E) measurements. The spectral line width (FWHM) for PL is
broader for NCs (~ 0.145 eV) compared to that of bulk (~ 0.102 eV). Higher FWHM
observed in NC PL can be attributed to processes like Forster resonance energy transfer

from smaller (< 6nm) to the larger particles (~ 6 nm), re-absorption losses and direct

emission from smaller NCs.
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Figure 5.6: PL spectra for bulk (red squares) and NC (blue circles) films. The inset
shows the absolute PL magnitudes of bulk and NC. (Reprinted with permission from P.
Kumar, C. Muthu, V. C Nair, and K. S. Narayan, Quantum Confinement Effects in
Organic Lead Tribromide Perovskite Nanoparticles, J. Phys. Chem. C, 120, 32, 18333-

18339, Copyright (2016) American Chemical Society).

5.3.5: Temperature dependence of photoluminescence

The PL shows a large dependence on temperature, as is shown in Figure 5.7.
The general trend of a red shift in peak position (Epeak), an increase in peak intensity
and a decrease in FWHM is seen for both bulk (Figure 5.7a) and NC (Figure 5.7b), as

the temperature is lowered. Along with the increase in intensity, the bulk PL becomes
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asymmetric below 155 K (orthorhombic phase) (Figure 5.7c). The PL intensity and its
increase, with lowering of temperature, are sizably higher for NC. Large PL yield in
NC is consistent with the increase in the excitonic nature, which originates from
quantum confinement. The local maxima, observed in the absorbing region, at low-
temperatures in NC PL(E) (Figure 5.7d), can be associated with NCs of smaller
diameter (< 6 nm). This observation is consistent with the occurrence of local maxima

in o(E), which suggests larger confinement effects for smaller NCs.
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Figure 5.7: PL spectra for a) bulk and b) NC films as a function of temperature,
emission contour plot for measured temperature range for c) bulk and d) NC.
(Reprinted with permission from P. Kumar, C. Muthu, V. C Nair, and K. S. Narayan,

Quantum Confinement Effects in Organic Lead Tribromide Perovskite Nanoparticles,
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J. Phys. Chem. C, 120, 32, 18333-18339, Copyright (2016) American Chemical

Society).

5.3.5 I: Emission peak shift

The red shift observed for Epeax, as the temperature is lowered, for both bulk and
NC films are shown in Figure 5.8. The Epeak vs. T plot for NC exhibits a linear response
with a slope ~ 0.3 meV/K, which is comparable with the slope for a red shift in Eg [28].
In the case of bulk films, a discontinuity is observed in Epeak(T) across the orthorhombic
to tetragonal phase transition (T ~ 155 K). Similar discontinuity has not been observed
in a(E, T). The Slope of linear variation is ~ 0.55 meV/K in orthorhombic phase (T <
155 K) and decreases to a lower value of ~ 0.1 meV/K in tetragonal phase (T > 155
K). The phase transition from orthorhombic (low temperature) to tetragonal (high
temperature) occurs at 155 K for MAPDbBTr3 perovskite system. The phase transition is
attributed to the decrease in the rotational degree of freedom of organic cation [37, 38].
It is interesting to note the presence of discontinuity in Epeak(T) characteristics, across
phase transition, in bulk, while it remains absent in NCs for much lower temperatures.
Previously, many systems have been reported where the phase transitions temperature
decreases with particle size. This structural stability of NC system, in general, has been

highlighted in perovskite 2D layers, CuS and CdSe QDs [39-41].
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Figure 5.8: PL peak shift for bulk (red square) and NC (blue circle). (Reprinted with
permission from P. Kumar, C. Muthu, V. C Nair, and K. S. Narayan, Quantum
Confinement Effects in Organic Lead Tribromide Perovskite Nanoparticles, J. Phys.

Chem. C, 120, 32, 18333-18339, Copyright (2016) American Chemical Society).

5.3.5 II: Integrated photoluminescence intensity
The integrated PL intensity (lint(T)) can be used to estimate the binding energy
by using the standard expression for thermal quenching of PL, which is given as,

Iint(o)
E
1+ Ade */kgT

Iine(T) = (5.3)

Where 1int(0) is intensity at 0 K and A is a constant [42]. The lin(T), calculated by
integrating PL over entire emission spectrum has been plotted as a function of 1/T in
Figure 5.9a. The fitting has been limited to the temperature range in which cubic-
tetragonal phase is prevalent. Bulk emission becomes very weak above 250 K, thus the

linte(T) fit for bulk is limited in the temperature range from =~ 155 K — 250 K. In the case

of NC, the fitting range is ~ 193 K — 300 K.
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Figure 5.9: a) Integrated PL intensity for bulk (red square) and NC (blue circle), b)
Integrated PL intensity for NC showing anomalous behavior below 192 K. (Reprinted
with permission from P. Kumar, C. Muthu, V. C Nair, and K. S. Narayan, Quantum
Confinement Effects in Organic Lead Tribromide Perovskite Nanoparticles, J. Phys.

Chem. C, 120, 32, 18333-18339, Copyright (2016) American Chemical Society).

Anomalous behavior in line(T) of NC PL was observed below ~ 193 K, where
the liny(T) decreases as the temperature is lowered, this trend persists till 100 K (Figure
5.9b), similar observation has been reported previously [43], however, the reason for
such a behavior is unknown. The observed decrease in lint(T), can be attributed to the
presence of non-radiative decay channel, which may get activated below ~ 190 K. The
Eg calculated from thermal quenching model (equation 5.4) is 139 meV for bulk and
148 meV for NC. The value derived for Eg is significantly overestimated for both bulk
and NC as compared to that estimated from a(E) at ~ 300 K. This suggests that the OIP
perovskite system may require correction to the thermal quenching model and may not

be applicable in its current form.
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5.3.5 I11: Thermal broadening of Photoluminescence

The emission attributes as a function of temperature can be analyzed using
exciton model of Toyazawa [42]. The FWHM shows a monotonic increase with
temperature for both bulk and NC films. FWHM for bulk and NC emission, as a
function of 1/T, is shown in Figure 5.10. The increase in PL peak width is associated
with the phonon-assisted thermal broadening. The FWHM for both NC and bulk has

been fitted for temperature > 155 K, using independent boson model which is given as,

Fop
F(T):[b-l_O-T-I_W (54)

Where 7o is the inhomogeneous broadening contribution, o and I are related to the
exciton-acoustic phonon interaction and exciton-optical phonon interactions,

respectively [44].
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Figure 5.10: FWHM as a function of temperature for bulk (red square) and NC (blue
circle). (Reprinted with permission from P. Kumar, C. Muthu, V. C Nair, and K. S.

Narayan, Quantum Confinement Effects in Organic Lead Tribromide Perovskite
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Nanoparticles, J. Phys. Chem. C, 120, 32, 18333-18339, Copyright (2016) American

Chemical Society).

The quality of fit is not sensitive to the variation of oT, which suggests that
acoustic phonons have a negligible contribution towards the thermal broadening of line-
width at high temperatures (> 155 K), which agrees well with a previous report [43].
The 7o value for NC and bulk is around = 10 meV. The energy of optical phonon
associated with the broadening (% aop) is around ~ 6 meV for NC while for bulk it is ~
4 meV. The Ziaxp value for NC is closer to the values reported for longitudinal optical
phonon energy [28], which can be associated with pure perovskite phase in NC, without
the defect and grain boundary effects. The 7op value for NC (= 32 meV) is greater as
compared to that of bulk (= 14 meV), which suggests a strong exciton — optical phonon

interaction, which will result in an increased PL quenching with temperature.

5.3.5 IV: Spectral line shape analysis

Temperature dependence of spectral line shape for a(E) and PL(E) indicates the
extent of phonon-exciton coupling [45]. The PL line shape for NC shows a significant
variation with temperature. At low temperature (T < 155 K), in orthorhombic phase,
the line shape is a Lorentzian as shown in Figure 5.11a. A Lorentzian profile has been
associated with the weak exciton-lattice interaction. The line shape broadening is

associated with the reciprocal of the excited state lifetime [46].

At temperature close to and above orthorhombic-tetragonal phase transition (T
~ 155 K), the spectral emission profile is a pseudo-Voigt (Figure 5.11b), which is a
convolution of Lorentzian and Gaussian. This suggests an onset of thermal related
broadening, as the Gaussian profile is related to thermal induced broadening [47]. In
the cubic phase (T ~ 230 - 300 K) the emission profile is purely Gaussian (Figure 5.11c¢),
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which suggests a strong exciton-lattice interaction and leads to a characteristics
reduction of PL intensity upon heating. Such observations are not new and have been

observed in traditional inorganic QDs like CdSe [46].
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Figure 5.11: Line shape fit for NC PL is a) a Lorentzian below 155K b) a pseudo-Voigt
above 155K and c) a Gaussian in cubic phase. (Reprinted with permission from P.
Kumar, C. Muthu, V. C Nair, and K. S. Narayan, Quantum Confinement Effects in
Organic Lead Tribromide Perovskite Nanoparticles, J. Phys. Chem. C, 120, 32, 18333-

18339, Copyright (2016) American Chemical Society).

The observed feature of spectral line shape variation with temperature is
consistent with the calculated higher value of 7, for NCs. The PL(E) for bulk film, in
orthorhombic phase (T < 155 K), is asymmetric around the maxima. The emission tail
is extended towards the low energy side as is shown in Figure 5.12a. The origin of
asymmetric emission can be associated with localized exciton states [48]. Alternatively,
it can also be related to the internal re-absorption process which can cause the emission
to redshift [49]. This effect is less pronounced at a higher temperature (T > 155 K) and

the peak shape is a Lorentzian (Figure 5.12b). The presence of Lorentzian emission
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profile at higher temperature is an indicative of small exciton-lattice interaction. This

is concurrent with the lower value of 7o for bulk, inferred from independent boson

model.
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Figure 5.12: Line shape fit for bulk PL in @) orthorhombic phase and b) tetragonal-
cubic phase. (Reprinted with permission from P. Kumar, C. Muthu, V. C Nair, and K.
S. Narayan, Quantum Confinement Effects in Organic Lead Tribromide Perovskite

Nanoparticles, J. Phys. Chem. C, 120, 32, 18333-18339, Copyright (2016) American

Chemical Society).

5.3.5V: Temperature dependence of Emission is strongly confined particles

The additional blue shifted peaks, visible in the PL(E) spectra, at low
temperature, for NC films are related to NCs of size < 6 nm. At high temperatures, the
emissions from these NCs are very weak, arising from low PL yield, reabsorption, and
energy transfer process. Multiple peak parameters, in the temperature range of ~ 90 K
— 300 K, have been derived using peak-fit software (fitky [50]). The variation in Epeak,
line(T) and FWHM with temperature has a different behavior compared to the dominant

particle size ~ 6 nm. Epeak Shows a consistent trend for different emission band, where
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weak temperature dependence is observed from 84 - 190 K, followed by a sharp
increase of ~ 70 — 100 meV (Figure 5.13a). The presence of internal conversion
processes alters the trend in the temperature dependence of intensity and FWHM of the

emission in this spectral regime (Figure 5.13b and 5.13c respectively).
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Figure 5.13: Temperature dependence of a) peak position, b) integrated intensity and
c) FWHM for strongly confined particles. (Reprinted with permission from P. Kumar,
C. Muthu, V. C Nair, and K. S. Narayan, Quantum Confinement Effects in Organic
Lead Tribromide Perovskite Nanoparticles, J. Phys. Chem. C, 120, 32, 18333-18339,

Copyright (2016) American Chemical Society).

5.3.6: Bilayer thin film devices

5.3.6 I: Surface coverage and roughness

The increase in PL intensity and size controlled energy gap in NCs open up the
possibility of tailored devices. The devices, consisting of both NC and bulk form of
hybrid OIP as an active layer, were studied for their emission and photodetection

properties. The NCs can be dispersed in a variety of common non-polar organic
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solvents, which allows coating of very thin layers of perovskite over a wide range of
substrates. While in the case of bulk, suitable solvents (DMF and DMSO) and
hydrophilic surface are required. The surface energy plays a dominant role in film
formation process of the bulk, which is considerably relaxed in NCs. The surface
topography map of a thin film of NCs is shown in Figure 5.14a. High surface roughness
results from the aggregation of NCs. To obtain an efficient charge transport across the
interface, the NC layer has been further planarized using organic acceptor layer to
reduce surface roughness. The emission is homogeneous across the area, which

suggests a uniform surface coverage (Figure 5.14b).
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Figure 5.14: a) Surface roughness and, b) localized PL map of NC film.

5.3.6 I1: Electroluminescence in bulk and NC devices

The NC surface roughness is planarized to a certain extent in a bilayer structure
using acceptor layers like N2200 and PCBM-C70. A schematic of bilayer device is
shown in Figure 5.15a, the bilayer devices of NC/acceptor exhibit characteristic 1pn(E)
and EL. The acceptor layer (N2200) does not contribute to the emission, which was

separately verified. I-V response for both photodiode and LED is shown in Figure 5.15b
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and 5.15c respectively. As can be noticed that the NC devices demonstrate high Voc
but low Ipn and FF. Simultaneously, the LED characteristics show high turn-on voltage
for NC/N2200 structure. This suggests that the NC forms a lossy interface with N2200,
which can be associated with the large chain alkyls present at the surface of NC. To
facilitate efficient charge transport long chain alkyl needs to be engineered using

conjugated molecules.
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Figure 5.15: a) Schematic of bilayer device structure, b) photoresponse of NC/N2200
bilayer device and c) LED I-V characteristics. (Reprinted with permission from P.
Kumar, C. Muthu, V. C Nair, and K. S. Narayan, Quantum Confinement Effects in
Organic Lead Tribromide Perovskite Nanoparticles, J. Phys. Chem. C, 120, 32, 18333-

18339, Copyright (2016) American Chemical Society).

The EL in a device is controlled by the bimolecular recombination process in
the bulk of emissive layer. The exciton formation depends on the carrier density, carrier
mobility, and capture cross section. As a result, EL becomes a useful tool to investigate
the band edge radiative recombination process. The EL spectrum shows a good overlap

with the PL of OIP layer, suggesting that the centers of bimolecular recombination are
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located in the NC layer (Figure 5.16a). Significant overlap between EL and PL suggests
that the electron and hole transport are balanced in case of both NC and bulk films. A
working pixel of NC bilayer LED is shown in the inset of Figure 5.16a, the devices
exhibit uniform EL throughout the active area (~ 8 mm?), measured over multiple

devices (~ 30 in number).

The EL spectra for bulk and NC show comparable features. The Epeakin NC EL
is blue shifted by ~ 0.040 eV compared to that of bulk, this shift is similar to the shift
observed between bulk and NC PL (= 0.037 eV). The FWHM for NC EL is ~ 0.114
eV which is much less than that of NC PL (= 0.145 eV) and comparable to that of bulk
PL and EL (= 0.102 eV) at 300 K. The observed narrowing in EL line width for NCs
can be related to the low energy, band edge transition from larger crystals (~ 6 nm).
The EL spectral shape for bulk and NC fits well to a VVoigt function at 300 K, while the
PL line shape for NC is a Gaussian. A Voigt profile implies contribution from lifetime
and thermal broadening is a responsible broadening of EL. At low temperatures (~ 100
K) the NC EL spectra become increasingly asymmetric, which is similar to the bulk
PL, the EL spectra also fits well with a Lorentzian profile (Figure 5.16b). The red shift
in Epeak by =~ 0.047 eV, is smaller than that in the case of NC PL (~ 0.058 eV), at
temperature ~ 100 K. The smaller shift in Epeak can be associated with local Joules
heating. The high energy peaks visible in low-temperature PL, in the case of NC, are
not visible in low-temperature EL spectra, suggesting that the smaller crystals (< 6 nm)
are not accessed and do not contribute towards EL. Processes like internal re-absorption

and energy transfer can also mask the contribution from smaller particles.
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Figure 5.16: a) EL from bulk (red square) and NC (blue circle) films, b) Low-
temperature NC EL profile. (Reprinted with permission from P. Kumar, C. Muthu, V.
C Nair, and K. S. Narayan, Quantum Confinement Effects in Organic Lead Tribromide

Perovskite Nanoparticles, J. Phys. Chem. C, 120, 32, 18333-18339, Copyright (2016)

American Chemical Society).

5.3.6 I11: Photocurrent (Iph(E)) response from bulk and NC devices

The Ipn(E) response along with the a(E), in the band edge region, can provide
additional insight into the free carrier generation process. The excitonic nature of
semiconductor can appear as a shift between the onset of a(E) and Ipn(E), provided that
the extrinsic processes such as interface or defects so not alter the carrier generation
process. The spectral responsivity (R) of bulk and NC devices, measured in a bilayer

structure, with N2200 and PCBM-C70 as n-type layers are shown in Figure 5.17a and
5.17b respectively. The Ipn(E) edge for NC is blue shifted from the bulk Ipn(E) by a
magnitude (= 0.01 eV) as shown in the inset of Figure 5.17a. However, the Ipn(E)

exhibits only a negligible shift from the respective o(E) edge in both sets of devices.
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Figure 5.17: Ipn (E) for bulk and NC films with a) N2200 and b) PCBM acceptor layers.
The inset shows the shift in bulk and NC Iyn(E) response. (Reprinted with permission
from P. Kumar, C. Muthu, V. C Nair, and K. S. Narayan, Quantum Confinement Effects
in Organic Lead Tribromide Perovskite Nanoparticles, J. Phys. Chem. C, 120, 32,

18333-18339, Copyright (2016) American Chemical Society).

The Ipn(E) contribution from the organic layer is visible in NC based devices,
which suggests that the charge transfer between perovskite NC layer and the organic
layer is favored to a larger degree (which is not the case in bulk films). At the band
edge, both bulk and NC films exhibit R = 10 uA/W, which increases to ~ 40 pA/W at
a excitation energy of ~ 3 eV. Compared to the OIP layer, the n-type layers of N2200

and PCBM-C70 show low R (< 10 pA/W) for NC devices.

The observed selectivity, for charge transfer, in bulk perovskite can be related
to the well-defined energy levels with low surface and gap states. This condition is
relaxed in the case of NC, due to the quantum size effects and presence of surface states
in significant number. Large surface states can result in the energy level pinning, giving

rise to a greater flexibility for charge transfer in bilayer structure. In addition to the
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spectral response, the intensity dependence of Ipn(E) in NC/N2200 devices has been
studied at various excitation wavelengths (405 nm, 543 nm, and 632 nm) corresponding
to the selective absorption of OIP and the organic layer. The Ipn(E) shows linearly

variation at low photon flux (~ 10! — 10*® photons/s) (Figure 5.18).
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Figure 5.18: Intensity dependence of Ion (E) in NC/N2200 bilayer device for 405 nm
(blue), 543 nm (green) and 632 nm (red) excitation. (Reprinted with permission from
P. Kumar, C. Muthu, V. C Nair, and K. S. Narayan, Quantum Confinement Effects in
Organic Lead Tribromide Perovskite Nanoparticles, J. Phys. Chem. C, 120, 32, 18333-

18339, Copyright (2016) American Chemical Society).

A linear Iph(E) response over a large range of photon flux is desirable for sensing
applications. The observed property in OIP NC bilayer devices is advantageous for
enhancing the optical window of detection beyond the band gap of perovskite. The
additional option of acceptor characteristics featuring in the photodiode spectral

response of the NC perovskite device can extend the optical window to NIR region.
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5.4: Conclusions

To summarize, quantum confinement effects, optical properties, and charge
transport were investigated in depth in the NCs of organic-inorganic hybrid perovskites.
The size dependence, higher Eg, and improved stability are the key attributes of the NC
systems. Estimates for Eg are arrived independently both from examining the
temperature dependence of PL and a(E). Temperature dependence of emission shows
a clear signature of structural phase transitions in bulk while such changes are not
observed for NC system. Additionally, an increase in exciton-lattice coupling is
observed with decrease in particle size. The two-fold increase in exciton-optical phonon
coupling in NC also reflects in the modification of emission spectral profile which
evolves from a Lorentzian at low temperature to a Gaussian at high temperature. The
sizable PL observed in the NCs is translated in a device form where EL is readily
observed, along with 1pn(E) showing well-separated spectral features from NC and
acceptor polymer. The bilayer device architecture shows potential to be employed as a

single pixel emitter and detector in visible-NIR range.
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Chapter 6: Perovskite Quantum Dot Infused
Polymer Fiber Emitters

6.1: Introduction

Nanostructures of low temperature, solution-processed organic-inorganic
hybrid perovskites (OIPs) have been well recognized as luminous emitters (bright PL
and EL) with wide-range in band gap tunability [1-5]. It has also been experimentally
proven that the emission quantum yield improves manyfold with a decrease in average
grain size [3, 6] and maximizes for quantum dots (QDs) with yield ~ 80-90 %) [7, 8]
(as was also discussed in chapter 4 and 5). However, the OIP QDs still remains
vulnerable to degradation due to the inefficient shielding, which can modify the
perovskite framework and quench the luminescence [9, 10]. The core-shell QD
geometry has been explored extensively for selectively modifying the reaction kinetics
of QDs, similar architecture can be utilized to control the reaction with moisture and
oxygen [11, 12]. Polymer matrices like Poly(methyl methacrylate) (PMMA) and
polystyrene (PS) is commonly used for encapsulating the OIP core [13-15]. Use of a
low refractive index material, as a shell, can also improve the light out-coupling

(depending on the structure) by reducing the total internal reflection [16, 17].

Shell
Core Core Core Core Core
0D core-shell 1D core-shell
structure structure

Figure 6.1: Schematic representation of 0-D and 1-D core-shell structure of QDs.
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The concept of a 0-D core-shell QD framework can be extended to 1-D
structures, where the shell is in the form of a linear fiber with OIP QDs homogeneously
distributed [18, 19]. High molecular weight (~ 100 kDa) and low refractive index
polymers like PMMA and PS can be pulled into thin fibers of diameter varying from
0.1 - 10 pm and several millimeters in length, using electrospinning [20-22].
Electrospun fibers are of interest for many applications including 3D microcavity for
lasers [22, 23], aligned channels for field effect transistors [24, 25] and photodetectors
[26-28]. 3-D geometries like in electrospun fibers are also known to host whispering
gallery modes and allows for high quality-factors and dynamic tuning range [29, 30].
In this study the fibers of PMMA were electrospun along with the organic
methylammonium bromide (MABTr) and inorganic lead bromide (PbBr;) salt, the OIP
QDs were formed in situ by the phase separation of OIP precursor from PMMA matrix
[31, 32]. The fibers show very high fluorescence quantum yield (> 50 %) along with a
tunable emission width. Simultaneously, the fibers also demonstrate very high stability
against moisture and negligible decay in PL yield when stored in ambient conditions

(no observable change in PL intensity for over 6 months at relative humidity ~ 65%).

6.2: Experimental details

6.2.1: Materials

Methylammonium bromide (MABr) and methylammonium iodide (MALI) were
purchased from Dyesol, Australia. Lead bromide (PbBr.) (~ 98 % metal basis) was
purchased from Alfa Aesar and lead iodide (Pbl2) (~99.9% metal basis) was obtained

from Sigma-Aldrich. PMMA and PS were procured locally.
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6.2.2: Electrospinning

High voltage supply

||
LabVIEW control

Syringe

Stationary metal target

Figure 6.2: A schematic representation of electrospinning setup.

OIP infused PMMA fibers were electrospun in a custom made setup. The pump
was driven using a 1/16 micro stepped stepper motor controlled using an Arduino Uno
and the LabVIEW Interface for Arduino (LIFA). The high voltage supply (A push-pull
amplifier coupled with a Cockcroft-Walton generator) was supplied by Zeonics
Systech, Bangalore. A metal plate was used as a stationary collector (Figure 6.1). Fibers
were spun from 17.5 wt % solution of PMMA in DMF or DMF/THF (1:1, v/v) mixture.
The OIP precursor, dissolved in DMF was added to the PMMA solution at weight ratio
varying from 0.16 to 5 wt %. All fibers were spun at 15 KV at a target distance of 15

cm.

6.2.3: Characterization
For characterization purpose, all fiber samples were sandwiched between a

microscope glass slide (1.1mm thickness) and a cover slip (170 um thickness).

Photoluminescence: PL measurements were performed on a laser PL setup using a

UV-blue LED (365 nm) or laser (405 nm). The emission was collected using a fiber-

175



Chapter 6: Perovskite quantum dot infused polymer fiber emitters

coupled CCD spectrometer (Hamamatsu low noise TM CCD). Temperature dependent
PL measurements were performed on a temperature controlled, liquid nitrogen cooled
microscope stage (Linkam LTS420). A 405 nm laser was coupled to an upright
microscope and focused on fibers using a 0.45 numerical aperture, 50x objective.
Emission was collected in 180-degree reflection geometry through a fiber-coupled
CCD spectrometer and a 430 nm long pass filter was used to filter the laser emission at
the collection end. PLQY was measured in a lab built system using BWtek spectrometer

and Newport integrating sphere.

Absorption: Absorption measurements were performed on a Perkin Elmer UV-Vis
spectrometer equipped with an integrating sphere. Integrating sphere based absorption

measurement is necessary to decrease the contribution from scattering.

Localized Confocal map: Localized emission and the vertical Z-stack map were
recorded on Zeiss LSM 700 microscope where a 480 nm laser was used for excitation
while the emission was collected using PMT. An oil immersion 100x objective was
used for excitation and collection of emission. The localized spectral map was created

by splitting the emission into two PMT channels using variable dichroic.

X-Ray Diffraction: Powder X-Ray diffraction was performed on the fiber samples
sandwiched between two glass slides on a Bruker instrument. 26 was varied from 10

to 60 degree.

Fiber structure: Localized surface topography and fiber structures were measured
using JPK nano wizard AFM. Free standing fibers were adhered to a PDMS substrate
to reduce the degree of freedom while the tip scans over the fiber. Images were recorded
through tapping mode scanning using a Si cantilever of resonance frequency ~ 300 KHz
and force constant ~ 40 N/m.
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PL lifetime: Emission lifetime for different fiber samples were measured on a Time-
correlated single photon counting (TCSPC) setup (Horiba). 450 nm laser was used for
excitation, while the photons were counted at peak emission wavelength for fibers with

different wt % of OIP.

Amplified spontaneous emission (ASE)

Optical ASE measurements were performed at Prof. Reji Philip’s laboratory at
Raman Research Institute, Bangalore. A high energy per pulse (> 200 uJ), femtosecond
pulse width, Ti-Sapphire laser was frequency doubled (second harmonic generation) to
400 nm as the excitation source. The light source was focused in order to increase the
power per pulse for 400 nm excitation. The emission was collected using a fiber-

coupled CCD spectrometer (Hamamatsu TM CCD) at 90-degree geometry.

6.3: Results and Discussion

6.3.1: Electrospinning OIP quantum dot infused polymer fibers

The solution of PMMA and OIP precursors (PbBr2: MABTr in 1:1.05 molar
ratio), dissolved in DMF, forms a homogeneous mixture without any crystallization of
OIP particles. Figure 6.3 shows the solution of 17.5 wt % PMMA with different wt %
of OIP precursor. The solution marked as A and B contains micron sized OIP crystals
formed using solvent extraction technique, which shows fluorescence in the yellow-
orange region (at 365 nm excitation). Similar behavior was not observed in PMMA/OIP
solution mixture were weak purple-blue fluorescence was observed upon excitation at
365 nm. The 17.5 wt % solution of PMMA in DMF was ideal for spinning uniform
fibers of diameter ~ 5 - 10 um, without any beads being formed. For the pristine PMMA,
the fiber thickness increased with concentration, while the shape changed from strings

(cylindrical) to tapes (flat).
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0.5 wt%

e :

Figure 6.3: PMMA solutions (17.5 wt %) in DMF with OIP concentration varying from

0.5wt % to 5 wt % (from left to right).

The conductivity of electrospinning solution plays an important role in
controlling the fiber diameter, salts and acids have been readily used to decrease the
fiber diameter and surface roughness [33-35]. On addition of OIP precursor salt, the
PbBr, and MABF ionizes into Pb?*, MA", and Br", these ions increases the conductance
of the electrospinning solution. In electrospinning, the solution is drawn into a cone-
like structure at the tip of the needle, this is known as Taylor cone [36], which is
assumed as an equipotential surface, from which jets of charged particles originate. The
charges of the same polarity, collected in the solution, repel each other which results in
stretching of the solution. Increasing the conductance of electrospinning solution allows
more charges to be carried by the jets. The increase in the stretching of solution causes

thinning of fibers [37, 38] while the surface becomes smooth [39].

A number of forces like electric field, Coulombic, surface tension, viscoelastic,

air drag and gravitational are involved in the electrospinning process. Increasing the net
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charge density (c) modifies the strength of Coulombic forces, the charge conservation

equation can be written as [40],

I, = TR?KE + 2nRvo (6.1)
Where Iy is the constant total current in the jet, R is the jet radius, K is solution
conductance and E is vertical component of the electric field. In presence of additional
ions, the K and o get modified which results in increased stretching force. Additional
ions present in the solution also reduce the required field strength for electrospinning.
Since the electrospinning process is driven by the repulsion of like charges, the positive
and negative ions do not separate spatially, which is also evident by the formation of
OIP QDs in the PMMA fibers. Effects of an increase in solution conductance can be

realized at a very small fraction (~ 0.01-0.1 wt %) or ions.

The fiber diameter shows negligible dependence on PMMA at large OIP
concentration. The fiber diameter decreases significantly (~ 1 - 2 um) upon addition of
OIP precursor to the PMMA, compared to that of pristine PMMA fibers (5-10 pm).
Upon electrospinning; colorless fibers get collected onto the stationary substrate, as
shown in Figure 6.4a. The pristine PMMA fibers get deposited as a uniform layer, while
the ability to form a uniform, porous film decreases with an increase in OIP precursor
wt %. At low OIP wt % (~ 0.16 -1 wt %), the fibers form dense films, while for OIP
concentration > 2 wt %, mid-air fiber formation and drying prior to deposition is
observed. Upon excitation, at 365 nm, the OIP/PMMA fibers, show high luminescence
in green (~ 530 nm), which is comparable to that of OIP QDs, as is shown in Figure
6.4b. The emission intensity increases with the wt % of OIP precursor, resulting in
larger density of OIP particles. High PL is a signature of QDs getting formed in PMMA

fibers in-situ during the electrospinning process.
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Figure 6.4: OIP infused PMMA fibers in a) room light and b) UV (365 nm) light.

6.3.2: In-situ formation of OIP quantum dots

AFM is used as a tool to further understand the formation process of OIP QDs.
The optical and fluorescence image of a randomly picked fiber bundle is shown in
Figure 6.5a and 6.5b respectively. In the far field, a uniform fluorescence emission for
all the fibers is observed (Aexc ~ 480 nm) which points towards the homogeneous

distribution of OIP QDs.

The AFM surface topography of a small region, highlighted in the optical image
in Figure 6.5a, is shown in Figure 6.5c. The fiber diameter measured using the AFM
cross-section profile shows a variation from 0.5 - 2 um. The fiber shape can vary from
cylindrical to ribbon like depending on the concentration of the spinning solution. The
phase image (Figure 6.5d) shows a large variation across the fiber, suggesting the

presence of materials with different stiffness.

180



Chapter 6: Perovskite quantum dot infused polymer fiber emitters

Optical fluorescence

ol

i
OMWJA\ \ \/
; U\/
4 6 s 10 12 14 8

Offset (um) =

L L

00 05 10 1 5 2 0 5

1.336 pm Offset (um) 26.55 deg
. ) 3 2

i

-11.13 deg

gArhohaand
«

1
_ 0
£ 0
S
%3
2
0
0

slow [pm]
slow [um]

10

-0.56 pm

fast [um] fast [um]

Figure 6.5: a) Optical and b) fluorescence image of a bundle of fibers, c) topography
and d) phase image of the OIP infused PMMA fibers shows large change on the edges.

A zoomed image of a single fiber in morphology is shown in Figure
6.6a. The surface morphology is homogeneous with low roughness; however, the phase
image shows long ellipsoidal grains along the length of the fiber, with major axis across
the fiber length (Figure 6.6b). The ellipsoidal grain, visible in phase image depicts the
OIP QDs embedded in the PMMA matrix. The presence of ellipsoidal OIP grains,
embedded in PMMA matrix, can be further explored by probing the dissolved fiber
remnants. The PMMA matrix readily dissolves in toluene leaving behind the OIP
grains, which do not solubilize in toluene. Figure 6.6¢ shows the AFM morphology of
a thin film spin coated from fibers dissolved in toluene. The needle-like grains are

clearly seen in the surface topography image, while these grains were not visible in the
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fiber topography. The grain size varies from 50 - 100 nm in length and 20-50 nm in
width. The large grain size is an indicative of aggregated crystallites and the individual

crystal domain is expected to be much lower (~ 4 - 6 nm).
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Figure 6.6: a) Surface topography image of single fiber b) corresponding phase image,
¢) Topography of thin film formed by spin coating from fibers dissolved in toluene and
d) schematic illustration of the possible growth mechanism of PMMA fibers infused

with OIP QDs.

From the above observation is can be concluded that the fibers are composed
primarily of PMMA matrix with the OIP grains distributed along the periphery of the
fiber (embedded below the surface). The long axis, of OIP grain, is aligned
perpendicular to the direction of fiber growth; such growth patterns are rather unlikely
and originate from the inhomogeneous phase separation. A schematic of the in-situ

formation of OIP crystallite during the fiber growth process is shown in Figure 6.6d.
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The dielectric constant of OIP (~ 7) is large compared to PMMA (~ 3.5); this can result
in phase separation of two systems upon drying of solvent. The process of nanocrystal
formation within the PMMA fiber is speculated to be governed by the supersaturation
of precursor solution during electrospinning. A similar process has been observed for
nanostructure formed while electrospinning of sol-gel solution of oxides like TiOo,
BaTiOas. As the fiber gets pulled towards the target, the edge of fiber dries in a sequential
order, where each segment is ~ 100-200 nm, creating a supersaturated state which
drives rapid nucleation and crystallization of nanocrystals. Looking at the AFM phase
images, we can understand the alignment of perovskite nanocrystals clusters is parallel
to the fiber growth axis suggesting that the nanocrystals are getting formed at the drying

edge of the precursor.

6.3.3: Crystal structure of OIP quantum dots

The XRD spectra of PMMA fibers with OIP QDs demonstrate very few
diffraction peaks, indicative of small range order, as shown in Figure 6.7a. The 26 value
for (100) peak position is shifted by ~ 2.03 degree from that of bulk, suggesting a large
decrease in lattice constant (~ 11.6%), which can also be related to stoichiometry
imbalance. The shift in 26 value for (100) peak, from that of bulk, shows trends similar
to that for submicron crystals and nanocrystals [6]. A limited number of diffraction
peaks observed in powder XRD restricts further structure analysis of QDs. The width
of the diffraction peak is significantly larger for QDs embedded in fiber, compared to
that of bulk and nanocrystal. Increased broadening suggests smaller crystallite domain
(diameter ~ 2 - 4 nm) for the QDs. The width and 26 value of diffraction peak show
minimal variation with an increase in the concentration of OIP QDs (Figure 6.7b). This
suggests that the particle size has small distribution and is limited to < 6 nm.

Alternatively, the broadening can also be dominated by the smallest particles.
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Figure 6.7: XRD spectra of a) OIP QDs plotted against that of the nanocrystal and

polycrystalline film, b) fibers spun with different OIP concentration.

6.3.4: Confinement effects in OIP quantum dots
The small size of OIP QDs should lead to quantum confinement effect, which
can be probed using optical techniques. The absorption and emission as a function of

OIP concentration were used to estimate the extent of quantum confinement effects.

6.3.4 I: Increase in the optical band gap

The absorption of OIP QDs embedded in PMMA fiber matrix is measured in an
integrating sphere-based spectrometer to minimize the scattering losses. Due to the
porous nature of fiber bundle and low OIP content, the amount of light scattered is
larger than the absorption, thereby masking the absorption signal, making it weak for
further detection. Normalized absorption for different concentrations of OIP, along with
bulk and NC absorption, is shown in Figure 6.8a. The absorption edge and the excitonic
peak get blue-shifted with a decrease in OIP concentration, which indicates an increase
in the optical band gap. The Larger band gap is associated with particles of smaller

diameters, where the confinement effects are stronger. The band gap estimates from
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absorption spectra have been summarized in table 6.1. Upon dissolving the fibers in
toluene, OIP grains are no longer capped, which results in loosely aggregated
crystallites. The a(E) features of dissolved fiber grains are similar to that of bulk

(excitonic peak at same energy), which indicates weak aggregation (Figure 6.8b).
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Figure 6.8: a) absorption spectrum of OIP QDs infused in PMMA fibers, bulk and
nanocrystal absorption has been plotted for reference, b) Absorption spectrum of thin

film spin coated from fibers dissolved in toluene.

Table 6.1: Band gap for different ratio of OIP QD in PMMA fiber matrix.

System Band gap (eV)
Bulk ~2.36
Nanocrystal ~2.39
5wt % OIP ~2.40
3wt % OIP ~2.40
1 wt % OIP ~2.43

6.4.3 I11: Blue shift in PL

The PL quantum yield in OIP QD infused PMMA fibers is much higher than

that of bulk perovskite films. High PL efficiency can result from factors like quantum
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confinement, increased radiative surface recombination and improved light out-
coupling. The emission intensity increases with an increase in OIP concentration from
0.16 wt % to 5 wt %, as can be seen in Figure 6.9a. It should be noted that the OIP QDs
size and density both are low at lower concentrations. The blue shift in energy gap, seen
in a(E) measurement, is also visible in PL(E) spectra. The peak position (Epeak) Of

emission, at 300K, shows a large blue shift with a decrease in OIP concentration (Figure

6.9b).
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Figure 6.9: a) Fluorescence image of PMMA fiber with varying OIP concentration, b)

Emission spectral profile and c) Epeak and FWHM as a function of OIP concentration.

The shift in Epeak and an increase in FWHM show a similar trend as a function
of OIP concentration, as is shown in Figure 6.9c. The larger shift for lower
concentration can be related to a large decrease in particles size, which exponentially

decreases with increase in OIP concentration. This suggests that the confinement
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related effects can significantly dominate the nature of emission below the exciton Bohr
radius (~ 3 nm) [41]. At lower concentration, the broadening of spectral width is
observed, which can be attributed to poly-dispersity in QDs size. The PLQY increases
from 20% for 0.5 wt% OIP to 80% for 3 wt% OIP, the QY decreases with further
increase in OIP wt%. The initial rise in QY is also accompanied by rise in PL lifetime
(7), however the lifetime continues to increase with OIP wt%. For OIP QDs embedded
PMMA fibers the 7 of emission increases from ~ 0.5 ns for 0.16 wt % system to ~ 16
ns for 5 wt % OIP concentration (Figure 6.10). A large increase in PLQY,, in comparison

to 7 suggests an increase in the radiative (kr) recombination rate [6].

—0.16 wt%
—O05wt%
S5wt%

PL counts (a.u.)
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Time (ns)
Figure 6.10: Fluorescence lifetime measured for PMMA fibers with different OIP

concentration.

The matrix suspending the OIP QDs also acts as a surface passivation layer,
which inhibits aggregation and quenching of emission. However, when the PMMA is
selectively dissolved in toluene, the emission characteristics change noticeably. The

emission intensity reduces significantly (PLQY ~ 6%) upon dissolving the fiber

187



Chapter 6: Perovskite quantum dot infused polymer fiber emitters

backbone in toluene, as shown in Figure 6.11. Along with the decrease in intensity, the

Epeak Of emission redshifts, this can again be linked to a weak aggregation.

PL intensity (a.u.)

2.0

Energy (eV)

Figure 6.11: Emission profile as a function of time after adding toluene, each spectrum

has been acquired for an integration time of 100 ms.

6.3.5: Localized emission map

Localized emission, mapped at um resolution, using confocal microscopy can
be used to investigate the microscopic homogeneity of emission across the fiber relating
to QDs distribution. The emission map for a single fiber is shown in Figure 6.12a. The
emission is homogeniously distributed across the length of the fiber, suggesting a
uniform distribution of OIP QDs. The emission spatial width measured across the fiber
is shown in Figure 6.12b. The typical emission width is ~ 2 um, which is in agreement
with the fiber width measured using AFM topography. This suggests that the QDs are
equally distributed across the fiber, which allows for a continuous emission without any

dead zone in between the QIP QDs.
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Figure 6.12: a) localized emission map of a single fiber, b) Emission spatial profile, )

vertical emission profile, and fiber cross-section showing d) circular and e) elliptical

profile.
The transverse emission from the fiber can show uniformity in emission in the
z-direction; this emission is mapped using vertical z-stack scanning. The vertical
emission profile as a Z-stack for fiber is shown in Figure 6.12c. As can be noticed, the
spatial width of emission along z direction is similar to the width of the fiber. This
suggests that the fibers are cylindrical in construction and have a 360° isotropic
emission. However, the shape of the fiber depends upon the spinning conditions and
the cross-section can vary from circular (cylindrical) to elliptical (ribbons like) as
shown in Figure 6.12d and 6.12e. This change of shape has been related to the
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concentration of the spinning solution which plays a significant role in controlling the

shape of the fiber.
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Figure 6.13: a) localized spectral emission map and b) spectral profile at 3 regions

highlighted as square, triangle, and circle.

The localized emission spectral profile for a given fiber shows a smaller
variation of emission Epeax from point to point, which is desirable of a color pure emitter
for display applications. The local emission profile was measured using confocal
lambda scan, for 3 distinct spots, as shown in Figure 6.13a, the emission Epeak Shows
negligible variation (6.13b). A small variation in emission peak over a large length scale
of fiber suggests that the OIP QDs have very similar size across any given single fiber.
The larger width of emission is associated with larger instrument response function,
which can be reduced by using the grating-based technique for spectral measurement.
The uniform emission with very small variation indicates towards a color pure emission

from OIP QDs embedded PMMA fibers.
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6.3.6: Waveguiding properties of luminescent fibers

A material of higher refractive index compared to the surrounding can suitably
act as a waveguiding medium, given that the refractive index is significantly lower and
the light does not get absorbed. The PMMA fibers can act as one such medium,
allowing for the wave guiding of OIP emission. The QDs act as localized emission
centers within the PMMA fiber, which forms an interesting system for studying
waveguiding effect. The propagation of OIP emission in OIP/PMMA fiber is shown in
Figure 6.14. The excitation spot of ~ 25 um, is localized at the lower end of the fiber,
while the emission propagates through the fiber. In general, the emission gets
propagated into the fiber for 100’s of um. The fiber tip appears to be brighter than the

side which is a clear signature of wave guiding.

Wave guiding in
PMMA/OIP fibers

Laser spot

£ N
o/

Figure 6.14: Waveguiding of OIP emission in PMMA fiber as a function of pimp power.

Longitudinal (ellipsoidal) OIP grains, as observed in this work, are preferred for
waveguiding while the spherical grains results in improved out-coupling of emission.
The difference can be associated with the direction of emission between longitudinal

and spherical grains. In the case of longitudinal grains, arranged perpendicular to the

191



Chapter 6: Perovskite quantum dot infused polymer fiber emitters

fiber axis, the emission wavefront is directed parallel to the fiber axis, resulting in a
larger coupling with the internal modes of the fiber. However, for spherical grains, the
emission is more isotropic, resulting in a small fraction of emission getting coupled into
the fiber as waveguided modes. This is also visualized in finite-domain time-difference
(FDTD) simulation, where out-coupling is higher for spherical point source while the
intensity of waveguided mode increases in longitudinal grains (Figure 6.15a and b).
Simultaneously, the emission decay length in fiber is almost double for longitudinal

particle (Figure 6.15c). (Simulation details are summarized in appendix IlI).
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Figure 6.15: Electric field map for a)spherical and b) longitudinal OIP grains in
PMMA fiber, ¢) emission decay curve for spherical (circle) and longitudinal (square)

grain.

The PMMA fibers embedded with OIP QDs form an interesting system for
investigating effects of photon recycling. The Stokes shift in OIP is very small (~ 10
nm) which allows for a significant absorption of emitted energy. This mechanism has
been used to explain the very long distance (~ um) propagation of photons [42]. In a

bulk crystal, the mechanism involves propagation of emission accompanied by the
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diffusion of a free charge pair. However, in the fibers, the free carrier movement is
restricted due to the localized QDs. The emission gets channeled through the fiber due
to waveguiding nature, which allows for selectively investigating the effect of internal
re-absorption. Additionally, the re-absorption effect can be useful for optical

communication in fibers, where the emission signal can persist over a large distance.

6.3.7: Size dependence of exciton-lattice interaction

The OIP QDs demonstrate a size-dependent variation in the emission properties
[41]. Modifications in the nature of emission can be explained based on effects like
quantum confinement and associated lattice-exciton interaction. However, the size-
tunability is difficult to achieve via non-template synthesis of OIP NCs (chapter 5)
which gives a large variation of particle size. By changing the ratio of octyl ammonium
bromide and methylammonium bromide, the particle shape changes from spherical to
sheet-like, which make the comparison difficult [43]. In the case of OIP QDs infused
PMMA fibers, the average size can be varied based on the OIP concentration. This
allows for a systematic study of the size dependence of quantum confinement effect in
emission, which has been followed by looking at the temperature dependence of
emission. The emission as a function of temperature for different OIP concentrations is
shown as a contour plot in Figure 6.16. The Epeak, FWHM, and integrated intensity

variation, as a function of temperature, shows a strong dependence on QDs size.
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Figure 6.16: Emission contour plot as a function of temperature for a) 0.16 wt %, b)

0.5wt %, c) 1 wt % and d) 5 wt % of OIP.

Some of the important points to note are,

I.  The Epeax for 0.16 wt % QDs does not show any shift in the entire temperature
range (100-350 K) (Figure 6.16a), however, the shift becomes visible at 0.5 wt

% (Figure 6.16b) and is highest for 5 wt % (Figure 6.16d).

ii. The emission width (~ 0.2 eV) is constant for 0.16 wt %, throughout the
temperature range. The FWHM decreases with an increase in QDs size and is

almost half (~ 0.1 eV) at 5 wt %.
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iii.  One of the most interesting features to note is the variation in the integrated
intensity which peaks at ~ 273 K for 0.16 and 0.5 wt %. However at higher
concentration of 1 wt % (Figure 6.16c), the maxima in emission shifts to the

lowest temperature, which overlaps with the bulk emission feature.

The nature of emission can be explained as the exciton-lattice interaction in the
QDs. As was discussed in chapter 5, the emission properties of NCs get modified in
presence of a stronger exciton-lattice interaction. This results in the red shift of Epeax
and an increase in spectral broadening. A Similar feature is observed in OIP QDs which
suggests an identical mechanism being responsible for the temperature dependence of
emission. At low OIP concentration, the small shift in Epeax and FWHM is indicative of
small lattice-exciton interaction which increases with QDs size. These observations
support the fact that quantum confinement strengthens the exciton-lattice interactions
at the nanoscale. The modification in the temperature dependence of emission at
smallest QDs size (< 1-2 nm diameter) can be associated with the decrease in the
interaction strength due to the reduction in the size, below a critical limit, of the
crystalline domain.
6.3.8: Intensity dependence of emission

The intensity of PL as a function of excitation power is a useful tool to
understand the nature of recombination. It has been argued that the recombination in
bulk polycrystalline films, at low excitation densities, is dominated by the free or bound
excitons [44]. The PL intensity shows a power law behavior with excitation power
(Incident oc 1%0uput). The exponent 1< ¢ < 2 for free or bound exciton recombination [45],
¢ = 2 represents free carrier recombination (band-to-band transition)[46], ¢ < 1 is an
indicative of free-to-bound or donor-acceptor pair recombination [44]. In bulk OIP, at

high excitation densities, the low-lying states are passivated which results in a decrease
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in the exciton binding energy, the magnitude of exponent ¢ increases from 1 to 2, which
results from free carrier recombination [46]. A contour plot of emission vs. excitation
power for OIP QDs embedded in PMMA fiber is shown in Figure 6.17a. The three
distinct peaks visible in the emission spectrum can be related to particles of different
size. Emission measurement was performed at ~ 100 K under a microscope based setup
to ensure local excitation. The first peak from the right (peak 1) is associated with
particles of larger diameter, the emission of these particles show strong quenching with
temperature. Simultaneously, the emission as a function of excitation power has an

exponent > 1, suggesting a free or bound exciton recombination (Figure 6.17b).
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Figure 6.17: a) Emission contour plot as a function excitation power and b) Integrated

PL intensity as a function of excitation power.

However, the emission intensity from the smaller particles, seen as peak 2 and
3, has weak temperature dependence. The integrated PL shows a sub-linear dependence
(b < 1) on excitation power, suggesting a free-to-bound or donor-acceptor type
recombination. Above observation is in accordance with the stronger confinement

effect in smaller QDs. It is interesting to note that the value of ¢ remains constant for
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all the QDs over a large range of excitation density, suggesting a large exciton binding
energy. This feature is advantageous for emissive layers for a linear down conversion
efficiency in a wide excitation range. The OIP QD/PMMA fiber emitters show
structural stability for large excitation densities (no noticeable burnout) at both room
temperature and low temperature, which is useful for large power output. Excitons in
QDs are localized, which can be advantageous for emission in LEDs. Excitons weakly
localized can also contribute towards optical gain as they can be filled easily, unless
their density is not very high, resulting in low threshold lasers [44].

6.3.9: Amplified spontaneous emission (ASE)

One of the advantages of confined morphologies, like the PMMA fibers being
studied here, is the formation of internal cavities which can host interesting properties
like the formation of cavity modes which can show lasing under carefully tuned
cavities. Along with the confined geometric morphologies, a necessary requirement is
the presence of a lasing medium like organic lasing dyes [22, 47] or other host materials
[48, 49]. The OIP materials have been known to show narrowing of emission above
critical excitation power. This suggests that the OIP QDs embedded in PMMA matrix
can also act as a lasing medium, which can result in narrowing of emission due to the
formation of cavity modes in the cylindrical PMMA fiber.

The emission from QD embedded PMMA fiber, as a function of excitation
energy, is shown in Figure 6.18a. The fibers were trimmed at the edges and placed on
CYTOP coated glass substrates, which forms a cylindrical cavity a few mm long.
Emission was recorded at 90 degrees of the direction of excitation; the narrowing of

emission being visible only in this configuration.
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Figure 6.18: a) ASE observed at (2.32 eV) in PL spectra and b) Excitation energy vs

ASE intensity.

One of the primary conditions for lasing is the observation of ASE which is
followed by lasing at higher pulse energy. The steady state PL is shown in red, a similar
PL is also visible upon excitation with a femtosecond pulse, at ~ 2.3 pJ energy. At
higher excitation energy of ~ 4.5 pJ, a small shoulder is visible at 2.3 eV; selective
enhancement of a particular mode in emission spectra is a typical characteristic of ASE.
The ASE feature shows a saturating behavior at higher excitation energy (~ 10 uJ)
(Figure 6.18b) and the spectral width reduces (~ 0.05 eV) compared to that of
macroscopic PL (~ 0.1 eV). However, the emission did not show any further narrowing
with further increase in excitation energy, suggesting that the geometry of the fiber does
not support lasing. This can arise from the fact that the OIP medium is not continuous
across the fiber, which can forbid population inversion. Further tuning of fiber structure

and distribution of OIP QDs is required for lasing to occure.

198



Chapter 6: Perovskite quantum dot infused polymer fiber emitters

6.3.10: Effects of the different dielectric matrix

The thickness of the fiber plays an important role in controlling the emission

properties of the fiber. The emission spectrum of fibers spun from 3 wt % solution of

OIP in PMMA and PS using DMF as the solvent is shown in Figure 6.19.
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Figure 6.19: PL profile for fibers spun from PMMA (blue square) and PS (red circles)

matrix with 3 wt % OIP precursor.

The emission Epeax i red shifted by ~ 0.1 eV for PS fibers and the emission

width decreases by ~ 0.1 eV compared to that of PMMA fibers. Modification in the

emission spectrum can be related to the increase in the thickness of PS fiber (~ 30 um)

compared to that of PMMA fiber (~ 2 um). The thickness of PS fiber is controlled by

the solubility of PS in DMF, which is lower than that of PMMA. In thicker fiber, the

grain size is large compared to that for PMMA fibers and the emission intensity reduces.

The emission properties of larger OIP grains resemble that of bulk OIP emission.
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6.3.11: Confinement effects in methylammonium lead iodide perovskite
The blue shift observed in emission spectra of QDs compared to that of bulk, in
MAPDBEs3, is also seen for MAPDbI3z. The fluorescence image of PMMA fibers infused

with QDs based on iodide and bromide OIP is shown in Figure 6.20a.
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Figure 6.20: a) Fluorescence image of | and Br-based OIP QD infused in PMMA

fibers, (Note that MAPbBr3 emission is much stronger than MAPDI3), b) The emission

spectral profile for iodide and bromide based OIP QD showing a larger shift in former.

By changing the halide ion the emission range can be easily tuned. However,
the magnitude of blue shift (~ 0.35 eV) and FWHM is much larger for MAPbI3
compared to that of MAPDbBr3, where the QDs emission Epeak is shifted by ~ 0.1 eV
from that of bulk (Figure 6.20b). Simultaneously, the emission quantum yield for
MAPDI3 is much less compared to that of MAPbBr3. These observations suggest that
the effect of quantum confinement has a strong dependence on the composition of OIP
system. A better understanding of the formation of OIP QDs in PMMA fibers is

required to explain the band gap dependence of blue shift.
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6.4: Conclusion

In conclusion, the in-situ fabrication of OIP QDs embedded in a dielectric
polymer fiber matrix provides an interesting, new route for the fabrication of OIP QDs
based emitters. The emission quantum yield and environmental stability are much better
than that of QDs made using conventional techniques. The «(E) and PL(E) properties
show strong quantum confinement effects present in terms of the shift in the band gap,
increased PLQY and a size dependent exciton-phonon interaction. The excitation power
dependence of emission properties also shows a size dependent change in
recombination mechanism. The fiber geometry allows wave guiding and formation of
cavity modes which is a prerequisite for lasing. The fiber emission is tunable by
controlling the fiber thickness and OIP concentration. The blue shift in QDs emission
also shows a significant dependence on parent OIP system. Above highlighted
properties suggest that the OIP QDs embedded polymer fibers form an interesting
system for investigating a variety of properties like photon recycling, whispering
gallery modes and lasing. They are also well suited for applications as efficient down

converters in various lighting and display applications.
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Chapter 7: Summary and Future Directions

The thesis investigates different families of solution-processed semiconductors
and metal electrodes for printable electronics applications. Adhesion properties of low
temperature meltable eutectic solder alloys were studied, the improvement observed in
adhesion was attributed to charge transfer state formed between constituent indium
metal and donor and/or acceptor polymer. Increase in optical activity and superior
electrical properties of alloy result from improved adhesion with the polymer layer. It
was concluded that small quantities of indium can be useful in significantly improving

the applicability of the solder alloys.

In the next part, the model tunable system of inorganic and organic bilayer
hybrid interface was discussed. Large band gap n-doped Gallium nitride was paired
with solution processed organic donor/acceptor semiconductors to study the charge
transport characteristics of the hybrid interface. Photoresponse of donor
polymer/gallium nitride interface showed the strong influence of strain induced
polarization in gallium nitride layer. External bias was used to tune the response from
antibatic (at no bias) to symbatic (at a reverse bias). Gallium-nitride/polymer hybrid

system was shown to function as a detection range tunable photodiode.

Morphology aspects of bulk hybrid perovskite active layer were discussed in
next section, organic small molecule mediated anti-solvent route was used to
significantly tune the macroscopic morphology. Surface features of perovskite thin
films showed resemblance to stacking nature of the organic additive molecules.
Modified films demonstrated a significant decrease in below gap energetic disorder and

a corresponding increase in photoluminescence yield. Eutectic alloys were used in
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conjugation with solution processed, pin-hole free perovskite films to fabricated, all
solution processed, vacuum free, printable light emitting diode structures, which

demonstrated moderate efficiencies.

Perovskite nanocrystals, as a stable alternative to bulk perovskite, were studied
in next section. Nanocrystals of average size ~ 6 nm showed signatures of onset of
guantum confinement effects as the blue shift observed in absorbance and emission
characteristics. The increase in exciton binding energy for nanocrystals becomes
evident as a larger excitonic peak in absorbance, observed at lower temperatures (~
100K). The emission peak shape and broadening changes a function of temperature, the
larger variation observed in nanocrystals suggests confinement induced increase in
exciton-lattice interaction. Single pixel emitter-detector combination was demonstrated

with nanocrystals coupled with organic acceptor molecule in bilayer architecture.

One-dimensional core-shell structure of perovskite quantum dots embedded in
Poly(methyl methacrylate) fibers, fabricated using electrospinning, were looked upon
in the final section. Quantum dots form in-situ, during the stretching of the polymer
solution, resulting from the phase separation of materials with different dielectric
constant. A control on particle size, absorption edge and emission characteristics were
obtained by changing the perovskite to polymer ratio in the solution. Fibers demonstrate
excellent emission yield with a noticeable waveguiding property, which was utilized to
display low threshold amplified spontaneous emission. Emission properties show a
significant dependence on perovskite composition, with smaller band gap systems

showing a larger blue shift in emission.
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Future directions

The large area printing of eutectic alloys will be feasible by further improving
the adhesion strength with the polymer layer. Indium is critical to realize efficient
performance; however, indium is rare and expensive, thus requiring exploration of other
abundant metals as a replacement. The processability of eutectic alloy needs further

improvement by modeling it into a printer friendly suspension/ink.

Perovskites/polymer hybrid interface is a promising platform which requires
further examination for realizing new device structures for novel applications in energy

harvesting, sensors, and displays.

Perovskite nanomaterials are versatile systems with notable features suitable for
studying fundamental physical aspect while being useful for a multitude of applications
in devices. Quantum dot-polymer hybrids require further investigations to understand

the emission characteristics and its dependence on material parameters.
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Appendix 1: Dark I-V Response

The dark I-V characteristics (equation 1) was simulated in MATLAB,

MATLAB code for simulated absorption is given below,
% pv model

clc;

clear all;

k = 1.38065e-23; % Boltzmann constant

q = 1.602e-19; % unit charge

tD = 25+273; % working temperature in K

n = 2.1; % diode ideality factor

izero = 8.0e-11; % reverse saturation current density

rs = 4; % series resistance

rsh = 800; % shunt resistance

Vtn = (n*k*tD/q);

| = zeros(90,1);
i=1;
1(1,1)=0;
for V=0.01:0.01:0.91
I_part = izero*(exp((V-(I(i,1)*rs))/Vtn)-1)+((V-(rs*I(i,1)))/rsh);
I(i+1) = |_part;
V(i) = V;
i=i+1;

end
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V1(i)=V1(i-1);
V1=transpose(V1);

plot (V1,1);

The 1-V response shows small variation with Rs, as is shown in Figure Al.1.
Comparing simulation results with the experimental I-V response for 35% indium alloy

cathode, suggests a value close to 4 Q for Rs for alloy cathodes.
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Figure A 1.1: Simulated Dark I-V response as a function of Rs, experimental data is

shown as circles.

However, the current magnitude varies significantly with Rsh as is shown in
Figure AL.2. It should be noted that the magnitude of Rsh should be much higher than
Rs and large variations in the value are generally permitted. The simulated |-V curve

resembles experimental data for Rsh value ~ 1000 Q.
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Figure A 1.2: Simulated Dark 1-V response as a function of Rsh, experimental data is

shown as circles.

The manitude of n for the experimental curve is close to 1.75, as is evident from

Figure A1.3.
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Figure A 1.3: Simulated Dark I-V response as a function of n, experimental data is
shown as circles.
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Appendix 2: Elliot’s Theory for Absorption

Modified Elliot’s theory for Wannier excitons,

a(hw)

| Ep
2FE how —E, —
x ﬂgv\/E_b n—;sech ( J ( /n2)>

I
ln

N f”sech (hw - E) 1 \ ( 1 >]|
Eg r 1—exp<—2n ’EbE—Eg>/ 1_%(E_Eg)

Where pcv is the transition dipole moment, Ep, is the exciton binding energy, Egq is the

A

band gap.

MATLAB code for simulated absorption is given below,

close all;
clear all;
mu_cv=1,;
eg=2.36;
eb=0.08;
mubh=1;
gamma=0.07;
alpha=0;
beta=0;
for k=1:500;
domega =0.001;
omega=2+domega.*k;

omegal(k)=omega;
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for i=1:100;
al=omega-(eg-(eb/i*2));
beta=beta+(2*eb/i"3)*sech(al/gamma);
end
for j=1:1000;
deltaeg=eg/10;
%e=eg+(j-1)*deltaeg;
e=eg+(j-1)*deltaeg;
a2=1/(1-exp(-2*pi*sqrt(eb/(e-eq))));
a3=1/(1-mubh*(e-eq));
ad=sech((omega-e)/gamma);
delta(j)=a2*a3*a4,
end
alpha=((mu_cv”2)/omega)*(beta+trapz(delta));
alphal(k)=alpha;
end
y=[omegal' alphal;
%x=100:300;
dimwrite('0.05 0.15 1.txt'y);
plot(y(:,1).y(:,2))

hold on;
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Appendix 3: FDTD Simulation Detalils

Simulations were performed using Optiwave 32 bit software.

Materials parameter,

Material Refractive index
PMMA 15
Perovskite 2.8-3.0

For simulation, the fiber length was 100 um and width of 2 pm. Ellipsoidal perovskite
particles (length = 100 nm, width = 20 nm) were used replicated the perovskite quantum

dots in fiber. Ellipsoidal particles were simulated with 7 point source as shown in Figure

A3.1.
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Figure A3.1: Geometry of fiber and perovskite particles used for simulation, a)
spherical particle in fiber. B) Ellipsoidal particle. C) Construction of ellipsoidal

particles.
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