UNIVERSITY OF CYPRUS
DEPARMENT OF PHYSICS

Bulk Heterojunctions of Cesium Lead Halide
Nanocrystals with Fullerene Derivatives
for Light Harvesting Applications
Thesis

Eleftheria Charalambous

Supervisor: Dr. Grigorios Itskos

A Thesis submitted to the Faculty of the University of Cyprus in partial fulfilment of the
requirements for the degree Master of Science in Physics.

December 2021

Contents
Acknowledgements ....................................................................................................................................... 3
Abstract ......................................................................................................................................................... 4
1.

Introduction ........................................................................................................................................... 5

2.

Theoretical background......................................................................................................................... 7

3.

2.1

Introduction to Colloidal Nanocrystals ......................................................................................... 7

2.2

Lead Halide Perovskite Nanocrystals ......................................................................................... 11

2.3

Applications of LHP NCs in light harvesting ............................................................................. 15

Experimental Techniques .................................................................................................................... 21
3.1

3.1.1

Synthesis of Nanocrystals ................................................................................................... 21

3.1.2

Film/Device fabrication ...................................................................................................... 22

3.2

Optical Spectroscopy .................................................................................................................. 23

3.2.1

Optical Absorption .............................................................................................................. 23

3.2.2

Photoluminescence.............................................................................................................. 27

3.2.3

Photoluminescence Quantum Efficiency ............................................................................ 32

3.2.4

Optical and Epifluorescence Microscopy ........................................................................... 34

3.3
4.

Fabrication of Materials and Devices ......................................................................................... 21

Photoconductivity ....................................................................................................................... 36

Results and Discussion ....................................................................................................................... 38
4.1

Samples under study ................................................................................................................... 38

4.2

Optical and Fluorescence Microscopy ........................................................................................ 40

4.3

Spectroscopy of CsPbBr3 NCS ................................................................................................... 42

4.3.1

Absorption........................................................................................................................... 42

4.3.2

Photoluminescence.............................................................................................................. 43

4.4

Photoconductivity ....................................................................................................................... 47

5.

Summary, Conclusions and Future Work ........................................................................................... 50

6.

References ........................................................................................................................................... 53

Acknowledgements
Foremost, I would like to express my sincere gratitude to my supervisor, Dr. Grigorios Itskos for the
continuous support, his enthusiasm, and immense knowledge. His guidance helped me through the process
of research and writing of this thesis. His vision, motivation and determination kept me driven and inspired
for the duration of this project. It was a great privilege and honour to work and study under his guidance.
This project could not have been completed without the support of Dr. Sotirios Christodoulou, head of
Inorganic Nanocrystals Laboratory, Chemistry Department of UCY. I would like to express special thanks
of gratitude to postdoctoral researcher, Paris Papagiorgis for his continuous guidance throughout the
experimental investigation of this project. I would also like to thank Dr. Theodosis Trypiniotis, head of
Photonics and Optoelectronics Laboratory, and Konstantinos Nicolaides. In addition, I would like to extend
my thanks to Andreas Manoli and Modestos Athanasiou, whose help and genuine kindness sustained a
positive atmosphere in the laboratory.

Abstract
Colloidal semiconductor nanocrystals (CNCs) have emerged over the past 20 years, as outstanding
optoelectronic nanomaterials with properties that can be tailored through compositional and quantum
confinement effects, enabled by breakthroughs in colloidal synthesis and surface chemistry. In this project
a relatively new class of CNC materials known as lead halide perovskite nanocrystals (LHP NCs) are
studied. They exhibit excellent optical properties including near unity PL quantum yield (QY) owing to
their defect-tolerant nature, wide colour emission gamut enabled mainly by compositional variation through
anion or cation exchange reactions, highly saturated colour emission due to their emission’s narrow
linewidth and facile colloidal synthesis in ambient conditions, making them an exceptional candidate for
optoelectronic applications such as displays, LEDs, lasers etc.
In this thesis, studies of electronic functionalization of green-emitting CsPbBr3 and red emitting CsPb(Br/I)3
NCs via mixing with the fullerene derivative PC70BM, are being reported. The concept is based on the
successful work of polymer: fullerene organic solar cells, with the NCs acting as the electron donor and
PC70BM as the electron acceptor material. The studied NCs are capped via short octylamine/octanoic-acid
ligands and are treated in the solid state via a simple ligand washing protocol that renders the NC films
conductive. The scope of the study is to investigate whether blending with PC70BM can further improve
the transport and charge extraction properties of the produced heterojunctions.
Optical microscopy and spectroscopy are implemented to study the morphology and photo physics of the
NC-fullerene heterojunctions, focusing on luminescence techniques that probe exciton dissociation and
charge transfer processes across the hybrid interfaces. Long range charge transport across channels of tens
of microns and charge extraction properties of pristine NC and blend solids are evaluated via the fabrication
and characterization of hole and electron photoconductive lateral devices based on ITO and gold electrodes,
respectively. The experiments indicate a large improvement of the photo-conductance of gold electrode
devices upon addition of the fullerene acceptor relative to devices containing pristine NCs, that combined
with the optical data confirm that PC70BM acts as efficient electron acceptor and transporter in such hybrid
composites. Future work will investigate the usability of such blends for photodetector and solar cell
applications.

1. Introduction
Epitaxial crystalline semiconductors exhibit excellent optoelectronic properties, high purity, established
technologies for their fabrication and processing and excellent ambient- photo- and thermal stability. As a
result, they dominate commercial optoelectronic applications and consumer products. However, such
materials also exhibit drawbacks such as the requirement for lattice matching that limits the possibility for
integration of various materials in the same device, the high vacuum and temperature techniques used for
their fabrication, raising the cost and complexity and the limitations in their use when it comes to
applications where the surface of the substrate needs to be curved or flexible because of their rigid
crystalline structure.
An alternative to rigid, traditional semiconductors for optoelectronics is the family of soft, solutionprocessed organic, inorganic and hybrid semiconductors. They cannot promise yet to replace all epitaxial
semiconductors in consumer optoelectronics but they have high potential and find niche applications in
displays, sensors, lasers and LEDs.

1,2

Progress in the chemistry and physics of solution-processed

semiconductors allows the fabrication of high quality optical and electronic materials and nanostructures
that become particularly attractive due to their facile low-cost fabrication and processing via techniques
such as dip coating, inkjet printing and spray coating and their adaptability to various surfaces, matrices,
and composites. From the large family of solution processed semiconductors, colloidal nanocrystals
(CNCs) have emerged over the past 20 years as versatile nanomaterials due to the ability to control the
electronic structure via shape, size and composition with high accuracy.3 CNCs’ physical size can become
comparable to carriers or exciton wavefunction dimensions, giving rise to new phenomena such as super
magnetism, surface plasmon resonance and size dependent electronic states.4–6 Progress in colloidal and
surface chemistry allows nowadays the synthesis of high quality CNCs with narrow size distribution and
excellent optoelectronic properties that include efficient light and solar harvesting, narrow and bright
luminescence, quantum sources, lasing etc.4,6–8
Lead halide perovskites (LHPs) in the form of CNCs, have attracted recently great attention due to their
optical versatility, high photoluminescence quantum yields and facile synthesis. LHP NCs have a soft ionic
lattice, and their optical and electronic properties are highly tolerant to structural defects and surface states.4
Therefore, they cannot be handled with the same experimental mindset and theoretical framework as
conventional semiconductor NCs. Promising applications for LHP NCs mainly related to their use as
phosphorous classical and quantum emitters for displays, scintillators, single photon sources etc. have
already emerged while synthetic and post-synthetic methodologies have managed to address some of the
issues related with the structural and thermodynamic liability of such NCs. 9–12

Progress in light harvesting devices has been also significant yet less successful compared to devices
employing bulk perovskites. Best reports rely on the washing of surface ligands from CsPbX3 NCs followed
by subsequent surface passivation to produce via layer-by-layer active regions of electronic active NC
arrays. Such methodologies though, have issues related to the reproducibility of the ligand washing and
surface passivation steps and the ambient and long-term stability of the treated NC electronic solids. An
alternatively approach that has been rather unexplored, is the fabrication of heterojunctions of the LHP NCs
with other solution-processed inorganic or organic conductors similar to the concept of polymer-fullerene
bulk heterojunction architecture. Blend structures in such cases can produce efficient exciton quenching at
the intermaterial interfaces and potentially enable efficient charge extraction via conductive pathways
through both the donor and acceptor materials. Bulk thin film perovskites are synthesised using precursors
that are dissolved in polar solvents which makes the fabrication of such blends, challenging. On the
contrary, LHP NCs are commonly dispersed in organic solvents in which electron acceptor materials such
as the fullerene derivative phenyl-C61-butyric acid methyl ester (PC70BM) can be dissolved as well. This
has enabled the fabrication of CsPbBr3 NCs:PC70BM heterojunctions that show appreciable
photoconductance up to ~ 100μA/cm2 13 and promises for further studies and optimization of such blends
for photoconductive and photovoltaic devices.

2. Theoretical background
2.1 Introduction to Colloidal Nanocrystals
Colloidal nanocrystals (CNCs) are tiny semiconductor or metallic crystals with size ranging in the 1-100
nm regime, synthesized via colloidal chemistry methods. They are typically composed of the material core
and ligands that provide colloidal stability and surface passivation. In some cases, a second material is
grown as shell to spatially separate the core from the surrounding medium to further reduce surface
recombination (Figure 2.1). We focus the discussion for the rest of the section on semiconductor CNCs
that are investigated in this thesis.

Figure 2.1: Main parts of a colloidal nanocrystal (Reference: Quantum Dot Physics: A Guide to Understanding QD
Displays, Samsung)

The earliest reports of semiconductor systems showing size effects on excitonic optical absorption and
emission spectra date back in the 1950s14 and 1960s. 15 The main historic breakthrough marking the birth
of the field though, came in 1981 with the experimental observation by Ekimov and theoretical
rationalization by Efros of quantum-sized effects on CuCl nanocrystallites embedded in glass and NaCl.3,16
Since then great effort has been devoted to developing improved synthetic approaches for producing
monodisperse, high quality, crystalline semiconductor NCs.
The state of the reaction medium categorizes the synthetic methods of NCs into four approaches: (i) vapourphase, (ii) solid-phase, (iii) liquid-phase and (iv) two-phase. Vapour- and solid-phase are often unsuitable
for the fine-controlled synthesis of high quality NCs due to specific instrumental and precursor limitations.
The liquid-phase approach, also referred to as colloidal, has proven to be an efficient method to synthesize
well defined and monodisperse nanocrystals (CNCs). CNCs are dispersed in suitable solvents with the aid
of surfactants. Ligands are molecules that decorate the surface of the nanocrystal and determine the

solubility and the stability of the CNC solution. Ligands also help to control the size and shape of CNCs
during synthesis along with the passivation of surficial dangling bonds. The inorganic cores of the CNCs
properties are controlled by their composition, size, and shape. The surface coating of the core by shells
can produce more complex structures with tailored properties and enhanced photoluminescence
efficiencies. Technically, colloids are homogeneous two-phase solutions consisting of large molecules or
ultramicroscopic particles of one substance dispersed through a second substance. In comparison with a
solution, who’s solute and solvent constitute only one phase, a colloid has a dispersed phase of solute within
a continuous phase of solvent. Furthermore, to qualify as a colloidal solution, the solution must not settle
or take a very long time to settle.17
The liquid approach of CNCs fabrication can be further divided into three types due to the reaction media:
(i) the aqueous-based, (ii) the organic-based and, (iii) the aqueous-organic. More environmentally friendly
and biocompatible solvents are used during aqueous approaches such as the precipitation and hydrothermal
method. Unfortunately, due to the mild reaction temperatures, precise tuning of the size and shape of the
CNCs is challenging with such methods. On the other hand, the CNCs morphology can be quite finely
controlled in the (ii) method, by exploiting kinetically control over the nucleation and growth processes
with the presence of organic ligands. The reaction of the appropriate molecular precursors is the most
common way of such synthetic approach. Typically, these precursors consist of inorganic salts or
organometallic compounds. The nucleation takes place in an initial homogeneous solution, followed by the
growth of nuclei and isolation of the particles reaching the desired size. A schematic illustration of the
nucleation and growth process of CNCs is displayed in Figure 2.2. 9,18

Figure 2.2: Schematic illustration of the nucleation and growth process of nanocrystals in solution: precursors are
initially dissolved in solvents to form monomers, followed by the generation of nuclei and the growth of
nanocrystals via the aggregation of nuclei. 18,19

Various synthesis methods have been developed in the past few decades such as the hot-injection
technique20, the non-injection method and the solvothermal method. The most widely used is the hot
injection technique, based on the fast injection of precursors consisting of cation or anion complex into a
hot solution that contains surfactant molecules or ligands as shown in Figure 2.3a. By injecting the
precursor solution, the temperature of the hot solution containing the ligands among other precursors drops
and monomers are forming as the precursors decompose in the solution creating the nuclei of the desired
NCs. When the consumption of feedstock is getting over the rate of precursor addition to the solvent, the
nuclei formation process stops. The time between the formation and the growth of the nuclei determines
the size distribution of the CNCs as shown by the graphs in Figure 2.2 The heat-up method is a non-injection
approach that involves steadily heating the precursors in the presence of ligands. Generally, it is a more
efficient approach to preparing nanocrystals due to the use of a single pot without an injection step avoiding
any complications from the injection. As a result of the nucleation events happening over a period of time,
most of the heat-up synthesis methods results in a polydisperse particle size-distribution (Figure 2.3b).
Solvothermal synthesis is a process that take place in a closed system that requires high temperatures and
pressures to produce a chemical reaction or decomposition of the precursor materials. The solvothermal
method is applicable to both the aqueous and nonaqueous forms of solvents (Figure 2.3c). First, the
precursors are mixed in the solvent and then the solution is sealed in an autoclave. The autoclave, which
acts as a close system, is then heated at temperatures above the boiling point of the solvent. The increased
temperature and pressure cause the crystallizations of the dissolved materials. With proper selection of the
precursor composition and the reaction conditions, it is possible to achieve high purity and homogeneously
dispersed nanoparticles with a very narrow size distribution. 21

c

Figure 2.3: Schematic of (a)hot injection technique followed by the nucleation process and growth of the CNCs, (b)
heat-up method 22 and (c) solvothermal method using autoclaves.23

CNCs have tuneable electronic structure due to the quantum confinement effect with high absorption and
luminescence efficiency and low thermal conductivity. Such properties make CNCs solids promising
candidates for active media in lasers24,25, photovoltaics4, biological labels5, photo catalysts4, LEDs 6, sensors
7

etc (Figure 2.4). For example, in 2012, Samsung produced a 4 in. full-colour CQD display, which was

brighter and consumed one-fifth of the power of other LCDs. Today inexpensive “QLED” LCD TVs are
produced for commercial use, with green and red pixels being optically pumped CNCs, typically having a
complex core-multishel structure. In addition, several other optoelectronic devices of CNCs such as LEDs,
lasers, solar cells and photodetectors compete against the state-of-the-art being promising for consumer
products.4

(a)

(b)

(c)

Figure 2.4: Applications of CNCs, b. Optoelectronic Devices based on CNCs, c. Applications in CNC displays known
also as QLED displays/TVs.

2.2 Lead Halide Perovskite Nanocrystals
The term perovskite refers to any material with the crystal structure of calcium titanium oxide CaTiO3, or
more general ABX3, named after the Russian mineralogist L. Perovski who discovered the structure in
1839. Perovskites can be divided in two large groups based on their structure elements. The first category
is the inorganic oxide perovskites, initially discovered by Perovski, where the anion X is oxygen; such
materials are typically insulators. The second category are the metal halide perovskites who have a halide
as an anion such as Cl-, I- and Br- and exhibit semiconducting properties. The category comprises both fully
inorganic materials, having typically Cs as cation ‘A’ and hybrid perovskites in which cation ‘A’ is an
organic compound like methylammonium (MA = CH3NH3+), guanidinium (GA) or formamidinium (FA,
CH(NH2)2+). All inorganic CsPbX3 with X being Cl-, Br-, I- were discovered in 1958

26

while hybrid

organic-inorganic lead halide perovskites (LHPs) namely MAPbX3 and FAPbX3 were synthesised in the
late 1970s.27 Interest in their optoelectronic applications started to appear in the 1990s when LHPs were
used as channel layers for field-effect transistors or as active layers in light-emitting diodes (LEDs).28–30 A
decade later, LHPs became the hot subject of research after the demonstration of highly efficient
photovoltaic devices with LHP NCs as thin-film absorbers.

31–34

The three-3D polymorphs typically

observed in bulk LHPs are cubic, tetragonal, and orthorhombic. Phase transitions between such crystal
phases have typically well-defined temperatures with the cubic phase being the highest temperature phase.
LHPs in colloidally synthesized nanometre-scale crystals (LHP NCs) were first demonstrated by the group
of Maksym Kovalenko in 201511. All inorganic CsPbX3 NCs were the first to be synthesized and received
much of the community attention till now, however hybrid LHP NCs with interesting properties and
applications have also been produced. The LHP NCs have the same 3-dimensional crystal structure and
chemical formula ABX3 with their bulk perovskite counterparts, with the most symmetric crystal phase
being cubic, described by corner sharing BX6 octahedra with the A cation in octahedral coordination as
shown in Figure 2.5a. The tetragonal and orthorhombic crystal structure (Figure 2.5b) are other common
perovskite structures that maintain 3D connectivity. The relative stabilities of the various polymorphs are
mainly dependent on temperature and surface passivation. Typically, MAPbI3 NCs are synthesized as
tetragonal while FAPbBr3, MAPbBr3, and FAPbI3 NCs are pseudo cubic; CsPbBr3 and CsPbI3 NCs usually
assume the orthorhombic phases. On the other hand, 1D polymorphs of ABX3 NCs illustrated in Figure
2.5c and 2.5d are not as appealing for optoelectronic applications due to their poor electronic transport and
much larger band gaps.

B

BX6

Figure 2.5: Basics of colloidal LHP NCs. (A) Cubic and (B) orthorhombically distorted 3D perovskite lattices and,
for comparison, nonperovskite 1D polymorphs, formed by the (C) face- or (D) edge-sharing of octahedra. (E) Survey
PL spectra and (F) the corresponding photographs (under mixed daylight and UV excitation) of colloids of
composition tuned APbX3 NCs. (G) Absorption and PL spectra of 8-nm colloidal CsPbBr3 NCs, exhibiting quantumsize effects and three well-resolved optical transitions. (H) High-resolution image of a single CsPbBr3 NC by means
of high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM). (I) Photograph of
highly luminescent CsPbX3 NC-polymethylmethacrylate monoliths obtained (J) Photograph of mesoporous silica
impregnated with CsPbBr3 under UV illumination .10

The most important feature of LHP NCs is their defect tolerance that is the benign nature of their structural
defects with respect to optical and electronic properties. LHP NCs have certain advantages over their bulk
polycrystalline perovskites owing to quantum confinement effects and the characteristics of the colloidal
synthesis. They typically exhibit stronger absorption cross section and brighter photoluminescence (PL)
near ~100% PL QY with narrower linewidth and colour purity (Figure 2.5g). Their energy gaps can be
tuned widely through the visible spectrum via quantum confinement (NC size) and mainly via
compositional variation using cation and anion ion exchange reactions (Figures 2.4e and 2.4f).35 The
tuneable, high quantum yield and narrow emission combined with their facile and low temperature colloidal
synthesis makes them attractive for commercial applications in displays and lighting. They are also

promising for other applications such as photodetection and solar cells as well as quantum single photon
sources. (Figure 2.6).4,6,35

Figure 2.6: Optoelectronic applications of LHP NCs. a–c, owing to high PL QYs, narrow PL FWHM and tunability
over the entire visible spectral range, LHP NCs can find applications in PL down conversion, such as LCD displays
and lighting (a); in electroluminescent devices, such as LEDs (b); and in solar cells (c).

At the same time, colloidal LHP NCs exhibit some drawbacks, the main of which is their ambient stability
and structural and thermodynamics liability. Some of those issues are shared with bulk LHP NCs, such as
the lower charges of the constituent ions in halide perovskites (half of those in oxide perovskites) that
reduce the crystal lattice energy resulting to a much lower melting point. The formation energy of vacancies
is also reduced leading to large concentration of A-site and halide vacancies defects. As a result, the
mobility of halide anions becomes higher which can lead to photoinduced ion separations, ionic conduction,
related electronic noise, and hysteresis in PV cells. At the same time, the mobility of halide anions can be
interpreted as positive effect, leading to the facile anion exchange which was mentioned above. It is
important though to note that both bulk and nanoscale perovskites are quite tolerant to the formation of
anti-site and interstitial point defects, both of which form deeper trap states compared to the A-site or the
halide vacancies named above. In addition to the above challenges shared with bulk perovskites, a major
challenge has been that for the commonly used ligands in other CNCs such as long-alkyl-chain ligands, the
NC-ligand binding is weak and dynamic resulting to relatively fast ligand desorption, that makes
challenging the retention of the colloidal state and the maintenance of structural integrity during the intense
post synthetic purification and processing steps. Such ligand desorption combined with the low melting
points of the ionic crystals, makes LHP NCs prone to sintering and agglomeration. Viable strategies for

attaining stable surface coverage by ligands include the use of new ligand strategies for example
Didodecyldimethylammonium bromide36 or zwitterionic long-chain molecules37, overcoating with
dielectric shells or compositionally matched salts or matrix-encapsulation into polymers or inorganic
matrixes (Figure 2.7).9,38

Figure 2.7: Left: a) LHP NCs often lose their colloidal stability, or even structural integrity, due to the desorption of
weakly bound ligands. b–d, Viable strategies for attaining stable surface coverage by ligands include (b) using
zwitterionic long-chain molecules; (c) overcoating with dielectric shells or compositionally matched salts; and (d)
matrix-encapsulation into polymers with low water and oxygen transmission rates or crystalline and amorphous
inorganic matrixes. 9 Right: Binding Ligands (X, L, and Z-Type, according to the Covalent Bond Classification) Used
as Capping Agents of Colloidal APbX3 Perovskite NCs. 38

Our study concentrated on all-inorganic CsPbBr3 and CsPb(Br/I)3 NCs (Figures 2.8a-b). At room
temperature, the PL of colloids of the green-emitting CsPbBr3 NCs (~ 520 nm) exhibit narrow linewidths,
smaller than 20 nm and very high quantum yields (QY) approaching 100%; for the red-emitting CsPb(Br,I)3
NCs (~ 670 nm) the linewidth increases to 40 nm and the QY drops to 70-80%. CsPbBr3 has low formation
energy and inherently high density of surface defects, that are however not detrimental for the emission as
they are shallow. For large CsPbBr3 NCs (~10 nm), exciton binding energies lie in the range of ~30-60
meV 39. Their strong quantum confinement in one dimension forming colloidal quantum wells leads to
much higher exciton binding energies in the 100-300 meV regime.

40–42

Despite the superior stability and

optical properties of the bromide based NCs, iodide-containing material is more suitable for photovoltaic
applications due to their red-shifted absorption that allows significantly better solar light harvesting. We
used mixed-halide CsPb(Br/I)3 NCs rather than pure CsPbI3 NCs, as the latter appear structurally metastable and transform easily to non-semiconducting material phases. On the other hand CsPb(Br/I)3 NCs can

be obtained via facile halide exchange reactions (see Figure 2.8) while retaining sufficiently high stability
and PL QY in the solid state up to ~65%. 34

Figure 2.8: Bright field transmission electron images of CsPbBr3 (a) and CsPbBrxI3−x NCs (b), X-ray diffraction
pattern of mixed-halide NCs with composition: CsPbBrI2 (black line), cubic CsPbBr3 (green bars), and cubic CsPbI3
(red bars). (c) Evolution of the photoluminescence spectrum of the CsPbBrxI 3−x NCs upon increasing Br− replacement
with I− in solution (d).34

2.3 Applications of LHP NCs in light harvesting
Strong and tunable absorption in combination with long lifetimes of carriers and excitons and sufficiently
good transport properties in properly treated, conductive LHP NC solids makes then promising for light
harvesting in photodetectors and solar cells. In particular, solar cell progress has been quite remarkable as
seen in Figure 2.9, and in short time certified power conversion efficiency (PCE) of single-junction
perovskite NC-based solar cells have jumped to ~18%.31 Much of such progress has been based on layerby-layer assemblies of properly treated and passivated CsPbI3 NCs, discussed briefly first.

Figure 2.9: A) Efficiency progress of perovskite and QD based solar cells. The values of the efficiencies are adopted
from NREL. (B) Schematic and cross-section SEM of the CsPbI3 QD solar cell.32

CsPbI3 NCs in the cubic lattice phase are suitable for solar cells, as they exhibit absorption in the deep red
and do not have an organic component that may compromise the stability of the films. In bulk perovskites,
the CsPbI3 cubic a-phase is not thermodynamically stable under 320oC, instead the non-semiconducting δphase is the preferred crystal structure. In the form of colloidal nanocrystals, surface stabilization by the
ligands makes the α phase stable at room temperature. Further processing steps (Figure 2.10) such as
purifying the NCs with methyl acetate (MeOAc), an antisolvent that removes excess unreacted precursors
without inducing agglomeration, can increase further the a-phase stability in films and devices.33

Figure 2.10:Characterization of CsPbI3 QDs.(A) Normalized UV-visible absorption spectra and photographs of
CsPbI3 QDs synthesized at (a) 60°C (3.4nm), (b) 100°C (4.5nm), (c) 130°C(5nm), (d) 150°C(6.8nm), (e) 170°C (8
nm), (f) 180°C (9 nm), and (g) 185°C (12.5 nm). The numbers in parentheses are the average size from TEM. (B)
Normalized photoluminescence spectra and photographs under UV illumination of the QDs from (A). 32 (C) UV-visible
absorption spectra, normalized at 370nm, of CsPbI3 QDs synthesized at 170°Cand stored in ambient conditions for a
period of 60 days. (Inset) The slight blue shift that is seen in the excitonic peak with extended storage. 33

Further device optimization was based on A-site cation halide salt (AX) treatments applied to CsPbI3 NC
films, where A is formamidinium (FA+), methylammonium (MA+), or cesium (Cs+) and X is I− or Br−.
Such a treatment provides a method to properly passivate the surface of methyl-acetate treated NC films,
increasing the carrier mobility and photocurrent. Much of the progress of Figure 2.9a was based on the
combination of methyl acetate and AX treatments based on the pioneering work of Luther group.31,33,43Other
treatments with metal halide salts such as CdCl2 and PbI2, and molecular halides were also successful in
improving NC electronic coupling, passivate surfaces and tune device energetics. One of the most widely
used protocols in producing high mobility, thick NC arrays is described below. Layer stacking and partially
removal of the native ligands from spin coated CsPbI3 NC films was achieved by briefly dipping (~1 s) the
films into a saturated lead (II) nitrate [Pb(NO3)2] solution in methyl acetate (MeOAc), rinsed in a solution
of neat MeOAc, and then immediately dried in a stream of dry air. This process of spin-coating and
treatment of the film was repeated to achieve the desired thickness. After the fabrication, the film is
immersed in a saturated AX salt solution in ethyl acetate (EtOAc) for ~10 s. The process for the film
assembly described above is shown in Figure 2.11. 43

Figure 2.11: Schematic of the film deposition process and AX salt posttreatment. 43

The wide cation composition tunability of perovskite NCs offer the ability to further engineer the active
region of the solar cells by creating an internal heterojunction which enables charge separation at the
internal interfaces resulting to improved photocarrier harvesting. In layer-by-layer deposition, the spincoated layer of LHP CNCs follows a chemical removal of the ligands using MeOAc, which makes the film
insoluble to the nonpolar solvent leaving the subsequent NC layers unaffected by further processing. The
second solution deposited after the ligand wash can contain either the same NCs or NCs of different
composition. Therefore, the assembled film can be modified in any desired arrangement through the film
thickness. Compositional heterojunctions as active region, led to a further leap in the performance of LHP
NC solar cells; the process is schematically shown in Figure 2.12.31

(A)
(B)

Figure 2.12: (A) Schematic overview of layer-by-layer assembly showing a perovskite QD film composed of different
layers of QDs. MeOAc treatment is carried out between the deposition of different QD layers to remove the native
oleate ligands and to render the deposited QDs insoluble in the solvent. 31 (B) Anionic carboxylate and cationic ligandexchange reaction during the layer-by-layer deposition and FAI post-treatment for CsPbI3 QD solar cells.32

The second, less studied approach towards LHP NC solar cells, is based on active regions that comprise of
bulk blends of CNCs with other organic contactors, based on the concept of polymer: fullerene organic
solar cells. Such blends are possible due to the NC solubility in organic solvents making them compatible
with organic electron acceptor materials such as fullerenes. Some of the initial work from the group of
Feldmann using such approach, investigated bi-layers and bulk heterojunctions of CsPbBr3 NCs with a
known fullerene derivative named PCBM.13

In both type of samples, efficient quenching of the

photoluminescence in the steady state and time-resolved regime was observed attributed to the presence of
electron transfer from the NCs to the PCBM acceptors; such a process is allowed by the energy level
alignment between the materials (Figure 2.13). The dynamics of the electron transfer were probed via
transient pump probe absorption experiments yielding ultrafast NC exciton dissociation down to the levels
of 200 fs. In addition, faster electron transfer was measured in the blend versus the bilayer structures,
indicating them as a favourable geometry for light harvesting. Indeed, the same group fabricated
photoconductive devices with high sensitivity having the structure shown in Figure 2.13.13

(a)

(b)

(c)

(d)

(e)

(f)

(g)

Figure 2.13: a) Schematic illustration of a CsPbBr3 NC/PCBM blend architecture on a glass substrate. b) Mechanistic
paths involved in the charge carrier dynamics of CsPbBr3 NC/PCBM heterostructures, (c) PL spectra of a pristine
CsPbBr3 NC film and CsPbBr3 NC/PCBM blend structures at an excitation photon energy of 3.10 eV, (d) Normalized
DT transient decay profiles of a pristine CsPbBr3 NC film, a CsPbBr3 NC/PCBM layer-by-layer heterostructure (25
nm), and blend structures. Schematic illustration of: (e) the photodetector device architecture with laser illumination;
where “+” and “−” represent the anode and the cathode, respectively. f)the energy band diagram of the
photodetector. f) Current density–voltage characteristics of the photodetector based on a CsPbBr3 NC/PCBM blend
structure as an active layer measured under different illumination intensities. 13

The suitability of the hybrid interfacial architecture of CsPbI3 NC – PCBM for light harvesting, was recently
confirmed by employing such blends as active region media in high performance solar cells, reaching a
high efficiency of 12.3 %44 (Figure 2.14). Importantly such solar cells combine performance with
mechanical adhesion enabling the fabrication of flexible solar cells showing the highest PCE in flexible
quantum dot photovoltaics. Despite the aforementioned successes in NC-organic heterojunctions, further

work is needed to investigate much of the unexplored photo physics as well as transport properties of such
hybrid blend composites. This thesis aims to contribute towards such a direction.

Figure 2.14: a, b Schematic diagram of the control device and target device. c J–V curves measured under AM 1.5 G
solar irradiation at 100 mW/cm2 (inset: PCE distribution of control and target devices). d EQE curves of control and
target devices (inset: stabilized power output of control and target devices). 44

3. Experimental Techniques
3.1 Fabrication of Materials and Devices
3.1.1 Synthesis of Nanocrystals
The synthesis of CsPbBr3 and CsPb(Br/I)3 CNCs was carried out in the Laboratory of Inorganic
Nanocrystals, at the Chemistry Department of UCY, headed by Dr Sotirios Christodoulou. Unlike many
of the protocols reported in the literature including hot injection technique20, requiring high temperature
and controlled conditions (i.e inert, nitrogen or argon atmosphere), a simple synthetic procedure was used
based on single step injection performed at room temperature under ambient conditions.45 The synthesis of
CsPbBr3 NCs is described first, as CsPb(Br/I)3 NCs are produced when the former NCs are imposed to an
additional anion exchange processing step. The PbBr2 precursor solution was prepared using 185 mg/ml
PbBr2 concentration in 1:1:1 volume ratio of 1-PrOH, octanoic acid (OcAc) and octylamine (OcAm), placed
on a stirrer at ~90oC for approximately an hour for uniform mixing. Cesium acetate (CH3CO2Cs) was
diluted in 5ml of 1-PrOH at concentration of 32 mg/ml. The Cs precursor solution was mixed with Hexane
(Hex) and 1-PrOH 1:6:2 v:v ratio respectively. Subsequently the mixture was places on a stirrer (~100 rpm)
creating a vortex on the centre of the flask. The PbBr2 precursor solution (900 μl) was injected at the centre
of the vortex in the reaction flask. While stirring, the solution turned green and turbid within few seconds.
After ~10min of reaction the solution was centrifuged for 2 min at 1500 rpm, the solid residue was then
dispersed in 1ml toluene.45
Cs precursor solution:
CH3CO2Cs, 1-PrOH, Hex

(OcAc)

Octylamine (OcAm)

PbBr2 precursor solution:
PbBr2, 1-PrOH, OcAc, OcAm

PbI2 precursor solution:
PbI2, OcAc, OcAm, Hex

Figure 3.1:Anion exchange between Br- and I- ions via post treatment of freshly synthesized CsPbBr3 NCs via the
addition of PbI2 precursor to produce CsPb(Br/I) 3 NCs.

Anion exchange between Br- and I- ions was carried out by adding PbI2 in freshly synthesized CsPbBr3 NC
solution to produce CsPb(Br/I)3 NCs. PbI2 precursor was dissolved in OcAc, OcAm and Hex (1:1:1 v: v)
after stirring for 2hours at ~100oC, resulting in a clear yellowish solution with concentration of 235 mg/ml.
While the freshly synthesized CsPbBr3 NCs solution was stirring, the PbI2 precursor solution was slowly
added for several minutes resulting in a solution colour change from green to red. After anion exchange 3
ml of methyl acetate (MeOAc) was added to the solution and centrifuged for 2 min at 1500 rmp. The
supernatant consisted of solvent, antisolvent and organic molecules like unbound ligands was thrown away
as the precipitation was dissolved in 0.5 ml of toluene. 34 An illustration of the process is shown in Figure
3.1.

3.1.2 Film and Device Fabrication
Initially the nanocrystal solution was purified and imposed to filtering to remove unreacted precursors,
ligands, and larger dimensionality particles (microcrystals). Fullerene acceptor (PC70BM) was diluted in
toluene forming a solution of 60 mg/ml via ultrasonic bath to achieve a uniform solution without any
aggregations of undispersed material. The solution of NCs and PC70BM was prepared by adding the
appropriate volume to ratio solution of both materials and mixed in an ultrasonic bath. Before film and
device deposition, the substrates were cleaned by boiling the substrates in N-Butyl acetate 300oC.
Subsequently, the substrates in Nsolution were placed in acetone and sonicated for at least 20 min. Finally,
they were washed and stored in ISO-Propanol.

Such washing process renders substrates with the

appropriate properties so that deposited the NC material can form thick and uniform films.
Lateral photoconductive devices were fabricated to assess the processes of charge transport and extraction
through pristine and blend films. Solution of each studied material (80 μL) was spin coated at 1500 rpm for
40 s, followed by a drying step at 4000 rpm for 20 s on a prefabricated interdigitated device substrate with
a contact distance of 50 μm (Ossila) illustrated in Figure 3.2a. Both ITO and Au contacts were implemented
interchanged so that transport of holes and electrons could be probed respectively. A washing step of lead
acetate (PbOAc), where all the substrate is covered with PbOAc solution, was executed via spin coating the
NC solution at 1500 rpm for 60 s. The washing was caried out to remove surface ligands and thus obtain
an electrically active layer as well as the desired active layer thickness13 via stacking material layers. The
whole procedure was repeated twice to get the 2 layered active material. The photocurrent of the devices
was measured with a Keithley 2461 under 405 nm and 32 mW/cm2 excitation with the help of an
epifluorescence microscope to selectively excite the device area.
For the film preparation the same procedure was followed though material was deposited on quartz
substrates.

(a)

(b)
Repeat 2 times

Figure 3.2: (a) Interdigitated ITO substrates with a contact distance of 50μm. (b) Spin coating procedure using a washing
step.

3.2 Optical Spectroscopy
3.2.1 Optical Absorption
Interband absorption is a process during which electrons are photo-excited between electronic bands in a
semiconductor or insulator. The understanding of interband absorption requires the application of quantum
mechanical treatment of the light-matter interaction. A simplified energy diagram of the inteband
absorption process is shown in Figure 3.3.

Figure 3.3: Interband optical absorption between an initial state of energy Ei in an occupied lower band and a final
state at energy Ef in an empty upper band. The energy difference between the two bands is Eg. 5

The transitions between these bands follow the quantum mechanical optical selection rules. For an optical
transition to take place there must be an electron in the lower band (initial state) which can absorb a photon’s
energy to be promoted to the upper band (final state). Based on the Pauli exclusion principle, the final state

in the upper band must be available (empty). This applies for example in the transitions across the
fundamental band gap of a semiconductor. Semiconductor materials can be characterised by a filled valence
band and an empty conduction band. Therefore, a photon can be absorbed to excite an electron from the
valence band to the conduction band as shows the Figure 3.3 and the conversion of energy implies that:
𝐸𝑓 = 𝐸𝑖 + ħ𝜔

(3.1)

Where Ef is the energy of the final state in the lower unoccupied electronic band known as Conduction Band
(CB) and Ei is the energy of the initial state in the higher occupied electronic band known as Valence Band
(VB) and ħ𝜔 is the energy of the absorbed photon. There is a continuous distribution of energy states
withing the VB and the CB thus interband transitions will be possible over a continuous range of frequencies
(energies) as well. The limits of each band set the range of these frequencies. The energy gap of the
semiconductor, Eg, is equal to the minimum energy difference (ΔΕmin) between the final and the initial
energy state, ΔΕmin= Ef - Ei = Eg. This indicates that there is a threshold behaviour of the absorption where
the minimum photon energy required for an interband transition is ħ𝜔 ~ Eg. The excited electron (e-) leaves
its initial state in VB unoccupied, which is equivalent to the creation of a hole (h+) in the VB. Therefore, the
interband process leads to the creation of an electron-hole pair.

Figure 3.4: Interband transitions in solids. The vertical arrow represents the photon absorption process, while the
wiggly arrow in part (b) represents the absorption or emission of a phonon. 5

As discussed above, the interband absorption rate depends on the band structure of the solid. Figure 3.4a
shows the E-k diagram of a solid with a direct gap and the Figure 3.4b shows the E-k diagram of an indirect
gap material. The main difference between the two categories is the relative positions of the minimum of
the CB and the maximum of the VB in the Brillouin zone. In a semiconductor with a direct gap, the minimum
of CB and the maximum of VB occur at the zone centre where k=0. Contrary, in an indirect gap material,
typically the maximum of the VB is at the centre of the zone at k-0, but the minimum of CB occurs at some

other value of k which is usually close to the zone edge. As a result. an interband transition in an indirect
gap material is a phonon-assisted process with phonons emitted or absorbed to conserve momentum while
energy conservation is mainly dictated by equation 3.1 as the energy of the phonons involve is small and
can be neglected.
The optical absorption strength of a material is quantified by the absorption coefficient a. The absorption
coefficient is defined by the Beer- Lampert Law:
𝐼(𝑧) = 𝐼0 ∙ 𝑒 −𝑎𝑧
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Where I(z) is the transmitted light intensity through a liquid or solid sample (in the z direction), I0 is the
optical intensity at z=0. Another expression of Beer-Lampert Law describing the transmitted light intensity
is:
𝐼(𝑧) = 𝐼0 ∙ 10−𝑂.𝐷.

3.4

Here O.D. is the optical density.
Practically, in experiments the measured quantity is the optical density (O.D), redefined as:
𝐼(𝑧)
𝑂. 𝐷. = −𝐿𝑜𝑔(
)
𝐼0
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By combining (3.3) and (3.4), the following expression can be obtained:

𝑂. 𝐷. =

𝑎𝑧
= 0.434 𝑎𝑧
ln (10)
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In order to calculate the absorption coefficient, the film thickness or the dimension of the vial for the case
of solutions must be known along with measured O.D. from the experiment.
A typical experimental set up measuring O.D. (commonly called UV/Vis) can be seen in Figure 3.5.

Figure 3.5: Schematic diagram of a typical experimental arrangement to measure transmission from which the optical
density is calculated. 4

First, a quasi-monochromatic beam is created from a polychromatic (white) light source by spectral filtering
through a monochromator. The light beam is then divided into two beams with identical intensity. One of
beam is used as the reference bean via which the incident light intensity I0 can be measured. To measure I0,
a transparent vial containing the solvent or a transparent substrate depending on the nature of the sample,
is placed in the path of the beam. The measurement considers the light scattering or absorption of the
substrate, vial or solvent contained in the sample. The second beam of light goes through the sample and
the intensity of transmitted light I(z) can be measured. Both beams are being recorded by a photodetector
appropriate for the spectral range so that O.D. can be calculated.
In the present work, O.D. was measured using a Perkin Elmer Lambda 1050 spectrophotometer, a schematic
of which is showed in Figure 3.6. It is equipped with a deuterium (200-320 nm) lamp and a tungstenhalogen (300-3000 nm) lamp. The polychromatic light source (Figure 3.6 (1)) is dispersed by a double
monochromator (Figure 3.6 (2)) with a maximum resolution of 0.05 nm. The quasi-monochromatic beam
passes through a chopper (Figure 3.6 (3)) divided into four quarter. The first quarter is a mirror so that the
beam can pass only through the reference sample so that the reference signal can be measured. The second
and fourth quarters are black so that no light reaches the detector module, and dark (background) signal can
be recorded. The third part is blank and allows the light beam to pass through the sample (Figure 3.6 (5)).
The transmitted light intensity is measured and by dividing it with the incident light the transmittivity (thus
the O.D.) of the sample can be calculated. The transmitted light is measured by a three-detector module
(Figure 3.6(6)) that includes a photomultiplier tube (PMT), an InGaAs and a PbS detector covering the
range of 200-1100 nm, 800-1900 nm and 1700-3300 nm respectively.

Figure 3.6: Illustration of Perkin Elmer high definition L1050 spectrophotometer. The sources are a combination of
a deuterium (200-320nm) and a tungsten-halogen (300-3350nm) lamp to cover the detection range of 200-3300nm.
It is equipped with a double monochromator (2) for sharper analysis of the source spectrum. The chopper (3) is a
plate divided in four parts: a mirror, a blank and two black sections for the simultaneous measurement of the sample
and the reference beams as well as the background respectively. It is also equipped with a light intensity attenuator
so that low OD signals can be detected and common beams mask to adjust the size of the beam that enables the
measurement of samples with small physical size (4). The sample chamber (5) enables the position of the sample and
a reference, i.e., a vial with the solvent or a substrate. (6) A three-detector module consisted of a PMT (covering from
200-1100nm) an InGaAs (800-1900nm) and a PbS (1700-3300nm) photodetectors records the transmitted light.
(Reprinted from manual)

3.2.2 Photoluminescence
Photoluminescence (PL) spectroscopy is a powerful non-destructive optical method via which the nature,
energetics and dynamics of photo excitations can be studied. PL is employed as the main optical method in
the photophysical studies of materials and devices contained in this thesis.
A typical PL setup, presented in Figure 3.7, contains a monochromatic excitation source, for example a
laser or a lamp combined with a monochromator. The materials under study, typically placed in an optical
cryostat that allows the variation of the samples’ temperature and the light detection part involving a
monochromator a that spectrally analyses the emitted light and an appropriate detector that operates in the
desired spectral region of the sample’s emission. A variety of experimental parameters can be varied during
PL measurements, providing further information about the material. Those parameters include the
excitation density (excitation-depended PL), sample temperature (temperature-depended PL), excitation
wavelength (resonant versus non-resonant PL) and polarization of the excited and/or detected light (PL
anisotropy).

Figure 3.7: Top: Schematic representation of a PL experiment. The excitation consists of either (a) an excitation lamp
spectrally filtered by a monochromator, or (b) an external laser source. The emitted luminescence is collected via a
second monochromator and detected. 4 Bottom:Horiba FluoroLog FL3 Horiba Jobin Yvon spectrofluorimeter
equipped with a visible and a near-infrared PMT covering the 250-1650 nm spectral range. Excitation is provided
via a variety of laser diodes or via the monochromator-filtered output of a 450W ozone-free Xe lamp. Time-resolved
photoluminescence (TR-PL) is performed on the same spectrometer using a time-correlated single photon counting
(TCSPC) method and excitation by picosecond pulsed laser sources that span the 375 to 785 nm range. The system
supports studies in the temporal range of 100 ps to 50 μs.

A variation of the PL technique implemented to our studies is excitation photoluminescence (PLE). PLE
monitors the photoluminescence intensity at a specific wavelength, usually the PL peak, while varying the
excitation beam’s wavelength. The technique is an analogue of the optical absorption spectroscopy that is
sensitive though only to absorptive species that yield emissive transitions. Thus, the combined information
from PLE, absorption and PL can indicate which of the absorbing processes result in radiative
recombination. For example, the technique can provide insight on dark and bright excitons, on the presence
of energy transfer processes or whether there are emissive defect states.

Finally, time-resolved PL (TRPL) spectroscopy can be applied to investigate the recombination dynamics
of the photo excitations. In a TRPL experiment we temporarily monitor the emission of a sample after
pulsed excitation. The required sensitivity can be defined by the excitation pulse width and the experimental
technique.
In this work, the method of time correlated single photon counting (TCSPC) was used to monitor the NCs
exciton dynamics.46 TSCPC is an advanced method to monitor excited state dynamics even for very small
amounts of substance or weakly emitting materials. 10,46 Behind TSCPC’s high sensitivity is the detection
of a single photon per laser pulse. TSCPC is a digital counting technique which counts photons that are
time correlated with an excitation light pulse. All these set the TSPC technique as a widely used method to
study dynamic processes in the nano- and sub- nanosecond time domain. Simply describing the technique,
the sample is continuously excited by a pulsed source and by detecting the first photon emitted after the
excitation a probability histogram is formed relating the time between the two events.
Information related to the exciton lifetime, auger, trapping or charge transfer rates of the CNCs can be
extracted using this technique, due to the sensitivity and temporal resolution of the technique. In our lab
TR-PL/TCSPC experiments take place in the same set up with that of the steady-state PL by adding
appropriate fast electronics and various pulsed laser diodes with pulse width of tens of picoseconds. The
setup exhibits a time-resolution of the order of 50 ps in the visible and 100 ps in the infrared region taking
into consideration the response time of the electronics and detectors.
The histogram recorded by TCSPC can be typically described by single or multiexponential decay fits
because of the rate equations that govern the various carrier/exciton recombination channels. The fitting of
the decays with multiexponentials is not trivial due to the correlation of the parameters describing the decay
of the various processes. The weight/yield of the intensity due to each decay process (j) is given by:
𝜂𝑗 =

𝐴𝑗 𝜏𝑗
𝛴1𝑛
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𝐴𝑖 𝜏𝑖

The contribution of any decay is proportional to the product Aiτi, which defines the area under the intensity
decay for the channel with lifetime τi. So, a multi-exponential decay can be reproduced via a series of
combinations of Ai and τi. In conclusion to calculate the effective or average lifetime of the PL
recombination one should use the equation:
𝜏𝑒𝑓𝑓

𝛴1𝑛 𝐴𝑗 𝜏𝑖 2
= 𝑛
𝛴1 𝐴𝑖 𝜏𝑖

The above equation considers the weight of each exponential and its correlated lifetime.
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Figure 3.8: Starting from the left: Drawing of Acton 750i Princeton spectrometer. (Reprinted from manual). On the
right: Acton750i Princeton spectrometer equipped with a CCD camera and a nitrogen cooled InGaAs array detector,
covering the 250-1650 nm spectral range.

There are two different experimental setups for the study of steady-state photoluminescence in our lab. The
first is based on an Acton750i Princeton spectrometer (Figure 3.8) equipped with a triple grating turret
containing a 1200 and two 600g/mm gratings that cover different spectral region of UV-Vis, near IR. The
detection part consists of a thermoelectrically cooled, 1024x256 pixels PIXIS charge-coupled device (CCD)
camera with spectral response in the range of 300-1000nm and a liquid nitrogen cooled OMA InCaAs array
(512 pixels) with spectral sensitivity in the range of 900-1700nm. These two detectors allow an overlapping
large detection spectral range from UV to near-IR. The size of the Acton spectrometer, which is 0.75m,
enables high spectral resolution better that ~0.1 nm.

Figure 3.9: Illustration of the Fluor log FL3 Horiba spectrophotometer. (Reprinted from manual)

PL experiments can also be performed on a Fluor log FL3 Horiba spectrophotometer (Figure 3.9). This
setup contains an ozone (O3) free xenon (Xe) 1500W lamp emitting from 220nm to 1150nm. The lamp light
is spectrally filtered by a double monochromator which includes two 1200g/mm holographic gratings. A
Si-diode is placed at the exit point of the source as a reference signal. We account of the intensity
fluctuations of the excitation source by using such a reference signal.
The sample is placed in the sample chamber of the instrument and then it is excited by the light source. The
emitted light is collected in the front face or right-angle geometry via, an iHR32 Horiba spectrometer with
a triple grating turret that funnels the light into a visible (250-850 nm) TBX photomultiplier tube (PMT) or
a Hamamatsu infrared PMT detecting in the range of 950-1700 nm. Both PMTs are thermoelectrically
cooled. Use of picosecond pulsed laser diode excitation source in combinations with the appropriate
electronics (right hand side of Figure 3.9), allows the setup to be used in the TCSPC mode.

3.2.3 Photoluminescence Quantum Efficiency
Luminescence quantum efficiency, also known as emission quantum yield (η), is typically measured using
an integration sphere. We have implemented the following an integration sphere-based method that
involves the acquisition of three spectra : (i) the spectrum of the excitation source scattered in an empty
sphere, (ii) the light resulting from direct excitation of the sample that includes laser scattering and
luminescence emitted from the sample and (iii) the emitted light from indirect excitation of the sample by
scattering light. 47The experimental set up used is shown in Figure 3.10. The sphere’s internal surface and
any other component inside the sphere, like the sample holder, are coated with a highly light scattering
medium with high reflectivity (>95%) in a wide spectral range (300-1400nm).

Figure 3.10 : Schematic representation of an integrating sphere used for luminescence quantum efficiency
measurements. The sample (black rectangle) is placed at the centre of the sphere with the capability of rotation and
height adjustment. It can be directly excited from the excitation source (brown rectangle) and indirectly from
reflected/scattered beams originating from the sphere’s surface. The shape position and size of the baffle (blue colour)
is designed is such a way so that no direct light either from the source or the sample is detected.4

The entrance of the excitation source and the exit of the emitted light are small holes preventing the light
to leak out of the sphere. A baffle is placed in front of the exit, where the light is collected. The size, position
and shape of the baffle are selected in such a way so that collected light results from a series of reflections
on the sphere’s internal surface and not directly from the light source, the sample, or a single reflection.
Photoluminescence’s quantum yield is defined as the ratio of emitted photons divided with the number of
absorbed photons.
𝜂=

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑚𝑖𝑡𝑒𝑑
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

The three different experimental arrangements used to measure η are displayed in Figure 3.11.
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The first spectrum is obtained with the sphere empty and the laser beam with integrating area La is recorded.
The second spectrum is obtained with the sample placed inside the sphere but not on the optical path of the
exciting beam (indirect case). The spectrum contains the non-absorbed laser beam with integrating area Lb
and luminescence via indirect excitation of the sample with integrating area Pb. Finally, a direct excitation
geometry is implemented and the respective excitation and emission spectra with integrating areas of Lc
and Pc are recorded respectively (direct case).
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Figure 3.11: Schematic representation of the three experimental configurations for the QY measurement. In the first
(a) the excitation source spectrum (d) is measured in the absence of a sample. The second measurement’s setup (b)
records the spectrum of indirect excitation emission of the sample along with the excitation’s source light. The third
geometry (c) measures the spectrum (f) under direct excitation of the sample. 4

By comparing the first two experiments and assuming a fraction μ of the scattered excitation light is
indirectly absorbed from the sample, then (1-μ) of the scattered light remains in the sphere, which indicates
that:
𝐿𝑏 = 𝐿𝑎 (1 − 𝜇)
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In the third, direct excitation experiment, assuming a fraction A of the incident excitation beam is absorbed
then the rest (1-A) is scattered in the sphere. A fraction μ of this scattered light will be indirectly absorbed
by the sample so we can write for Lc that:
𝐿𝑐 = 𝐿𝑎 (1 − 𝐴)(1 − 𝜇)
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By combining the two equations the absolute absorbance of the sample can be calculated:
𝐴=1−

𝐿𝑐
𝐿𝑏
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In the second experiment the emitted signal Pb is produced via indirect excitation. The amount of scattered
light contributing to the emitted light in the third experiment is then:
(1 − 𝐴)𝑃𝑏
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Direct excitation in such case produces an extra term due to emission equal to Lα·A·η where η is the PL
quantum yield. Then the overall emitted photons in such case are equal to:
𝑃𝑐 = (1 − 𝐴)𝑃𝑏 + 𝐿𝑎 𝐴 𝜂
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Consequently, the PL quantum yield n is derived by:
𝜂=

𝐷𝑖𝑟𝑒𝑐𝑡𝑙𝑦 𝐸𝑚𝑖𝑡𝑡𝑒𝑑 𝑝ℎ𝑜𝑛𝑜𝑛𝑠 𝑃𝑐 − (1 − 𝐴)(𝑃𝑏 )
=
𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝐴𝐿𝑎
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3.2.4 Optical and Epifluorescence Microscopy
Epifluorescence is a microscopy technique where the illumination beam penetrates the full depth of the
sample, allowing easy imaging of intense signals and co-localization studies with multi-coloured labelling
on the same sample. Epifluorescence imaging, however, does not allow the interpretation of 3-dimensional
spatial data, as any out-of-focus light, i.e., scattering, will be collected s well. In epifluorescence
microscopy, a parallel beam of light passes directly through the sample, maximizing the amount of
illumination and is also referred as widefield microscopy. Through epifluorescence microscopy the
morphology of the sample can be prompt. It provides information about the photoluminescence of the
material throughout areas of the film. For example, in our case, distinction between NC-agglomeration,
voids, or islands of disrobed ligand shown as black blots in optical microscopy images can be achieved
throughout the recorded fluorescence of those regions. Like in any fluorescence microscope, a high-

intensity light source is used and both the excitation and emitted light travel through the same objective
lens. Light of a specific wavelength (usually in the ultraviolet, blue, green regions of the visible spectrum)
is generated by passing multispectral light from a lamp or other source through a wavelength-selective
bandpass filter (excitation filter). Selected wavelengths by the excitation filter are then reflected from a
dichromatic mirror or beam splitter through the microscope objective to expose the specimen to intense
light. Greater resolution can be achieved, using an objective lens with higher numerical aperture. Most of
the excitation light is transmitted through the specimen and only excitation light reaches the objective along
with the emitted light, giving a high signal-to-noise ratio. If the specimen fluoresces, the emission light
gathered by the object passes back through the dichromatic mirror and is subsequently filtered by another
bandpass filter (emission filter), which blocks the unwanted excitation wavelengths. Emitted light is then
collected by a detector such as a CCD camera.48,49
Optical and fluorescence microscopy images of the samples under study were obtained by using an
epifluorescence Nikon Eclipse Ci-L plus microscope shown in Figure 3.13(a). Typical components of a
fluorescence microscope setup include a light source, which in our case was 365nm LED, a dichroic mirror
in the range of ~355-390nm, an emission long pass filter at 405nm, a series of microscope objective
lenses(10x-100x) and the detecting camera/sensor (Figure 3.12(b)).

(4)

(1)

(5)

(2)

(3)

Figure 3.12: Schematic diagram of a Nikon Eclipse Ci-L 6000H Microscope. (1) Objective lenses, (2) Stage, (3)
Tungsten halogen lamp used for optical microscopy, (4) LED 365nm for excitation (Fluorescence microscopy), (5)CCTC Camera trigger Cable UE/LE leading to a DS-L3 DS Camera control unit. 48,49

3.3 Photoconductivity
Photoconductivity is an electro-optical phenomenon in which a material, typically semiconductor, becomes
more electrically conductive due to the absorption of electromagnetic radiation, such as UV/Vis/Near-IR
and even high energy gamma radiation. The number of free electrons and holes increases when light above
the energy gap of the material is absorbed, and the increased carrier concentration increases its electrical
conductivity The electric current flowing through the material because of photoconductivity or the
photovoltaic effect is named photocurrent. 50
The process of photoconductivity can be broken down into several steps. After absorption of radiation,
excitons are formed. Increase of the conductivity requires that the exciton is dissociated into unbound
electron-hole pairs that can transport through the material and be extracted through the electrodes. In
nanocrystals the exciton binding energy is increased due to confinement. However, for the weakly confined
CsPbBr3 NCs we use, the exciton binding energy is in the range of 60-90 meV so that thermal energy at
room temperature can dissociate the exciton into free electro-hole pairs. 39 To collect the carriers into the
electrodes of the photoconductive devices, a small external voltage can be applied; in such a case a
photocurrent that depends on the absorbed light intensity and the transport properties of the studied material,
can be obtained. Losses in the transport of carriers include trapping and non-radiative quenching at defects.
If the involved traps are shallow, trapped carriers can be de-trapped after some time and contribute to the
photocurrent.51 A general diagram of the main phenomena involved in photoconductivity is given in Figure
3.13.

Figure 3.13: Major transitions and phenomena associated with photoelectronic effects in homogeneous
semiconductors: (a) intrinsic absorption, (b) and (c) extrinsic absorption, (d) and (e) capture and recombination, (f)
trapping and detrapping. Arrows indicate electron transitions. 52

Photoconductivity measurements’ set up consists of a modified epifluorescence microscope and a Keithley
2461 illustrated in Figure 3.14. The sample is placed on the stage of the microscope under 405nm at
32mW/cm2 excitation. Light from the excitation source illuminates the device’s active region through the
objective lens. Initially a voltage of 3V is applied by the Keithley through tips that contact the device’s
electrodes. After achieving contact, I-V sweeps are executed in the range of -3V to 3V under illumination
and in the dark to record the photoconductivity data. The recorded data are normalized to the thickness of
each sample and divided by the excited area of the device to calculate current density (J).

Figure 3.14: Schematic of photoconductivity measurements set up. The sample is placed on the stage of the microscope
under 405nm at 32mW/cm2 excitation where light from the excitation source illuminates the device’s active region
through the objective lens. Prompt tips connected with the Keithley are contacting the electrodes of the sample and IV sweeps are executed in the range of -3V to 3V under illumination and in the dark to record the photoconductivity
data.

4. Results and Discussion
4.1 Samples under study
A parametric study was carried out to obtain the number of stacked material layers, needed to optimize the
thickness and photo response of lateral photoconductive devices. The study was performed on the optimum
blend composition of CsPbBr3 NCs:PC70BM of 5:1 w/w. Optimization of the blend content is discussed
later on in the thesis. NC material from the same synthesis was used to deposit blend films on ITO
interdigitated substrates using 1, 2 and 3 layers stacks via the methodology described in section 3.2.1.
Optical and fluorescence microscopy images of the active region devices are displayed in Figure 4.1.

(a)1 Layer

(b) 2 Layers

(c) 3 Layers

Figure 4.1:On the left: Optical microscopy images of the 3 samples. On the right: Fluorescence microscopy of the
samples. Both images were taken using an epifluorescence Nikon Eclipse Ci-L plus microscope and an 40x objective
lenses.

The black dots in the images indicate the presence of micron sized PC70BM aggregates, typically formed
upon deposition of fullerenes in the solid state.53 The single layer sample (Figure 4.1a) shows voids that
appear as black non-emissive domains in fluorescence and lighter shade domains in optical microscopy,
respectively. The two-layer deposition exhibits a quite continuous and homogenous blend film with voids
being minimized. Thickness variations appearing as different shades of green in the fluorescence
spectroscopy and lighter coloured regions in the optical microscopy image are observed on the thickest
three-layer film. Based on the film morphological characteristics, the optimum compromise of thickness
and film uniformity is achieved in the double layer stack device. The same trend was reproduced in other
similar trials. The I/V photoconductivity of the samples is summarized in Figure 4.2 in the range of -3V to
+ 3V with a closer look to the region around zero voltage of -0.15V to +0.15V. Small capacitance evidenced
by hysteresis of the I/V and suppressed photocurrent is observed for the single layer device which can be
attributed to the small thickness of the active region and the non-continuous carrier pathways and charge
accumulation due to the presence of voids. Maximum photocurrent is measured in the 3-layer device
combined though with significant hysteresis attributed to thickness variations observed in the microscopy
and possible carrier traps formed at the interfaces between the alternate deposited layers. The two-layer
devices combine significant photocurrent with minimal capacitance effects, in consistency with the
optimum active region morphological characteristics, observed in the microscopy study.
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Figure 4.2: I-V photoconductance measurements of devices based on different number of stacked NC:PC 70BM
layers: 1 Layer (black line), 2 Layers (red line) and 3 Layers (blue line). A closer look in the region around 0V to
visualize hysteresis effects.

Comparative studies based on photoconductive devices with ITO and Au contacts with active regions of
CsPbBr3 and CsPb(Br/I)3 NCs as well as blends of the NCs with PC70BM were carried out. Two different
weight ratios of NC:PC70BM were employed, namely 5:1 w/w (20% w/w PC70BM) and 1:1 w/w (33% w/w
PC70BM). Spectroscopy and photoconductivity measurements were carried out within the same devices, to
better correlate optical and electrical data. A total number of 18 devices were used in this thesis.

4.2 Optical and Fluorescence Microscopy
Optical and fluorescence microscopy images of the samples were taken to study the mesoscopic, (resolution
of ~ few microns), film morphology of pristine and blend films. Images from samples containing CsPbBr3
NCs are displayed in Figure 4.3. The fluorescence images of pristine NC films exhibit non-emissive
domains which can be attributed to ligand clusters or other unreacted synthesis products. The variation of
brightness observed in some areas of the images, is most probably due to thickness variations. As noted in
the previous sections, the black dots present in the blend films in both types of microscopies are due to
PC70BM clusters. The film morphology of the 20% w/w PC70BM device appears more uniform compared
to the 33% w/w device, with less thickness variations and voids. The PC70BM cluster area distribution can
be computed using a software analysis (ImageJ54); the three distributions are displayed in Figure 4.4.

(a)CsPbBr3 NCs

(b)20% w/w PC70BM

(c)33% w/w PC70BM

Figure 4.3: Fluorescence (top) and Optical (bottom) microscopy of (a)CsPbBr3, (b) NCs with 20% w/w ratio PC70BM
and (c) NCs with 33% w/w ratio PC70BM.

The 20% w/w PC70BM device, exhibits a Gaussian-like distribution of PC70BM aggregates, peaked at 0.5
μm2 and at 48 μm2 with a linewidth (FWHM) of approximately 40 μm2. The device containing more
PC70BM (33% w/w) exhibits two peaks, a main one coincident with the one of the 20% sample distribution
and a secondary one at significantly larger agglomeration areas of ~60 μm2

with a linewidth of

approximately 52 μm2 and a tail extending to wider PC70BM cluster areas. For comparison, a cluster
analysis was also performed also on a pristine PC70BM film. The film exhibits a wider distribution and
larger sizes of fullerene aggregates.

Figure 4.4: Distributions of fullerene clusters in devices blend structures of 20% w/w (green histogram) and 30% w/w
(orange histogram) of PC70BM to CsPbBr3 NCs / CsPb(Br/I)3. Distribution of fullerene clusters in a pristine PC70BM
spin-casted film.

A similar microscopy study, the summary of which is displayed in Figure 4.5, was carried out on the
CsPb(Br/I)3 NC-based devices. Compared to CsPbBr3 NC pristine and blend devices, mixed halide NCbased structures show fewer uniform films, with domains of different colour and hue that can be attributed
to voids, ligands, thickness, and composition variations. The PC70BM cluster area distribution was
estimated with the same method as for the Br-based devices and it is shown in figure 4.4c. The same
behaviour for the PC70BM cluster distribution is observed in both cases of PC70BM content with a common
peak at 0.5 μm2, at 20 μm2 and 40 μm2 for 20% and 33% w/w fullerene content respectively. The size of
the clusters seems smaller compared to the clusters size in Br-based blends.

CsPb(Br/I)3 NCs

20% w/w PC70BM

33% w/w PC70BM

Figure 4.5: Fluorescence (top) and Optical (bottom) microscopy of (a)CsPb(Br/I)3, (b) NCs with 20% w/w ratio
PC70BM and (c) NCs with 33% w/w ratio PC70BM.

4.3 Optical Spectroscopy
4.3.1 Absorption
Optical density (O.D.) spectra of the films containing CsPbBr3 NCs, CsPbBr/I3 NCs and blends of NCs
and PC70BM are provided in Figure 4.6. The NCs exciton peak absorption at around ~512 nm for CsPbBr3
NC-based devices and ~655 nm for CsPb(Br/I)3 NC-based devices, is evident in all devices except for the
33% CsPbBr3 NC blend; overall the exciton peak is stronger in the pristine NC compared to blend devices,
as expected. The enhanced blend absorption below the gap of the NCs can be attributed to light scattering
and absorption by the micron-scale PC70BM aggregates. This phenomenon is suppressed in NCs films and
more evident in blends containing the higher 33% w/w ratio. The NC energy gap position, indicated by the
first derivative of the absorption, appears to show a small red shift upon blending the CsPbBr3 and
CsPb(Br/I)3 NC with the fullerene acceptors. The small red shift may be an indication of charge transfer
processes within the NCs and fullerenes, however a more thorough study is needed to establish such a
correlation.
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Figure 4.6: O.D. spectrum of the samples: (a) CsPbBr3 and (b) CsPb(Br/I)3. The purple line shows the absorption of
the fullerene acceptor in both graphs. The increased absorption below the energy gap of the NCs in the blend samples
is attributed to absorption and enhanced scattering by the fullerene aggregates and heterojunction microstructure.

4.3.2 Photoluminescence
Comparative, steady state PL spectra of CsPbBr3 NCs, CsPb(Br/I)3 NCs and NC/PC70BM blends (20% and
33% weight ratio) for an excitation source at 3.10 eV (401 nm) are shown in Figure 4.7. The excitation is
normalized to photo-generate the same number of NC excitons in all samples for direct intensity
comparison. The emission of fullerene aggregates from a film containing only PC70BM is also displayed.

(a)

(b)

Figure 4.7: Steady state photoluminescence of pristine and hybrid samples containing: (a) CsPbBr3 NCs and (b)
CsPb(Br/I)3 NCs. The blue curve shows the PL spectrum of the pristine NCs, the red the emission of the blend samples
with 20% PC70BM and the green those containing 33% PC70BM. PC70BM cluster emission is evident in graph (b)
displayed by the purple line obtained from a fullerene only sample. Considering the contribution of those clusters’
emission, the NC emission of NCs is shown by the dashed line graph for each sample.

The quenching of the nanocrystals emission in the blend structures was estimated using the equation 4.1
with the results from the series of experiments shown in Figure 4.7 displayed in Table 4.1.
𝑃𝐿 𝑄𝑢𝑒𝑛𝑐ℎ𝑖𝑛𝑔 =

𝑃𝐿𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 − 𝑃𝐿𝑏𝑙𝑒𝑛𝑑
𝑃𝐿𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒

4.1

Table 4.1: Summary of PL NCs Quenching for all the blend structure samples.

PL Quenching (%)

Sample (% w/w PC70BM)
CsPbBr3

CsPb(Br/I)3

20%

79

71

33%

92

86

Similar values of emission quenching was observed in other sample series with overall slightly larger PL
quenching in the green emitting NC based blends compared to the red emitting counterparts. Importantly,
the quenching increases with the content of PC70BM, indicating NC exciton dissociation at the NC/PC70BM
heterointerfaces as one of the main causes of the emission reduction. To further probe the effect, we
monitored also the emission quenching in the time domain, with PL decays from the studies samples
displayed in Figure 4.8.

Figure 4.8: Time resolved PL of (a) Samples containing CsPbBr3 NCs and (b) samples containing CsPb(Br/I) 3 NCs.
Grey line shows the decay for pristine NCs without using a washing step, the blue line shows the decay of the pristine
NCs, the red line of blend samples with 20% PC70BM and the green line of samples with 33% PC70BM. Fitting of the
decays is shown by the dashed black lines. The orange spectrum in (b) shows the system response (IRT) that includes
the excitation pulse shape. The effective PL lifetimes in each case are demonstrated on the plots which were estimated
using equation 3.7.

The PL decays were obtained at the PL peak with a bandwidth of 4 nm and were fitted by doubleexponential decays for the pristine CsPbBr3 NC sample fabricated without the washing step and tripleexponential decays given by equation 4.2 for all other samples, fabricated using the methodology mentioned
in section 3.2.
𝐼 = 𝐴1 𝑒

−𝑡⁄
𝜏1

+ 𝐴2 𝑒

−𝑡⁄
𝜏2

+ 𝐴3 𝑒

−𝑡⁄
𝜏3

4.2

The relative strength of each recombination process is quantified by equation 4.3.
𝜂𝑖 =

𝛢𝑖
∑𝑖 𝐴𝑖

4.3

where ηi is the relative strength and Ai is the amplitude of each channel.
Fitting results of the data are presented in Table 4.2, containing the lifetime constants (τ1,2,3) and amplitudes
(Α1,2,3) for the three recombination channels for each sample. The three decay channels are assigned to the
following processes: i) τ1 to the radiative recombination, ii) τ2 to the non-radiative recombination and iii)
τ3 to NC exciton quenching via charge transfer processes. The respective contribution ni of each channel
for the studied samples is presented in Table 4-3.

Assignment of τ1 to the radiative lifetime was based on the following arguments for CsPbBr3 NCs: (i) the
radiative lifetime of such NCs is typically being reported in the 5-10 ns range55 (publication and references
within), that encompass the τ1 values i.e. 5-6 ns estimated in all four samples of the series. (ii) the radiative
channel dominates the unwashed sample decay as expected in CsPbBr3 NCs; the ~73% relative strength of
the decay for such sample is equivalent to a ~73% emission QY which is typical for such NCs. (iii) the
channel strength reduces with ligand washing i.e. from 73% to 37% due to less efficient surface passivation.
(iv) the channel strength reduces as PCBM is added, as exciton quenching at the heterointerfaces competes
with radiative recombination. For the CsPb(Br,I)3 NCs, there seems not to exist a consensus on the PL
radiative lifetime, with exciton properties being quite dependent on the synthetic method, ligand and Br to
I relative ratio. The assignment of τ1 as radiative lifetime was based on the above arguments (iii) and (iv)
as well as the fact that such red NCs exhibit significantly smaller PL QYs compared to the CsPbBr3 NCs,
so a respective smaller relative strength of the channel is expected i.e. ~31% for the non-washed NC film.
The transient channel τ3 is absent in both of the non-washed NC films. Such solids are insulating, as
evidenced by the negligible photoconductance they exhibit when functioning as active region layers in
lateral ITO-NC-ITO devices. The absence of electronic communication indicates that the additional third
decay channel required to fit the PL transients of NC and NC-PC70BM ligand washed films is associated
with inter-NC charge transfer processes. The timescales of τ3 as well as the fact that the relative amplitude
increases with PCBM content is consistent with such assignment. The above also confirm the crucial role
of the washing step on establishing electronic functionalization in washed pristine and blend NC films.
Table 4.2: Fitting parameters of the ligand washed pristine and blend NC films

CsPbBr3
Fitting
parameters*

CsPb(Br/I)3
Sample (% w/w PC70BM)

0%*

0%

20%

33%

0%*

0%

20%

33%

A1

0.73

0.34

0.27

0.22

0.31

0.14

0.07

0.01

τ1 (ns) -Rad

6.1

6.2

5.2

5.1

28

11

6.5

5.3

A2

0.27

0.11

0.07

0.04

0.69

0.56

0.42

0.21

τ2 (ns) -Nrad

22

43

38

46

9.5

2.5

1.2

1.1

A3

-

0.46

0.48

0.87

-

0.63

0.83

0.96

τ3 (ns) - CT

-

1.3

0.7

0.7

-

0.7

0.3

0.2

*NC films fabricated without a washing step (non-washed).

Table 4-3: Estimation of channel contribution of each channel for all the samples.

Contribution of each channel: η (%)
CsPbBr3

Channel

CsPb(Br/I)3
Sample (% w/w PC70BM)

0%*

0%

20%

33%

0%*

0%

20%

33%

Rad

73

37

33

19

31

11

6

2

CT

-

51

60

77

-

47

62

81

Nrad

27

12

7.93

4

69

42

32
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4.4 Photoconductivity
All devices of NCs and NC:PCBM blends probed, showed semiconducting behaviour with linear
photocurrent I-V in the presence of above gap illumination. Conductivity under dark conditions was carried
out also, yielding negligible current densities from all samples. The photoconductivity of CsPbBr3 NCbased devices obtained using ITO and Au contacts is displayed in Figure 4.9. ITO contacts appear to extract
better charges from the active region of such devices exhibiting photocurrent densities almost one order of
magnitude larger than the devices with Au contacts. In the ITO-based devices, a very slight improvement
of the photo-current density is observed in the 20% w/w blend relative to the pristine NC device. Larger
incorporation of PC70BM in the 33% w/w device, decreases the photocurrent density, significant lower to
the levels obtained with pristine NC active regions. On the other hand, a notable enhancement of the photocurrent density is observed upon addition of the PC70BM in devices implementing Au contacts. We interpret
the results as follows. ITO-based devices produce mainly a hole photo-current that it is not influenced much
by the electron cascade NC→ PCBM→ ITO process displayed in Figure 4.9, which explains the marginal
improvement of the conductance for the 20% w/w blend. For higher PC70BM content (33%), the fullerene
acts as hole blocking layer, effectively reducing the device total photocurrent. In the case of Au contacts,
photoconductivity is dominated by transport of photoexcited electrons. The presence of PC70BM in such
case, acts as an efficient bridge for electron transport and collection by the contacts. The reduction of the
photocurrent density in the 33% w/w blend may be related to a non-optimum blend morphology, hinted by
the extensive PC70BM aggregation observed in the microscopy images of Figure 4.3 .

Figure 4.9: Photocurrent I/V in the -3 to 3 V ranged collected by (a) ITO and (b) Au contacts. Schematic illustrations
of the charge’s pathways are displayed in both cases. ITO mainly collects h+ but with the addition of fullerene, ecollection becomes somewhat efficient as well. Au contacts show more efficient e- collection in the presence of
PC70BM.

Photoconductivity data from CsPb(Br/I)3 NC based devices are displayed in Figure 4.10. In general,
significant smaller photocurrents were obtained compared to CsPbBr3 NC devices, reflecting the higher
disordered and lower quality of the mixed halide films, as further evidenced by the reduced PL QY and the
microscopy images of Figure 4.5. The behaviour of ITO-NC-ITO devices is similar to that observed in the
CsPbBr3 NC-based devices. A small increase of the photocurrent for the 20% w/w blend relative to the
pristine NC devices can be observed, as electron collection is facilitated by the PC70BM bridges. For higher
fullerene content, its hole blocking properties in combination with a potentially, non-optimum blend
morphology containing large PC70BM aggregates quenches the photocurrent below the levels measured in
pristine NC devices. For Au devices, addition of PC70BM has a profound and beneficial impact on
conductivity, greatly improving electron transport and collection via charge transfer processes to PC70BM
domains and subsequent collection by the contacts. The measured photocurrent from the discussed devices
at bias of 1 and 3 V are shown in Table 4.4.

Figure 4.10: Measurements of photocurrent with the application of -3 to 3 V collected by (a) ITO and (b) Au contacts.

Table 4-4: Summary of Average Current of samples including both ITO and Au contacts devices.

Photocurrent (nA)
CsPbBr3
Contacts

CsPb(Br/I)3

Voltage (V)
Sample (% w/w PC70BM)
0%

20%

33%

0%

20%

33%

1

14.5

15.3

6.2

0.9

2.1

1.3

3

42.7

44.9

18.2

2.9

6.1

4.0

1

0.5

1.4

1.2

0.2

2.4

2.1

3

1.5

3.0

2.6

0.3

7.3

5.8

ITO

Au

5. Summary and Future Work
Summary plots of the optical study are displayed in Figure 5.1. For the CsPbBr3 NC-based devices, the
energy gap obtained via the first derivative of O.D. spectra and the PL peak exhibit a small red shift upon
PCBM inclusion that could be an indication of the electron transfer processes from the NCs to PCBM. A
similar shift is observed in the gap of CsPb(Br/I)3 NCs when blended with PCBM, however the respective
PL peak shifts in the opposite direction i.e. blue shift. Such a behaviour is not understood at this stage.

Figure 5.1: Summary plots of optical spectroscopy: (a) Energy gap and PL peak, (b) PL Quenching = [(PL intensity
of pristine NCs)-(PL intensity of blend structure)]/ (PL intensity of pristine NCs) .

Blending with the fullerene induces a significant quenching of the CsPbBr3 NC emission intensity (Figure
5.1b) of up to ~ 79% for the 20% PC70BM blend and up to ~92% for the 33% PC70BM blend compared to
the pristine NC film. Slighter smaller quenching efficiencies, up to ~ 71% for the 20% PC70BM and ~86%
for the 33% PC70BM blends are obtained for CsPb(Br/I)3 NC films. The emission reduction can be
predominantly attributed to NC exciton dissociation at the NCs/PC70BM interfaces and subsequent electron
transfer to the fullerene component, with the overall process becoming more efficient as the content of
fullerene acceptor increases. The steady-state PL quenching is further supported by the findings of the timeresolved PL data analysis. The estimated contribution, displayed in Table 4.3, of the radiative, exciton
dissociation + charge transfer and non-radiative recombination processes are plotted in Figure 5.2.
Importantly, the charge transfer contribution increases at the expense of the slower radiative and nonradiative recombination channels, as more fullerene is added for both Br-based and mixed halide NC based
devices, confirming the beneficial impact of the fullerene acceptor on the electronic transport. In particular,
as PCBM increases from 0 to 33%, the radiative contribution reduces by 50% while the non-radiative

recombination amplitude diminishes even further and up to 67% and 80% for the CsPbBr3 and CsPb(Br/I)3
NC films, respectively. At the same time, the charge transfer contribution increases by ~50% and ~70% for
the Br-based and mixed halide NC based devices, respectively.

Figure 5.2: Contribution n (%) of each charge transfer channer for (a) CsPbBr3- and (b) CsPb(Br/I)3 -based
structures. Rad is the radiative channel(grey squares), CT is the charge transfer channel (red circles) and Nrad is the
non-radiative component channel(blue triangles).

The plot in Figure 5.3 contains the relative enhancement of photocurrent upon incorporation of the PC70BM
in the two studied NC systems. For ITO-based lateral devices, the current increases by ~25% when 20%
w/w PC70BM is added in the CsPb(Br/I)3 NCs; a marginal improvement of ~5% is observed for the CsPbBr3
NCs when the same amount of fullerene is added. In both NC cases though, further increase of the PC70BM
content results in a significant ~60% decrease of the photocurrent relative to pristine NC devices, as
PC70BM appears to inhibit hole transfer and collection. For the Au-based devices, photoconductivity is
higher in all blends compared to pristine NCs, with a large enhancement of up to 100% for CsPbBr3 NCs
and a dramatic increase larger than three orders of magnitude for the CsPb(Br/I)3 NCs.

Figure 5.3: Photoconductivity enhancement of CsPbBr3 NC (grey) and CsPb(Br/I)3 NC (red) blend structure devices.
ΔJ is estimated by the difference of the photocurrent of blend structure and pristine NCs devices.

We intend to further extend the studies reported in this thesis, within a PhD research project by conducting
a simultaneous study of PL quenching and photoconductivity under bias. We expect that the study may
provide more insight into the emission quenching mechanisms and the correlation of the quenching in the
steady-state and time-resolved regime with the photocurrent characteristics. Other planned work includes a
more systematic optimization of the relative NC:PC70BM concentration and studies on the impact of NC
size, shape and ligand type on the charge transfer and extraction processes. More detailed experiments to
probe the blend microstructure using better resolution microscopy such as AFM and NSOM are also
planned, as well as morphological optimization of the blends towards improved lateral photoconductive
devices via methods such as solvent engineering, solvent additives, thermal annealing and ligand
washing/passivation. The ultimate goal is the demonstration of efficient, vertical photoconductive or
photovoltaic solar cell devices based on NC heterojunctions with fullerenes or other organic conductors
such as non-fullerene acceptors or oxide nanoparticles acting as potential electronic donors and/or acceptors
in the blends.
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