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Synopsis

This thesis mainly focuses on colloidal semiconductor nanocrystals (NCs) of cesium lead halide
(CsPbX3; X= Br and 1) perovskite. Colloidal synthesis, purification of NCs, luminescence
properties, crystal phase stabilization at nanoscale and deposition of electronically coupled NC
film have been discussed in detail. Luminescence properties of these CsPbX3 perovskite NCs has
been compared with CdSe based traditional quantum dots (QDs), in which, the defect
sensitiveness of CdSe QDs and the defect-tolerance nature of CsPbX3 NCs has been discussed.
Furthermore, optimized purification of CsPbls NCs allows the large surface energy to stabilize
the cubic perovskite black phase of CPbls at room temperature unlike its bulk counterpart.
Eventually, a layer by layer film deposition method is developed for the fabrication of
optoelectronic devices. CsPbXs NCs are enough electronically coupled and these films
exhibiting appreciable performance in solar cell, photodiode and light emitting diode (LED).

Chapter 1.Introduction: This chapter is a brief introduction and motivation of the work done
in this thesis. Semiconductor NC or QDs are introduced, where different advantages of quantum
confinement effect are discussed. Optoelectronic applications of semiconductor NCs in solar
cell, LEDs and photodetector have been discussed. The fundamentals of well-adopted synthesis
protocol of hot injection method are also briefly described. Different types of organic capping
ligands and their nature of binding on the surface of inorganic NCs are explained. Along with
advantages of colloidal QDs, the disadvantages of having high surface to volume ratio are
pointed out. The nature of surface defects due to large number of surface related dangling bonds
in QDs are distinguished. The concept of defect-tolerant has been introduced. For example,
optoelectronic processes in traditional CdSe QDs get affected tremendously in presence of
defects, but defects do not causesuch significant change to optical and optoelectronic
performances of lead halide perovskites. These materials where defects are benign to the
optoelectronic properties are termed as defect tolerant and CsPbX3 perovskites are such a
material. Looking on this property along with all-inorganic nature, NCs of CsPbX3s are taken as
research material in this thesis and introduced in this chapter. Reported work on the crystal
structure, electronic structure and optical properties are taken as important topics for the

discussion which are relevant to the whole thesis work.
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Chapter 2.Role of Defects on Luminescence of CdSe Based Quantum Dots and Sensor
Application: First, long-chain organic ligand capped CdSe QDs has been synthesized by
following a known method. Then the organic ligands have been replaced with S? ligand. This
ligand exchange increases the defect density on the surface, significantly quenching PL intensity.
PL intensity go recovered in presence of Cd*2. This increase in PL by addition of Cd?* ions can
be used as a turn-on sensor for detecting Cd?* in aqueous medium. Mechanism of both, PL
guenching and enhancement are discussed in details where surface defects are playing major
role. The Cd?*has been quantified by fluorescent based titration method and the ligand free NCs
are used as sensor for Cd?*. Sensitivity and selectivity of the sensor has been discussed.
Similarly, the NCs are also used as nitroexplosive sensor, after looking its ligand free nature.In
other words, this chapter shows the extreme sensitivity of optical properties of traditional QDs
like CdSe NCs on the surface and surroundings of QDs. Therefore, the need of defect-tolerant

NCs for robust and efficient optoelectronic devices has been pointed out.

Chapter 3A. Luminescence from Defect-Tolerant CsPbBrs Perovskite Nanocrystals:
This chapter is focused on crystal structure and optical properties of colloidal CsPbBrsNCs
which has been synthesized by following a previous report. We found that the NCs crystal phase
of CsPbBr3 is orthorhombic unlike the previous reportthat suggest cubic phase. In our study, we
have found that weak quantum confinement is sufficient enough for achieving ~90% PL
quantum yield (QY)from CsPbBrs NCs without any surface passivation.As a result of slightly
larger size than the Bohr’s diameter the size distribution related problems do not affect the color
purity resulting into narrow (~85 meV) spectral width of PL. In fact the full width at half
maximum (FWHM) of PL for ensemble is similar to that of a single NC. Also, Fdster resonance
energy transfer (FRET) negligibly affects PL. PL dynamics show bi-excitonic decay with
exhibiting 3 ns and 8 ns radiative lifetimes of nearly equal contribution. Importantly, the NCs
show reduced PL blinking. These data support the defect-tolerant nature of CsPbBrs NCs.

Chapter 3B. Excellent Green but Unconvinced Blue Luminescence from CsPbBrs3
Perovskite Nanocrystals: In continuation of chapter 3A, this chapter discusses on smaller
sized strongly quantum confined NCs of CsPbBrs. On reducing the size (increasing the surface to
volume ratio) of CsPbBrs NCs by reducing reaction temperature, the PLQY does not get much

affected. But these blue emitting smaller size NCs have higher tendency to grow in size and also
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can change their morphology. Hence, the color purity of blue PL gets affected. The growth
mechanism has been discussed by using electron microscopy images. Therefore, while making
blue emitting NCs of CsPbBrs by keeping high PLQY and higher color purity, it is better to
adopt other strategies like change in the halide composition (alloying with ClI) instead of tuning
the size of the NCs.

Chapter 4.Stabilization of a-CsPbls Perovskite for Solar Light Harvesting: Size Effect:
In this chapter, synthesis of colloidal a-CsPblz NCs that are stable in ambient conditions are
discussed. Different sized NCs in the size of 3.4 to 12.5 nm were prepared by varying the
reaction temperature. The NCs were successfully purified without affecting the phase and
colloidal stability. This stabilization of a-phase of CsPbIsNCs at room temperature is a major
development, since bulk CsPblz crystallizes in 6-phase at room temperature. This newly
developed black a-CsPbIsNC is ready for use in photovoltaic cell, photodiode and LEDs. In this
regard, this chapter discusses the photophysical properties of a-CsPbls NCs to understand the
effect of quantum confinement and surface defects on bandgap, excitonic transition properties
and PL. All the samples show excitonic (or bandgap) emission with PLQY in the range of 21 to
51 % maintaining a narrow FWHM (83-155 meV). PL decays show average radiative lifetime in
the range of 10-15 nano second for different sized NCs. The high PLQY and near absence of
non-radiative component in PL decay suggest defect tolerant behaviour of these NCs and are
encouraging for optoelectronic applications.

Chapter 5. Surface Ligand-Engineering of CsPbX3 (X=Br, I) Nanocrystal Film for
Optoelectronics: This chapter demonstrates layer-by-layer deposition of CsPbXs NC film for
use in high performing optoelectronic devices such as solar cell, photodiode and LEDs.NC films
are treated with MeOAc that significantly removes the long-chain organic ligands from the NC
surface. This removal of ligands reduces the PL efficiency, but expected to enhance the charge
transport in NC films. Thickness of the NC films was increased by layer-by-layer method, where
each layer corresponds to a thickness of 50-100 nm. CsPbX3 NC based optoelectronic devices,
such as solar cell, photodiode and LEDs with multilayer (higher thickness) device showed
outstanding performance with reasonably good stability. The solar cell employing a-CsPbIsNCs
shows power conversion efficiency (PCE) of >10 % with Voc = 1.23 V and the photodiode using

the same material exhibit remarkable detectivity value of 1.8 x10'2 Jones together with near-zero
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hysteresis. In case of CsPbBra NC based green LED, higher current density and lower turn-on
operating voltages compared to that single-layer device was found. Multilayer device gets rid of
pin-holes and cracks in the NC film, improving the charge-carrier-balance factor significantly to
boost the efficiency number from ~1 cd/A for single-layer to ~5.2 cd/A four-layer NC film.

Appendices: There are two appendices in the thesis. Appendix-l discuss about impedance
spectroscopy measurement of PbS and PbSe NCs films. Applendix-Il discuss about QD
sensitized solar cells fabrication with Ag.S, AginS;and Ag.S-AginSzheterostructured NCs. The

PCE of all the solar cell are measured and compared.

Thesis Summary and Future Outlook: In this section we have summarized the major

findings of the thesis work, and discussed about possible future directions.
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Chapter 1. Introduction

1.1 Semiconductor Nanocrystals (NCs) or Quantum Dots (QDs)

Nanocrystals (NCs) are particles of dimension in the range of few nanometers and have
atomic arrangement in a single or polycrystalline way. Quantum dots (QDs) are NCs of
semiconductors in which charge carriers experiences quantum confinement effect.! As the
size of the NC reaches near to the Bohr excitonic diameter (in 2 to 50 nm range) of the
material, the properties (for example, light absorption and emission) of the NCs start to
depend on the size of the crystals.? This effect is termed as quantum confinement effect or
quantum-size effect. Quantum confinement effect results into increase in the bandgap value
with decrease in the size of the QDs (Figure 1.1).>® These QDs in this size range are neither
molecule nor bulk solid. If illuminated/excited appropriately, QDs emit light of extremely
pure color. This happens because the excitons (discussed later) created by the excitation are

confined spatially in all three dimensions and recombine by emitting energy in form of light.

Conduction
= = == Band
N A A  a —_ ==
Bandgap (E,)
2 J! v ~ ==
Valence
1

xOOO&O

0 <€————— Bandgap (E,) increases
Increasein Size (nm

Bohr Excitonic

Quantum Confinement Regime Diameter (Dg)

Figure 1.1 Schematic representations of the quantum confinement effect. The bandgap of
the semiconductor nanocrystal increases with decreasing the size of nanocrystal below Bohr

excitonic diameter. Also, discrete energy levels arise at the band-edges.

Briefly, in a semiconductor, the bandgap is the required amount of energy to create an
electron and a hole in the material with zero Kkinetic energy and the distance between the

created electron and hole should be enough so that the Coulombic attraction between them



Chapter 1. Introduction

would be negligible. These electron and hole may form exciton (bound electron-hole pair)
and can reduce the optical bandgap energy by few a meV. An exciton could be treated similar
to hydrogen atom where hole could be considered similar to proton. The distance between the
electron and hole in the exciton is termed as exciton Bohr radius. For example, it is 2.2 nm
for ZnO, 3.1 nm for CdS, 4.2 nm for Si and 6.1 nm for CdSe.® It could be very large for
some semiconductors, such as, 20.4 nm for PbS, 46 nm for PbSe, and 67.5 nm for InSh.®
Although many intrinsic properties changes from bulk to QDs, for example, band
dispersion, dielectric constant , a rough estimation of the optical bandgap with the size of the
QDs can be obtained by following Brus and Kayanuma formula (equationl1.1) which is based

on effective mass approximation (particle-in-a-box) model.

L ) _ L786¢" _ 0.248(E * R,) (eg. 1.1)

Ewop) = Epur + 8%22(1112 .
where h- Plank’s constant
R- Radius of the QD
m,- Effective mass of excited electron
m,, - Effective mass of excited hole
&,- Permittivity of vacuum
&~ Relative permittivity

E * R, - Rydberg energy

Often, the band gap of a QD is governed by the first two terms in the right side of equation
1.1. First, the bulk bndgap of the material and second, the extent of quantum confinement
achieved by reducing the size of the QD. The third term in the equation represents the exciton
binding energy in the QDs and often shows a value of a few meV range. The last term in the
equation 1.1 corresponds to spatial correlation effect which is significant only in the case of
low dielectric constant materials.

Apart from increase in the bandgap energy on decreasing the size of the QDs (Figure
1.1), there is an increase in absorptivity coefficient as a consequence of increase in transition
probability and appearance of atomic-like discrete energy levels in the electronic band
structure (as shown in Figure 1.1). Owing to the presence of discrete energy levels, these QDs

are sometimes called as artificial atoms.! However, the properties exhibited by the QDs are in
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midway of those exhibited by the bulk semiconductor material and those of the atom or
molecule. Another interesting property of the QDs is the increase of the photoluminescence
(PL) lifetime (for radiative recombination of electron and hole) with increasing the size of
QDs. This means that the bound excitons stay in excited state for longer time in larger sized
QDs in compared to smaller sized QDs before they recombine radiatively. This is because the
confinement faced by the exciton in larger sized QDs is lesser than that in smaller sized QDs.

Owing to the exhibition of attractive properties such as color tunability by varying the
size, high extiction coefficient, broad absorption spectrum and narrow emission line width
(high color purity), scalable and solution processibilty, semiconductor QDs find their
application in light emitting diodes (LEDs) for full-color displays, lasers; and in solar cells
for harvesting light of broad spectrum. Furthermore, high surface-to-volume ratio of these

semiconductor nanomaterials makes them suitable to be used in photocatalytic applications.

1.2 Applications of Semiconductor NCs or QDs

These QDs became popular in last three decades owing to their both fundamental properties
and applications which includes energy related ones, like solar cells, LEDs, photodetector
and photocatalysis.”® Since semiconductor NC allows the fine tuning of electronic energy
levels and other optical properties by varying the size and composition, its use in

optoelectronics remains a moving area of research.

1.2.1 Light Emitting Diodes (LEDs)

As mentioned above the bandgap energy increases on decreasing the size of the
semiconductor NCs or QDs, which mean more energy is required to electronically excite the
smaller sized QD than that of larger one. Consequently, the emission energy due to the
recombination of the electron and hole (schematic shown in Figure 1.2) can also be tuned by
varying the size as shown in Figure 1.3. Owing to this property, QDs are being used in LEDs
with wide color gamut.® Also, the color purity due to the narrow emission line width of these
semiconductor NCs is an attractive property which allow the material to be used in light
emission application. Furthermore, it has been found that semiconductor NCs are
significantly more stable than molecular fluorescent materials.’® Solution-processable nature
of these semiconductor NCs is also making them an ideal candidate to be used in low cost
printable displays.
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Light Emitting Applications

Conduction

Band (CB) Conduction Band

Minimum (CBM)
Charge Recombination
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Figure 1.2: Light emission. Schematic representation of radiative charge recombination
(relaxation) process (electron from conduction band and hole in valence band) in a

semiconductor for light emitting application.

Figure 1.3: Color tunability. Photograph of UV-light excited colloidal solution of CdSe
QDs with different sizes. PL color changes from red to blue as QD size is reduced from 6 to 2

nm. Reprinted with permission from Ref.11. Copyright 2011, Royal Society of Chemistry.

Small molecule or polymer based organic LEDs show outstanding performance and
have found their use in real life applications, while the performance of the semiconductor
NCs-based LEDs is lagging behind due to the grain boundary related inefficient charge
transport and the deep lying defects states (discussed in later section) which traps the charge
carriers. But NCs LEDs has potential to outperform the organic LED in many ways, such as
i) semiconductor NCs has better emission color purity (narrow line width) in compared to
those from organic luminescent materials;° ii) in the infrared emission range, these NCs
exhibit better efficiency over organic materials, as the excitons at this low bandgap energy
prefer to follow the nonradiative decay channel;*? iii) in organic molecules the triplet state-

recombination causes significant loss of efficiency which is not the case with semiconductor
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NCs, as in these NCs they have a low-lying triplet state due to the high level of spin-orbit
coupling. 2

In these days QD displays, such as Samsung’s QLED and Sony’s Triluminos LCD
displays, use a thin layer of QDs which get excited by back lying blue exciting source.**6

Hence green and red part comes from the charge recombination of photoexcited QDs.

1.2.2 Solar Cells

Owing to the simplicity of the synthetic procedure, broad and tunable absorption spectra,
large extinction coefficient and multiple exciton generation (MEG),!” semiconductor NCs are
employed in light harvesting applications. Solar cell is one of such application, in which
photons from sunlight cause exciton to form and then potential get generated after the free
electron and free hole separation into the respective electrodes (schematic shown in Figure
1.4). Also, the smaller size of the NCs allow them to be used in flexible solar panel. The
interest on QD solar cells started in 2001 when Professor Nozik assumed that marginal
phenomena such as MEG and hot carrier collection could significantly improve the solar cell
performances.'®1° On this basis, using these QDs, the theoretical power conversion efficiency
(PCE) of a solar cell can reach up to 42% which is higher in comparison to the 31% PCE of
traditional single-junction semiconductor solar cells according to the Schockley-Queisser
limit.2>2! Figure 1.5 shows a detailed track of certified efficiencies of different photovoltaic
technologies, in which QD solar cell research shows an exponential growth rate and the solar
cell efficiency from QD solar cell crossed 10%.%%%3

Photovoltaic Applications
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Figure 1.4: Light harvesting. Schematic representation of charge separation process
(electron collection from conduction band and hole collection from valence band) in a

semiconductor for photovoltaic application.
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Figure 1.5: Solar cell efficiency growth. Best research-cell efficiencies of employing

different materials, adapted with permission by the national renewable energy laboratory

(NREL).?? Reprinted with permission from ref. 22.
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Figure 1.6. Nanocrystal solar cells. Schematic showing three types of semiconductor-

nanocrystal-based solar cells. Reprinted with permission from ref. 24. Copyright 2012,

American Chemical Society.
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1.2.3 Photodetectors

As in a solar cell a power output (current along with voltage) is required from the solar light
illumination, there are devices in which only current output is sufficient to detect certain
frequency of light. The parameter for the efficiency of these is amount of photocurrent per
unit power of incident light (Ampere/Watt). This efficiency parameter can be directly linked
to the quantum efficiency i.e. collected charge carriers per incident photon. To improve the
efficiency of these photodetector devices, these can be operated under a certain bias. Another
important parameter is the dark current, which should be low since it dominates the noise.

Presence of trap states in PbS NCs results into photodetectors to show quantum
efficiencies in excess of 100% which is called photoconductive gain and indicating that the
device operation is not simply based on swiping out photogenerated electron and holes. In
contrast, photon absorption causes many charge carriers to be injected and transported
through the device. The trap states present in the sample, in which trapping time scale is
longer than the transit time scale of the charge carriers. This allows many charge carriers to
pass through the device before the occurrence of charge trapping. Optimization of the
performance of the NCs based photodetectors can be done by controlling the surface states
and densities of trap states.?®2” Due to the involvement of trapping states the photodetectors
device can show lower response speed.

Apart from the above optoelectronic applications of the semiconductor NC, there are
many other applications where these semiconductor NCs are very promising. For example,
the high surface to volume ratio, along with smaller size of the semiconductor NCs plays a
big role in catalysis. High PL QY of these NCs make them a challenging candidate to be used
as biological tool, such as bioimaging.?® Lasing is also another application in which
semiconductor NCs are being researched heavily.?® However, these applications are out of
interest of this thesis and not discussed in details.

1.3 Synthesizing Colloidal Semiconductor NCs

Method of synthesizing colloidal nanoparticles is very old. Michael Faraday in 1857
synthesized the first colloids of gold nanoparticles. Synthesizing semiconductor NCs of
good quality with less defect density is a challenging task for the research community, so that
the NCs can be employed in diverse applications, including solar cells, LEDs, photodetectors,
catalysis.®® There are different methods exist to synthesize these NCs, such as electron beam

lithography, molecular beam epitaxy, vapour-liquid-solid, successive ionic layer adsorption
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and reaction, and the synthesis of colloidal QDs through nucleation processes. The former
three are highly sophisticated ways of physical syntheses which need highly controlled
atmosphere, high vacuum and also high voltage. This hinders the widespread use of these
NCs. The colloidal methods which are chemical syntheses methods and solution processable
in nature are relatively cost-effective, but have to be optimized significantly for better quality
production of NCs. As mentioned, solution processable route of synthesizing NCs are cost
effective and can be gram-scale.®!

Figure 1.7: The LaMer diagram. Sc is the critical supersaturation, the minimum
supersaturation level for the homogeneous nucleation. Reprinted with permission from ref.32.
Copyright 2011 Wiley-VCH Verlag GmbH & Co.

Hot injection route is the most popular way to synthesize good quality semiconductor NCs.
Murray et al. have first time demonstrated the synthesis of cadmium chalcogenide QDs by
following hot injection route.! Typically, in a synthesis of semiconductor NCs, metal
complexes such as, alkyl metals act as metal precusrors which are dissolved in high boiling
solvents like 1-octadecene (ODE) and trioctyl phosphene oxide (TOPO). At high temperature
the anion precursor such as, S, Se and/or Te dissolved in trioctyl phosphene (TOP) is injected
swiftly to the reaction mixture of metal precursors. Based on La-Mer model, this event of
swift injection increases the concentration of precursor to a critical value above which the
nucleation and then the growth of the NCs are favored energetically (Figure 1.7).323 The
formed nucleus opens the NC growth and all the NCs keep growing without forming new
nucleus in a condition where the feeding rate of precursor is much lower than the rate of their
consumption by the pre-existing NCs. In the beginning, the distribution of NC size largely
depends on the time over which the nuclei are formed and open up the growth process.

Further, to reduce the total free energy of the system small-sized NCs with higher value of
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surface to volume ratio re-dissolve to cause continuous growth of the larger-sized NCs. This
process is called Ostwald ripening which results into further narrowing of the NC size
distribution.* Further improvement of the resulting size distribution of as-synthesized NCs
can be achieved through size selective precipitations,* in which slowly adding a nonsolvent to
the colloidal NC dispersion causes selective precipitation of large sized NC. This happens
because there is decrease in solubility of molecules or particles with increase in size. This
process of size selective precipitation can be done repeatedly for several times to narrow

down the size distribution of NCs to several percent of the average size.

1.4 Surface Defects in Traditional (II-VI) Semiconductor NCs

Owing to the high surface to volume ratio in case of NCs, large density of surface defects trap
the charge carriers (schematics shown in Figure 1.8 and 1.9) which results into decrease in
their performance in term of optical, electronic and optoelectronic properties.®® These surface
related defects are inherent part of the NC. However, removal of these defect states from the
bandgap region could be possible. For example, in case of CdSe/ZnS (type-1 core/shell) NCs,
ZnS shell removes the defect states from the bandgap region of CdSe core (as shown in
Figure 1.10) resulting into achievement of near ideal photoluminescence (PL) quantum yield
(QY) from the core material.*®” But these shells hinder the injection/extraction of charge
carriers into/from the core material of the NCs and hamper their use in electronic and
optoelectronic applications. By using various organic and inorganic molecular species,

manipulation of defect related energy levels has also been demonstrated.

) [ ) [ )
Conduction
Band
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< Deep
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Figure 1.8: Defects acting as trap states. Schematic representation of defect states (red line)
lying deep within the bandgap region of a semiconductor which trap the charge carriers

(electron from conduction band and hole in valence band).
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Figure 1.9: Defect intolerance in conventional semiconductors nanocrystals. a)
Schematics of semiconductor nanocrystals showing surface dangling bonds and Db)
schematics showing electronic structures which are defect-intolerant, such as for

conventional semiconductors (for example, CdSe, GaAs, and InP). [Adaped from ref. 3]
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Figure 1.10: Surface passivation of a bare QD to remove the defect states from mid gap
region. a) Schematic representation of surface defect passivation of semiconductor
nanocrystal (bare) by growing a shell of higher bandgap (type-1 core/shell band alignment).
b) schematics of electronic band structure of type-1 core/shell nanocrystal in which the defect
states of the core particle has been passivated significantly and the defects on the surface of
the shell material do not trap the charge carriers (charge carriers from the shell get confined
to the core (green dashed line) due to type-I band alignment) .
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1.5 Surface Ligand Chemistry of Colloidal NCs

The set of ligands attached to the surface of a NC forms a ‘capping’ layer. These ligands
passivates the dangling bonds on the NC surface, shields the NCs from its surroundings,
maintain the colloidal stability of the NC and controls nucleation and growth Kinetics during
NCs synthesis.! These ligands also help to solubilize the reaction precursors required for the
synthesis of NCs. Apart from these all, surface ligands also control the optical, electrical,
magnetic and catalytic properties of NCs.

As discussed above, in a semiconductor NC or QD, the valence band and the
conduction band are split into discrete, quantum-confined states which results into size-
tunable luminescence colors. However, under-coordinated or sub-coordinated atoms, on the
surface of NCs, with dangling bonds usually contribute a set of electronic states (defect
states) with energy levels lying deep within the highest occupied and lowest unoccupied
quantum-confined orbitals of the NCs (Figure 1.11, red lines). These localized deep lying
electronic states trap the charge carriers (electrons or holes) and consequently quenches the
luminescence and hampers the performance of NC-based devices.

Bonding (hybridization) between the ligand frontier orbital and dangling bond of NC
surface atom creates a new set of molecular orbitals with bonding (c) and antibonding (c*)
character. Bonding orbitals and antibonding orbitals are formed by stabilization and
destabilization, respectively, with respect to the energy level of sub-coordinated surface atom
and ligands (Figure 1.11). On doing that the energy states of ¢ and c*orbitals move outside
the bandgap and the trap states get cleaned away which were acting as a centre for fast non-
radiative recombination in absence of ligands.

Preservation of the luminescence efficiency of NCs needs removal of deep trap states
(lying in the mid-gap region). However, the relationship between the surface dangling bond
passivation and NC electronic structure is not yet understood clearly. For example, despite a
CdSe surface atom density of ~6 nm=2, a tremendous drop in CdSe luminescence occurs at
modest oleate coverage of ~3 nm=2.3°40 As such, establishing the relationship between NC
surface structure (which includes surface atom dangling bond and ligands) and optical

properties remains a crucial open question in the field of colloidal nanomaterial research.

1.5.1 Nature of Ligand Binding to Surface of NCs
Since last five years and so, it has been reported in literature that the binding of ligands to the

surface of NCs can be nicely explained by the covalent bond classification (CBC) which is
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developed by Green***? to categorize ligand-metal binding interactions and their complexes.
In this classification, depending on the number of electrons contribution from the ligand
molecule, ligands are classified. L-, X-, and Z-type ligands contribute 2, 1 and O electron(s)
respectively. Generally, L-type ligands are neutral in charge and have two electrons with a
lone electron pair which datively coordinates with metal atoms on NC surface. Examples of
L-type ligands are amines (RNH>), phosphines (R3P) and phosphine oxides (R3PO).

Ligand-Free NCs Organic Capped NCs Cleaning up of trap state by ligands

1
1
: CdE, GaAs
a) 8 1 b) Defect-intolerant
| —_—0
= : CB “\g'accepting
—— : 0*_ — Ligand
- i iLumo
S cation” =}
| -\ mid-gap \ j
! \ states )\ . ¢ i
Poor PLQY High PLQY | \ ==-4fiol :
| Hovo_ N
le'donatin\g\ / (o)
o CdE, GaAs QDs having large surface to volume ratio : Ligand 0
1

e ,0 Dangling bonds " Organic ligands (Cg— Cyg) -

Figure 1.11: Effect of ligands on nanocrystal surface defects. a) Schematics show the
adding ligand to the surface of nanocrystals causes decrease in defects states, as a result the
PL efficiency increases as the charge carriers do not get trapped in deep lying defect states. b)
simplified molecular orbital diagram of a CdE (E= S, Se, Te)/GaAs nanocrystals showing
that the energy levels of Cd or Ga and E or As surface electronic states (red levels) are
pushed outside the bandgap upon ligand binding.*® Here, HOMO is highest occupied
molecular orbital and LUMO is lowest unoccupied molecular orbital. [Adapted from ref. 4°]

X-type ligands are also neutral in nature but have an odd number of valence-shell electrons. It
requires one extra electron to complete a two-electron covalent bond which could be found
from the NC surface dangling bonds. Practically, the cleavage of M—X bonds is heterolytic in
nature, which form ionic, closed shell fragments. Following its nature, X-type ligands can be
neutral radicals (monovalent ions) and bind with the neutral surface sites of NC (each with an
odd electron). Carboxylates (RCOQ"), thiolates (RS") and phosphonates (RPO(OH)O") along
with inorganic ions (CI ~, InCls~, AsSs>) and bound ion pairs (NEts* 1 ) in nonpolar solvent
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are the examples of X-type ligands. Briefly it can be said that the electron-rich (Nucleophilic)

L- and X-type ligands bind typically to electron-deficient under-coordinated metal ions at the

surface of NC with pronounced Lewis acidity. Cation rich metal chalcogenide NCs, such as
PbS, PbSe, CdSe and CdTe NC are found to be capped with X-type ligands, for example

RCOO™ or RPO(OH)O™ which bind to excess surface cations (act as lewis acid) with a

binding motif of NC(MX,). In this case of ligand binding to the NC surface, charge neutrality

and stoichiometry are maintained (Figure 1.12).%3

The covalent bond classification

_ X

Binding motif Example

NC(MX,) CdSe(CdX,)
NC(X)s HfOL(X)s
NC(L PbS(L)
MNCIZ) Cdse(CdXs)

2 M= metal
2 E =nonmetal

Schematic presentation

A

X

x
LK
oz

Figure 1.12: Schematic representation of different ligand catagories within the covalent

bond classification scheme. L-type ligands donate 2 electrons to the NC—Ligand bond acting

as Lewis base. Z-type ligands offer an empty orbital acting as lewis acid while X-type ligands

donate 1 electron. The as shown schematic representations show the observable chemical

reactivity of the ligand shell with the NC surface.® Reprinted with permission from ref.44.

Copyright 2016 American Chemical Society.
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In case of metal oxide NCs, for example, HfO2, ZrOz, an excessively involved binding motif
was revealed. In some cases, electrin-rich (lewis acidic) NC surface can also be found, such
as in metal oxide, chalcogenides and other compound NCs, that can interact with Z-type
ligands (CdClz or Pb(OOCR).). These Z-type ligands bind through the metal atom as lewis
acid (two-electron acceptors). Additionally, oxide NCs surface can bind H* (electrophilic X-
type positively charged ligands). Dissociated RCOOH in form of RCOO™ and H* (2 different
X-type ligands) passivate the surface of these stoichiometric NCs in a binding motif of
NC(X)2.#4¢ Z-type ligands and L-type ligands are Lewis acids and are Lewis bases
respectively which in case of binary NCs (such as CdSe, PbS NCs) bind to anion-rich basic
and cation-rich acidic surface sites, respectively. This kind of binding motifs can be
abbreviated as NC(L) and NC(Z) (Figure 1.12). It should be noted that in ligand exchange
reactions in case of CdSe(CdX>), involvement of either only the X-type ligand exchange or
the displacement of the entire MX> moiety might occur, hence CdSe(CdX>) can be treated as
both NC(Z) or NC(MXz).

1.6 Defect Tolerance in Semiconductors and Electronic Structure of

Cesium Lead Halide Perovskite

Synthesizing a NC with defect-free (or low defect density) nature is probably not an available
option. Alternatively, researchers mostly focus on controlling the energy levels of these
surface defect states, in an attempt to achieve defect-tolerant system. The meaning of defect-
tolerance is that the intrinsic defects do not trap the charge carriers,*” owing to the unique
electronic band structures of the material.*® In general, electrons at conduction band
minimum (CBM) and holes at valence band maximum (VBM) are responsible for
optoelectronic processes in a semiconductor (as shown in Figure 1.2 and 1.4). If energy levels
of defect states are close to VBM or CBM, instead of lying within the bandgap, then a defect
tolerant system can be achieved.

Lead halide perovskites have been investigated as a new class of defect-tolerant
system.*®2 Intrinsic electronic band structure of lead halide perovskite mainly imparts the
defect-tolerance nature,®® in which the VBM is formed by anti-bonding (c*) hybridization
between 6s orbitals of lead and np orbitals of halogen (Figure 1.13). This nature of VBM is in
stark contrast to that of 11-VVI metal-chalcogenides (CdS, CdSe, CdTe) in which the VBM is
of bonding (o) nature (Figure 1.9). Furthermore, the CBM in lead halide perovskite get lower
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down in due to the strong spin—orbit-interaction. This causes the defect-related dangling

bonds to be ineffective in generating a deep lying trap center for charge carriers.

APbX,
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Figure 1.13: Defect tolerance in lead halide perovskite nanocrystals. Schematics showing

electronic band structures that are defect-tolerant, such as for lead halide perovskites.®
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Figure 1.14: Surface defect-tolerance in CsPbXs nanocrystals. lllustration that CsPbXs
nanocrystals maintaining high emission efficiency with removal of surface atoms and ligands.

Reprinted with permission from ref.52. Copyright 2016 American Chemical Society.
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Figure 1.15: Electronic structure of CsPbXs. a) Calculated electronic band structures for
cubic-phase CsPbCls, CsPbBr3, CsPbls, respectively. Reprinted with permission from ref.49.
Copyright 2015 American Chemical Society. b) Density of states of the cubic CsPbBrs with
elemental contributions to the energy band. Reprinted with permission from ref.54.
Copyright 2016 Wiley-VCH Verlag GmbH & Co.
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Figure 1.16: Calculated electron density associated with valence band maximum and
conduction band minimum of cubic phase (o) CsPblIs. Note that both the hole and electron
states are associated with the Pbls framework formed by the [Pbls]* octahedra which support
the transport of charge carrier in three dimensions framework. Similar kinds of electron
distributions are found for the CsPbBrs and CsPbCls systems. The bandgap variation is
observed for different halide compositions are primarily driven by the valence orbitals of the
halide ions, in which the atomic orbitals decrease in binding energy from CI (3p) to Br (4p) to
I (5p), while the Pb 6p orbitals forming conduction band remain relatively unperturbed.

Reprinted with permission from ref. 49. Copyright 2015, American Chemical Society.
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By doing first principles calculations, where the formation energies and charge-transition
levels of intrinsic point-defects in CsPbBrs were calculated, it has been reported that most of
the intrinsic defects only induce shallow transition levels.*® This indicates that CsPbBrs
virtually shows intact electronic quality, despite of having defects. Further, by DFT
calculations the effect of the surface organic ligands on CsPbBrz NCs was evaluated,® and it
has been revealed that the surface ligands do not induce additional trap states. Also, the
surface dangling bonds due to removal of ligands do not quench the luminescence of CsPbBrs3
NCs, as shown in Figure 1.14

Calculated electronic band structures of cubic perovskite phase of CsPbCls, CsPbBr3,
and CsPbls are shown in Figure 1.15, that is based on density functional theory (DFT), in
which relativistic corrections and spin—orbit coupling have been considered.>® CsPbX3 with
different halide compositions in perovskite structure are found to exhibit qualitatively similar
electronic structure.®®® Figure 1.15 shows that the valence band maximum constitutes the
admixture of halogen (np) orbitals (where n = 3, 4 and 5 for CI, Br and | respectively) and
Pb(6s) orbitals, whereas the conduction band is consisting admixed 6p of Pb and np of halide
orbitals with major contributions from the 6p orbitals of Pb; as shown in Figure 1.16.5-¢° All
compositions of CsPbX3 perovskites exhibit a direct nature of bandgap and suggesting that
these materials have potential to be used as light harvesters.> %1 Furthermore, the effective
masses of both the electron and hole are small and similar to each other.*® These values can
be predicted from the dispersion (curvature) of electronic band near the band edges. These
small values of effective masses contribute to the high carrier mobilities*® > As the value of
effective carrier masses change with change in symmetry of the crystals, transformation of
cubic phase to tetragonal and orthorhombic perovskite crystal polymorphs leads to increase in

the effective carrier masses along with increase in the bandgap. 4% %> 6264

1.7 Cesium Lead Halide (CsPbX3) Perovskite NCs

1.7.1 Crystal Structure

As reported in the first experimental work of Protesescu et al.*® Pb?* and X ions form

[PbXe]* octahedral in CsPbXs NCs. These [PbXs]* octahedra are corner-shared at the X" ion

at the vertices (Figure 1.17) forming the perovskite phase. Cs*ions are 12-fold coordinated.
It is well known that the crystal and electronic structures significantly influence the

optical properties of semiconductors.*® 82 Crystal structure of CsPbXs was first investigated

in1958 by Moller.® It was reported that CsPbXs generally shows three types of crystal
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structures; namely, cubic, tetragonal and orthorhombic phases, in which cubic phase is the
most symmetric and orthorhombic phase is the least symmetric one.®>®® The crystal phase
transitions occur on varying the temperature and pressure, and the process is reversible in
nature.%® 870 Typically, the high symmetric cubic phase of CsPbXs crystals are stable at
higher temperatures and atmospheric pressure. On cooling down, [PbXs]* octahedra tilt or
rotate and the crystal structure transforms from the cubic to the lower symmetric tetragonal
and to the least symmetric orthorhombic phase gradually and adopts the distorted perovskite
structure. Table 1.1 list the typical phase-transition temperatures for different crystal

structures.53 65-66. 71

Table 1.1: Phase transition temperature at atmospheric pressure of different compositions of
CsPbX3 perovskite in bulk form. &

Material Cubic Phase (°C)  Tetragonal Phase (°C)  Orthorhombic Phase (°C)
CsPbls > 305

CsPbBr3 > 130 100-130 <100

CsPbCls > 47 42-47 <42

a) b)

Figure 1.17: Schematic of typical cubic perovskite crystal structure. a) corner-shared
[PbXs]* octahedra; and b) one representative way of forming the unit cell.
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Surprisingly, Protesescu et al. reported that all compositions of CsPbX3z NCs synthesized by
hot injection method exhibit a stable cubic phase with the space group of Pm-3m (No. 221) at
room temperature with cubic morphology, which is ascribed to the high reaction temperature
and the contribution from the surface energy of the NCs (Figure 1.18).#° In case of CsPbls
NCs, cubic crystal phase remain stable with bright luminescence after the synthesis but they
convert to the non-luminescent orthorhombic phase upon extended storage (for weeks to

months).*® %

-'_}i‘.‘&:’ A
c. CsPbBr,- 8nm

Figure 1.18 Monodisperse CsPbXs nanocrystals and their structural characterization. a)
Schematic showing cubic perovskite lattice; b), high resolution transmission electron
microscopy (TEM) c) TEM images showing size distribution of CsPbBrs nanocrystals.

Reprinted with permission from ref. 49. Copyright 2015, American Chemical Society.

1.7.2 Thermal Stability of All-Inorganic CsPbXs3 Perovskite and Small Size of Cs*
The most explored compounds in ABX3 category are organic-inorganic hybrid perovskites
such as MAPbI3 and FAPbIs (MA = CH3NHs*, FA = [CH(NH2)2]") forming solar cells with

high (>22%) power conversion efficiency.’> However, such hybrid systems suffer from poor
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thermal stability owing to the volatile organic A-site cation.”® A feasible solution of this
problem can be substitution of organic cation with inorganic Cs* ion reducing the volatility of
A-site cation. Figure 1.19 shows thermogravimetric data to compare the thermal stability of
MAPDBr3, CsPbBrs and different precursors involved.” But this substitution leads to a new
problem, where the cubic phase of CsPbls, required for solar cell and other optoelectronic
properties are not stable at room temperature.”>® Therefore, lots of optimizations have been
reported where organic-inorganic mixed A-site cations improve the thermal stability to cubic
phase of APDbls to an extent, but a compressive solution to this problem has not been achieved
yet.””’® In an another approach, phase stable cubic APbls was improved by partially
replacing the I" with smaller sized Br- forming CsPb(Br+l)s.”® However, Br incorporation
increases the bandgap which is detrimental for solar cell.®% Making NCs reported to stabilize

cubic phase of CsPbls.4% 7681
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Figure 1.19: Thermal Stability. Thermogravimetric analyses (TGA) of methylammonium
bromide (MABT), methylammonium lead bromide (MAPbBYr3), lead bromide (PbBr2), cesium
lead bromide (CsPbBrs) and cesium bromide (CsBr), showing the higher thermal stability of
the inorganic perovskite compared to the hybrid organic—inorganic perovskite. Reprinted

with permission from ref.74. Copyright 2016, American Chemical Society.

21



Chapter 1. Introduction

<l
B = 180° ’ 0 < 180°

Figure 1.20: Structure stability. Relation of the tolerance factor (1) with a B—X-B bond
angle (0) of the ABXs perovskite structure. Reprinted with permission from ref. 82.

Copyright 2018, American Chemical Society.

Figure 1.21: Octahedral distortion. Rotational distortion of [BXs]*" ([PbXs]*") octahedral
in perovskite system. Reprinted with permission from ref. 82. Copyright 2018, American

Chemical Society.
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CsPbl,

Pnma Pm-3m
orthorhombic

Figure 1.22: The orthorhombic (8) and cubic (a) structures of CsPbls. The perfect
corner-sharing octahedra of [Pble] in the cubic (o) structure becomes distorted (distortion
index of 0.0176 in bond lengths) and edge-sharing in the orthorhombic (&) structure.
Representing colors: Cs (violet); Pb (grey), | (purple). Reprinted with permission from ref.

49. Copyright 2015, American Chemical Society.

C) regular

Figure 1.23: Dynamic structural disorder in LHP NCs. a) Atomistic representation of a
single CsPbBrs nanocrystal with polydomain structure. b) A single twin boundary connecting
domains, highlighting the discontinuity of the halide sublattice and the coherence of the Pb
sublattice. ¢) The regular (undistorted) orthorhombic structure of a lead halide perovskite
nanocrystal. The density and crystallographic and mutual orientation of these planar defects
determine the observed diffraction pattern; this can cause an inherently orthorhombic lattice
to appear cubic in a powder XRD experiment.® Reprinted with permission from ref. 83. It is
to be noted that the first report on orthorhombic phase of CsPbBrs NCs was published by our
group in November 2015, and the data are discussed in 3™ chapter of this thesis. For the

completeness of the introduction, this figure has been added.
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One major structural aspect is that the substitution at the A-site for smaller sized Cs* ion

Ra-x

V2Rp_x
between A-site cation and X-site anion and Rz_x = bond length between B-site cation and X-

influences the Goldschmidt’s tolerance factor, t = , Where, R,_y = bond length

site anion (Figure 1.20).8* For cubic perovskites structure, the value of t lies between 0.89
and 1.84% If the value of t is larger than 1, i.e. 1.1 or more, face-sharing of [PbXg]*
octahedral is preferred instead of corner-sharing octahedral. BaNiOs is one of the examples (t
= 1.13).%8 On the other hand, if the value of t is smaller than 0.85, rotation/tilting of the
[PbXs]™* octahedra occur (schematic shown in Figure 1.21). This leads to a structure with
lower symmetry, for example tetragonal (B phase) or orthorhombic (y and & phases)
structures.®” Bulk CsPbls with t value of 0.81 show the orthorhombic (5-phase) structure at
room temperature in which the [Pbls]** octahedra are not corner-shared (Figure 1.22),%2 while
orthorhombic CsPbBrs with larger value of t (0.824) exhibits corner-shared tilted [PbBre]*

octahedra at room temperature (Figure 1.23).88%°

1.7.3 Optical Properties of CsPbX3 NC and its Tunability

It is surprising in a first sound that the as-synthesized bare CsPbX3 perovskite NCs exhibit
bright emission with a PLQY of near unity. This makes these NCs highly promising material
in light-emitting applications. For traditional metal-chalcogenide NCs, such as CdSe QDs, as-
synthesized NCs without any intentional surface modification typically show a PLQY of less
than 20%.! Such advantageous optical properties of CsPbXs NCs over traditional QDs
attracted the attention of material scientists around the world. So far, there are many
reasonable and informative mechanisms have been reported to justify the high PLQY values
of the as-prepared CsPbXz NCs.*" 4% 5259 Among these all reports, defect-tolerant nature
causes the material to perform exceptionally in term of optical properties.

Similar to the organic—inorganic hybrid perovskites, all-inorganic CsPbXs NCs also
exhibit the property of composition-tunable bandgap and emission color.*® By varying the
halide compositions in CsPbX3z (X = CI, Br, and 1), the emission color can be fine-tuned
across the visible range (400 to 700 nm) while maintaining a high PL efficiency above 50%
(shown in Figure 1.24).*° As discussed above, the CsPbX3 NCs show high PL color purity
(narrow PL linewidth), varying from 12 nm (~75 meV) for CsPbCls NCs to 42 nm (~ 108
meV) for CsPbls NCs and hence a good candidate for high-quality light emitting application,

and displays. Interestingly, the compositional tuning of CsPbX3s NCs can be easily done
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either by simply mixing required ratio of colloidal solutions of CsPbCls, CsPbBr3, and CsPblz
NCs or by adding different halide sources, due to the fast anion-exchange reaction. %%

. W g i L. ; e o
b CsPb(CI/Br), CsPDb(l/Br),
CsPbCl, CsPbBr, CsPbl,

S—

400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 1.24: Optical properties. (a) Colloidal perovskite CsPbXz nanocrystals (X = ClI, Br,
I) dispersed in toluene under UV (A = 365 nm) excitation and; (b) representative PL spectra
(Aexc= 400 nm for all but 350 nm for CsPbCls samples). Reprinted with permission from
ref.49. Copyright 2015, American Chemical Society.
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Figure 1.25: a) Quantum-size effects in the absorption and PL spectra of 5-12 nm CsPbBr3
NCs. b) Experimental versus theoretical (effective mass approximation, EMA) size

dependence of the band gap energy. Reprinted with permission from ref. 4°. Copyright 2015,
American Chemical Society.
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As the trademark of colloidal QDs, the bandgap energy is strongly dependent on size on the
NCs due to the quantum-confinement effect. The absorption and emission spectra of CsPbBr3
NCs also vary with different sizes of NCs from 3.8 to 11.8 nm (shown in Figure 1.25). It has
been reported that both the absorption and the emission blue-shift on decreasing the size of

the NC and can be explained on the basis of the effective mass approximation.*°

1.7.4 Synthesis of CsPbX3 NCs

As mentioned in previous sections, Moller in 1950s reported the bulk metal halide
perovskites when he first time investigated the photoconductivity in the CsPbXs crystals.®®
Solution processed synthetic protocol of colloidal NCs of all inorganic halide three
dimensional corner-shared perovskite ABXz (where A= methyl ammonium, formamidinium
or Cs; B= Pb or Sn and X= ClI, Br, | or CI/Br, Br/l in different compositions) are being
reported since last four years.”> 929 Among all of them CsPbXs NCs exhibit enhanced
thermal stability (<500 °C) and excellent optical properties for optoelectronic applications.*®
In the year of 2015, Protesescu et al. reported an easy synthesis process for high-quality
colloidal CsPbX3s NCs (X = ClI, Br, and I) by following hot-injection method (schematic
shown in Figure 1.26).*° After this breakthrough, research on CsPbX3 NCs exploded in a
variety of directions. Schematic illustration in Figure 1.26 shows the hot-injection approach
for synthesizing CsPbXs NCs. In a typical synthesis, lead halide (PbX>) is dissolved in ODE
by using oleylamine and oleic acid ligands. Then, the NCs are subsequently formed at high
temperature (140-200 °C) by injecting the cesium oleate as cesium precursor (Synthesized
earlier) into the hot solvent. The chemical reaction can be written as following equation

140—-200°C

2 Cs(oleate) + 3 PbX, ———— 2 CsPbXs + Pb(oleate): (eq. 1.2)

It has been found that in combination with reaction time and precursor concentrations,
reaction temperatures can be tuned to obtain various sizes and shapes of NCs. The insets of
Figure 1.26 show a photograph of the as-synthesized colloidal solution of CsPbBrz NCs and
the corresponding transmission electron microscopy (TEM) image of the NCs. These images
indicate the ultra high brightness of the NCs even under room light and nearly monodisperse
NCs of cubic morphology. Immediately after the report of the hot-injection synthesis of
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CsPbX3 NCs, many other synthetic methods were proposed, which are not discussed in this

thesis.

- octadecene, -

Pleic acid. oleylamin

Figure 1.26: Schematic illustration of the hot-injection method for synthesizing CsPbX3
nanocrystals. The inset shows colloidal solution of CsPbBrs -nanocrystal and a corresponding
transmission electron microscopy (TEM) image of the nanocrystals. Reprinted with
permission from ref.59. Copyright 2016 WILEY-VCH Verlag GmbH & Co.

1.8 Scope of the PhD Work

Bulk and thin films of Pb-halide perovskite have been shown to be defect-tolerant exhibiting
efficient optoelectronic properties. Motivated by that, Protesescu et al.*® reported colloidal
CsPbXs perovskite NCs exhibiting ~90% PL efficiencies with narrow spectral width. As
discussed in the previous sections, typical colloidal NCs often exhibit surface related defect
states that trap the charge carriers. Therefore, to achieve high PL efficiencies from typical
CdSe QDs, surface modifications (discussed in chapter 2), preferably in the form of
core/shell structure is required. Therefore, ~90% PL efficiency from CsPbBrs NCs without
any core/shell structure is a path-breaking observation. Motivated by this result, we studied
the optical properties of CsPbBrs NCs in details (Chapter 3). Origin of narrow spectral width,
effect of quantum confinement, and effect of defect-tolerance on PL properties are the key
feature of this study. Along with optical properties, crystal structure of CsPbBrs NCs has been
studied in chapter 3.

While CsPbBrz NCs show excellent green luminescence, the bandgap is too high for

solar cell and LED applications in red region. On the other hand, thin films of organic-
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inorganic hybrid perovskite (CH3sNHsPblz) are reported for their high efficiency solar cells
with lower bandgap. But the organic CHsNHs" group makes the material thermally unstable.
Substituting CHsNHs* group with Cs* ion improves thermal stability of CsPbls till ~500 °C.™
But the desired cubic phase of bulk CsPbls is unstable. In chapter 4, we address this problem
by successfully stabilizing the cubic phase of CsPbls NCs in the form colloidal NCs. The
effect of quantum confinement and surface energy on the structure and optical properties of
cubic CsPbls NCs have been studied.

Finally after approving potentiality of these colloidal NCs to be employed as active
materials in high performing optoelectronic devices, we focused on to device fabrication.
Colloidal NCs are generally coated with long-chain organic ligands. These ligands are mostly
insulating in nature inhibiting charge transport in a NC film. Existing ligand
exchange/removal strategies developed for traditional CdSe QDs involves polar solvent
and/or ligand. CsPbXz NCs are ionic compounds and degrade in polar environment.
Therefore, a new method of surface modification and film deposition is required for
optoelectronic applications of CsPbX3z NCs. Chapter 5 deals with this aspect. We developed a
surface modification and layer-by-layer method of film deposition. These films were then
used for fabricating high efficiency solar cell, photodetector and LED with the help of

collaborators.

28



Chapter 1. Introduction

References:

1. Murray, C. B.; Norris, D. J.; Bawendi, M. G., Synthesis and characterization of nearly
monodisperse CdE (E = sulfur, selenium, tellurium) semiconductor nanocrystallites. J. Am.
Chem. Soc. 1993, 115, 8706-8715.

2. Zhang, Q.; Uchaker, E.; Candelaria, S. L.; Cao, G., Nanomaterials for energy conversion
and storage. Chem. Soc. Rev. 2013, 42, 3127-3171.

3. Baskoutas, S.; Terzis, A. F., Size-dependent band gap of colloidal quantum dots. J. App.
Phys. 2006, 99, 013708.

4. Segets, D.; Lucas, J. M.; Klupp Taylor, R. N.; Scheele, M.; Zheng, H.; Alivisatos, A. P.;
Peukert, W., Determination of the Quantum Dot Band Gap Dependence on Particle Size from
Optical Absorbance and Transmission Electron Microscopy Measurements. ACS Nano 2012,
6, 9021-9032.

5. Moreels, I.; Lambert, K.; Smeets, D.; De Muynck, D.; Nollet, T.; Martins, J. C,;
Vanhaecke, F.; Vantomme, A.; Delerue, C.; Allan, G.; Hens, Z., Size-Dependent Optical
Properties of Colloidal PbS Quantum Dots. ACS Nano 2009, 3, 3023-3030.

6. Tian, J.; Cao, G., Semiconductor quantum dot-sensitized solar cells. Nano Rev. 2013, 4,
22578.

7. Pietryga, J. M.; Park, Y.-S.; Lim, J.; Fidler, A. F.; Bae, W. K.; Brovelli, S.; Klimov, V. I,
Spectroscopic and Device Aspects of Nanocrystal Quantum Dots. Chem. Rev. 2016, 116,
10513-10622.

8. Kagan, C. R,; Lifshitz, E.; Sargent, E. H.; Talapin, D. V., Building devices from colloidal
quantum dots. Science 2016, 353, 6302.

9. Wood, V.; Bulovi¢, V., Colloidal quantum dot light-emitting devices. Nano Rev. 2010, 1,
5202.

10. Michalet, X.; Pinaud, F. F.; Bentolila, L. A.; Tsay, J. M.; Doose, S.; Li, J. J.; Sundaresan,
G.; Wu, A. M.; Gambhir, S. S.; Weiss, S., Quantum Dots for Live Cells, in Vivo Imaging,
and Diagnostics. Science 2005, 307, 538-544.

11. Donegé, C. d. M., Synthesis and properties of colloidal heteronanocrystals. Chem. Soc.
Rev. 2011, 40, 1512-1546.

12. Tessler, N.; Medvedev, V.; Kazes, M.; Kan, S.; Banin, U., Efficient Near-Infrared
Polymer Nanocrystal Light-Emitting Diodes. Science 2002, 295, 1506-1508.

13. Rabouw, F. T.; de Mello Donega, C., Excited-State Dynamics in Colloidal
Semiconductor Nanocrystals. Tops. in Curr. Chem. 2016, 374, 58.

29



Chapter 1. Introduction

14. Shirasaki, Y.; Supran, G. J.; Bawendi, M. G.; Bulovi¢, V., Emergence of colloidal
quantum-dot light-emitting technologies. Nat. Photons 2012, 7, 13.

15. Kim, T.-H.; Jun, S.; Cho, K.-S.; Choi, B. L.; Jang, E., Bright and stable quantum dots and
their applications in full-color displays. MRS Bull. 2013, 38, 712-720.

16. Supran, G. J.; Shirasaki, Y.; Song, K. W.; Caruge, J.-M.; Kazlas, P. T.; Coe-Sullivan, S.;
Andrew, T. L.; Bawendi, M. G.; Bulovi¢, V., QLEDs for displays and solid-state lighting.
MRS Bull. 2013, 38, 703-711.

17. Ellingson, R. J.; Beard, M. C.; Johnson, J. C.; Yu, P.; Micic, O. I.; Nozik, A. J.; Shabaev,
A.; Efros, A. L., Highly Efficient Multiple Exciton Generation in Colloidal PbSe and PbS
Quantum Dots. Nano Lett. 2005, 5, 865-871.

18. Nozik, A. J.,, SPECTROSCOPY AND HOT ELECTRON RELAXATION DYNAMICS
IN SEMICONDUCTOR QUANTUM WELLS AND QUANTUM DOTS. An. Rev. Phys.
Chem. 2001, 52, 193-231.

19. Nozik, A. J., Quantum dot solar cells. Physica E: Low-dimen. Sys. and Nanostruct. 2002,
14, 115-120.

20. Nozik, A. J., Nanoscience and Nanostructures for Photovoltaics and Solar Fuels. Nano
Lett. 2010, 10, 2735-2741.

21. Kamat, P. V., Quantum Dot Solar Cells. Semiconductor Nanocrystals as Light
Harvesters. The J.Phys. Chem. C 2008, 112, 18737-18753.

22. [Internet]., N. P. R., Golden (CO):NREL; 2016 [cited 2017 Jan 5].

23. Kim, G.-H.; Garcia de Arquer, F. P.; Yoon, Y. J.; Lan, X,; Liu, M.; Voznyy, O.; Yang, Z.;
Fan, F.; Ip, A. H.; Kanjanaboos, P.; Hoogland, S.; Kim, J. Y.; Sargent, E. H., High-Efficiency
Colloidal Quantum Dot Photovoltaics via Robust Self-Assembled Monolayers. Nano Lett.
2015, 15, 7691-7696.

24. Kamat, P. V., Boosting the Efficiency of Quantum Dot Sensitized Solar Cells through
Modulation of Interfacial Charge Transfer. Acc.Chem. Res. 2012, 45, 1906-1915.

25. Konstantatos, G.; Howard, I.; Fischer, A.; Hoogland, S.; Clifford, J.; Klem, E.; Levina,
L.; Sargent, E. H., Ultrasensitive solution-cast quantum dot photodetectors. Nature 2006,
442, 180.

26. Konstantatos, G.; Levina, L.; Fischer, A.; Sargent, E. H., Engineering the Temporal
Response of Photoconductive Photodetectors via Selective Introduction of Surface Trap
States. Nano Lett. 2008, 8, 1446-1450.

30



Chapter 1. Introduction

27. PbS colloidal quantum dot photoconductive photodetectors: Transport, traps, and gain.
Appl. Phys. Lett. 2007, 91, 173505.

28. Chen, O.; Zhao, J.; Chauhan, V. P.; Cui, J.; Wong, C.; Harris, D. K.; Weli, H.; Han, H.-S;
Fukumura, D.; Jain, R. K.; Bawendi, M. G., Compact high-quality CdSe-CdS core-shell
nanocrystals with narrow emission linewidths and suppressed blinking. Nat. Mater. 2013, 12,
445.

29. Sutherland, B. R.; Sargent, E. H., Perovskite photonic sources. Nat. Photon. 2016, 10,
295.

30. Gawande, M. B.; Goswami, A.; Asefa, T.; Guo, H.; Biradar, A. V.; Peng, D.-L.; Zboril,
R.; Varma, R. S., Core-shell nanoparticles: synthesis and applications in catalysis and
electrocatalysis. Chem. Soc. Rev. 2015, 44, 7540-7590.

31. Park, J.; An, K.; Hwang, Y.; Park, J.-G.; Noh, H.-J.; Kim, J.-Y.; Park, J.-H.; Hwang, N.-
M.; Hyeon, T., Ultra-large-scale syntheses of monodisperse nanocrystals. Nat. Mater. 2004,
3, 891.

32. Kwon, S. G.; Hyeon, T., Formation Mechanisms of Uniform Nanocrystals via Hot-
Injection and Heat-Up Methods. Small 2011, 7, 2685-2702.

33. R, T. A.; Susan, H.; Peidong, Y., Shape Control of Colloidal Metal Nanocrystals. Small
2008, 4, 310-325.

34. Kershaw, S. V.; Susha, A. S.; Rogach, A. L., Narrow bandgap colloidal metal
chalcogenide quantum dots: synthetic methods, heterostructures, assemblies, electronic and
infrared optical properties. Chem. Soc. Rev. 2013, 42, 3033-3087.

35. Talapin, D. V.; Lee, J.-S.; Kovalenko, M. V.; Shevchenko, E. V., Prospects of Colloidal
Nanocrystals for Electronic and Optoelectronic Applications. Chem. Rev. 2010, 110, 389-
458.

36. Hines, M. A.; Guyot-Sionnest, P., Synthesis and Characterization of Strongly
Luminescing ZnS-Capped CdSe Nanocrystals. J. Phys. Chem. 1996, 100, 468-471.

37. Chen, O.; Zhao, J.; Chauhan, V. P.; Cui, J.; Wong, C.; Harris, D. K.; Weli, H.; Han, H.-S;
Fukumura, D.; Jain, R. K.; Bawendi, M. G., Compact high-quality CdSe—CdS core—shell
nanocrystals with narrow emission linewidths and suppressed blinking. Nat Mater 2013, 12,
445-451.

38. Brandt, R. E.; Poindexter, J. R.; Gorai, P.; Kurchin, R. C.; Hoye, R. L. Z.; Nienhaus, L.;
Wilson, M. W. B.; Polizzotti, J. A.; Sereika, R.; Zaltauskas, R.; Lee, L. C.; MacManus-

Driscoll, J. L.; Bawendi, M.; Stevanovi¢, V.; Buonassisi, T., Searching for “Defect-Tolerant”

31



Chapter 1. Introduction

Photovoltaic Materials: Combined Theoretical and Experimental Screening. Chem. Mater.
2017, 29, 4667-4674.

39. Anderson, N. C.; Hendricks, M. P.; Choi, J. J.; Owen, J. S., Ligand Exchange and the
Stoichiometry of Metal Chalcogenide Nanocrystals: Spectroscopic Observation of Facile
Metal-Carboxylate Displacement and Binding. J. Am. Chem. Soc. 2013, 135, 18536-18548.
40. Boles, M. A.; Ling, D.; Hyeon, T.; Talapin, D. V., The surface science of nanocrystals.
Nat. Mater. 2016, 15, 141.

41. Green, M. L. H., A new approach to the formal classification of covalent compounds of
the elements. J. Organometal. Chem. 1995, 500, 127-148.

42. Green, M. L. H.; Parkin, G., Application of the Covalent Bond Classification Method for
the Teaching of Inorganic Chemistry. J. Chem. Ed. 2014, 91, 807-816.

43. Fritzinger, B.; Capek, R. K.; Lambert, K.; Martins, J. C.; Hens, Z., Utilizing Self-
Exchange To Address the Binding of Carboxylic Acid Ligands to CdSe Quantum Dots. J.
Am. Chem. Soc. 2010, 132, 10195-10201.

44. De Roo, J.; Ibafiez, M.; Geiregat, P.; Nedelcu, G.; Walravens, W.; Maes, J.; Martins, J.
C.; Van Driessche, I.; Kovalenko, M. V.; Hens, Z., Highly Dynamic Ligand Binding and
Light Absorption Coefficient of Cesium Lead Bromide Perovskite Nanocrystals. ACS Nano
2016, 10, 2071-2081.

45. Jonathan, D. R.; Yolanda, J.; Katrien, D. K.; Freya, V. d. B.; C., M. J.; Isabel, V. D;
Zeger, H., Carboxylic-Acid-Passivated Metal Oxide Nanocrystals: Ligand Exchange
Characteristics of a New Binding Motif. Angew. Chem. Intern. Ed. 2015, 54, 6488-6491.

46. De Roo, J.; Van den Broeck, F.; De Keukeleere, K.; Martins, J. C.; Van Driessche, 1.;
Hens, Z., Unravelling the Surface Chemistry of Metal Oxide Nanocrystals, the Role of Acids
and Bases. J. Am. Chem. Soc. 2014, 136, 9650-9657.

47. Dirin, D. N.; Protesescu, L.; Trummer, D.; Kochetygov, 1. V.; Yakunin, S.; Krumeich, F.;
Stadie, N. P.; Kovalenko, M. V., Harnessing Defect-Tolerance at the Nanoscale: Highly
Luminescent Lead Halide Perovskite Nanocrystals in Mesoporous Silica Matrixes. Nano Lett.
2016, 16, 5866-5874.

48. Kang, J.; Wang, L.-W., High Defect Tolerance in Lead Halide Perovskite CsPbBrs. J.
Phys. Chem. Lett. 2017, 8, 489-493.

49. Protesescu, L.; Yakunin, S.; Bodnarchuk, M. I.; Krieg, F.; Caputo, R.; Hendon, C. H;
Yang, R. X.; Walsh, A.; Kovalenko, M. V., Nanocrystals of Cesium Lead Halide Perovskites

32



Chapter 1. Introduction

(CsPbXs, X = Cl, Br, and I): Novel Optoelectronic Materials Showing Bright Emission with
Wide Color Gamut. Nano Lett. 2015, 15, 3692-3696.

50. Swarnkar, A.; Chulliyil, R.; Ravi, V. K.; Irfanullah, M.; Chowdhury, A.; Nag, A.,
Colloidal CsPbBrs Perovskite Nanocrystals: Luminescence beyond Traditional Quantum
Dots. Angew. Chem. Intern. Ed. 2015, 54, 15424-15428.

51. Yettapu, G. R.; Talukdar, D.; Sarkar, S.; Swarnkar, A.; Nag, A.; Ghosh, P.; Mandal, P.,
Terahertz Conductivity within Colloidal CsPbBrs Perovskite Nanocrystals: Remarkably High
Carrier Mobilities and Large Diffusion Lengths. Nano Lett. 2016, 16, 4838-4848.

52. ten Brinck, S.; Infante, 1., Surface Termination, Morphology, and Bright
Photoluminescence of Cesium Lead Halide Perovskite Nanocrystals. ACS Energy Lett. 2016,
1, 1266-1272.

53. Brandt, R. E.; Stevanovi¢, V.; Ginley, D. S.; Buonassisi, T., Identifying defect-tolerant
semiconductors with high minority-carrier lifetimes: beyond hybrid lead halide perovskites.
MRS Commun. 2015, 5, 265-275.

54. Li, X.; Wu, Y.; Zhang, S.; Cai, B.; Gu, Y.; Song, J.; Zeng, H., CsPbX3 Quantum Dots for
Lighting and Displays: Room-Temperature Synthesis, Photoluminescence Superiorities,
Underlying Origins and White Light-Emitting Diodes. Adv. Funct. Mater. 2016, 26, 2435-
2445,

55. Protesescu, L.; Yakunin, S.; Kumar, S.; Bér, J.; Bertolotti, F.; Masciocchi, N.; Guagliardi,
A.; Grotevent, M.; Shorubalko, I.; Bodnarchuk, M. I.; Shih, C.-J.; Kovalenko, M. V.,
Dismantling the “Red Wall” of Colloidal Perovskites: Highly Luminescent Formamidinium
and Formamidinium—Cesium Lead lodide Nanocrystals. ACS Nano 2017, 11, 3119-3134.

56. C., S. C,; G., K. M., Halide Perovskites: Poor Man's High-Performance Semiconductors.
Adv. Mater. 2016, 28 , 5778-5793.

57. Jishi, R. A.; Ta, O. B.; Sharif, A. A., Modeling of Lead Halide Perovskites for
Photovoltaic Applications. J. Phys. Chem. C 2014, 118, 28344-28349.

58. Sebastian, M.; Peters, J. A.; Stoumpos, C. C.; Im, J.; Kostina, S. S.; Liu, Z.; Kanatzidis,
M. G.; Freeman, A. J.; Wessels, B. W., Excitonic emissions and above-band-gap
luminescence in the single-crystal perovskite semiconductors $\mathrm{CsPbBr; and
CsPbCls. Phys. Rev. B 2015, 92, 235210.

59. Xiaoming, L.; Ye, W.; Shengli, Z.; Bo, C.; Yu, G.; Jizhong, S.; Haibo, Z., CsPbX3
Quantum Dots for Lighting and Displays: Room-Temperature Synthesis, Photoluminescence

33



Chapter 1. Introduction

Superiorities, Underlying Origins and White Light-Emitting Diodes. Adv. Funct. Mater.
2016, 26, 2435-2445.

60. Xiaoming, L.; Fei, C.; Dejian, Y.; Jun, C.; Zhiguo, S.; Yalong, S.; Ying, Z.; Lin, W.; Yi,
W.; Ye, W.; Haibo, Z., All Inorganic Halide Perovskites Nanosystem: Synthesis, Structural
Features, Optical Properties and Optoelectronic Applications. Small 2017, 13, 1603996.

61. Heidrich, K.; Schafer, W.; Schreiber, M.; Sochtig, J.; Trendel, G.; Treusch, J.; Grandke,
T.; Stolz, H. J., Electronic structure, photoemission spectra, and vacuum-ultraviolet optical
spectra of CsPbCls and CsPbBrs. Phys. Rev. B 1981, 24, 5642-5649.

62. Eperon, G. E.; Paterno, G. M.; Sutton, R. J.; Zampetti, A.; Haghighirad, A. A.; Cacialli,
F.; Snaith, H. J., Inorganic caesium lead iodide perovskite solar cells. J. Mater. Chem. A
2015, 3, 19688-19695.

63. Ahmad, M.; Rehman, G.; Ali, L.; Shafiq, M.; Igbal, R.; Ahmad, R.; Khan, T.; Jalali-
Asadabadi, S.; Magbool, M.; Ahmad, I., Structural, electronic and optical properties of
CsPbXs (X=CI, Br, I) for energy storage and hybrid solar cell applications. J. Alloys and
Comp. 2017, 705, 828-839.

64. Even, J., Pedestrian Guide to Symmetry Properties of the Reference Cubic Structure of
3D All-Inorganic and Hybrid Perovskites. J. Phys. Chem. Lett. 2015, 6, 2238-2242.

65. Md@Ller, C. K., Crystal Structure and Photoconductivity of Casium Plumbohalides.
Nature 1958, 182, 1436.

66. Stoumpos, C. C.; Malliakas, C. D.; Peters, J. A.; Liu, Z.; Sebastian, M.; Im, J.; Chasapis,
T. C.; Wibowo, A. C.; Chung, D. Y.; Freeman, A. J.; Wessels, B. W.; Kanatzidis, M. G.,
Crystal Growth of the Perovskite Semiconductor CsPbBrs: A New Material for High-Energy
Radiation Detection. Crys. Growth & Design. 2013, 13, 2722-2727.

67. Trots, D. M.; Myagkota, S. V., High-temperature structural evolution of caesium and
rubidium triiodoplumbates. J. Phys. and Chem. Sol. 2008, 69, 2520-2526.

68. Stoumpos, C. C.; Malliakas, C. D.; Kanatzidis, M. G., Semiconducting Tin and Lead
lodide Perovskites with Organic Cations: Phase Transitions, High Mobilities, and Near-
Infrared Photoluminescent Properties. Inorg. Chem. 2013, 52, 9019-9038.

69. Sakata, M.; Nishiwaki, T.; Harada, J., Neutron Diffraction Study of the Structure of Cubic
CsPbBrs. J. Phys. Soc. Japan 1979, 47, 232-233.

70. Lai, M.; Kong, Q.; Bischak, C. G.; Yu, Y.; Dou, L.; Eaton, S. W.; Ginsberg, N. S.; Yang,
P., Structural, optical, and electrical properties of phase-controlled cesium lead iodide
nanowires. Nano Res. 2017, 10, 1107-1114.

34



Chapter 1. Introduction

71. Fu, M.; Tamarat, P.; Huang, H.; Even, J.; Rogach, A. L.; Lounis, B., Neutral and Charged
Exciton Fine Structure in Single Lead Halide Perovskite Nanocrystals Revealed by Magneto-
optical Spectroscopy. Nano Lett. 2017, 17, 2895-2901.

72. [Internet]., N. P. R., Golden (CO):NREL; 2016 [cited 2017 Jan 5].

73. Juarez-Perez, E. J.; Hawash, Z.; Raga, S. R.; Ono, L. K.; Qi, Y., Thermal degradation of
CHsNHsPblz perovskite into NHz and CHsl gases observed by coupled thermogravimetry-
mass spectrometry analysis. Energy & Environ. Sc. 2016, 9, 3406-3410.

74. Kulbak, M.; Gupta, S.; Kedem, N.; Levine, I.; Bendikov, T.; Hodes, G.; Cahen, D.,
Cesium Enhances Long-Term Stability of Lead Bromide Perovskite-Based Solar Cells. J.
Phys. Chem. Lett. 2016, 7, 167-172.

75. Eperon, G. E.; Paterno, G. M.; Sutton, R. J.; Zampetti, A.; Haghighirad, A. A.; Cacialli,
F.; Snaith, H. J., Inorganic caesium lead iodide perovskite solar cells. J.Mater. Chem. A 2015,
3, 19688-19695.

76. Swarnkar, A.; Marshall, A. R.; Sanehira, E. M.; Chernomordik, B. D.; Moore, D. T.;
Christians, J. A.; Chakrabarti, T.; Luther, J. M., Quantum dot—induced phase stabilization of
a-CsPblz perovskite for high-efficiency photovoltaics. Science 2016, 354, 92-95.

77. Zhang, Y.; Grancini, G.; Feng, Y.; Asiri, A. M.; Nazeeruddin, M. K., Optimization of
Stable Quasi-Cubic FAxMA:1 xPbls Perovskite Structure for Solar Cells with Efficiency
beyond 20%. ACS Energy Lett. 2017, 2, 802-806.

78. Ghosh, D.; Walsh Atkins, P.; Islam, M. S.; Walker, A. B.; Eames, C., Good Vibrations:
Locking of Octahedral Tilting in Mixed-Cation lodide Perovskites for Solar Cells. ACS
Energy Lett. 2017, 2, 2424-2429.

79. Sharma, S.; Weiden, N.; Weiss, A., Phase Diagrams of Quasibinary Systems of the Type:
ABX3 — A'BX3; ABX3 — AB'X3, and ABX3 — ABX'3; X = Halogen. In Zeitschrift fur
Phys. Chem., 1992, 175, 63.

80. Akkerman, Q. A.; Gandini, M.; Di Stasio, F.; Rastogi, P.; Palazon, F.; Bertoni, G.; Ball, J.
M.; Prato, M.; Petrozza, A.; Manna, L., Strongly emissive perovskite nanocrystal inks for
high-voltage solar cells. Nat. Energy 2016, 2, 16194.

81. Sim, K. M.; Swarnkar, A.; Nag, A.; Chung, D. S., Phase Stabilized a-CsPblz Perovskite
Nanocrystals for Photodiode Applications. Laser & Photonics Rev., 1700209.

82. Swarnkar, A.; Mir, W. J.; Nag, A., Can B-Site Doping or Alloying Improve Thermal- and
Phase-Stability of All-Inorganic CsPbX3 (X = ClI, Br, I) Perovskites? ACS Energy Lett. 2018,
3, 286-289.

35



Chapter 1. Introduction

83. Bertolotti, F.; Protesescu, L.; Kovalenko, M. V.; Yakunin, S.; Cervellino, A.; Billinge, S.
J. L.; Terban, M. W.; Pedersen, J. S.; Masciocchi, N.; Guagliardi, A., Coherent Nanotwins
and Dynamic Disorder in Cesium Lead Halide Perovskite Nanocrystals. ACS Nano 2017, 11,
3819-3831.

84. Hwang, H. Y.; Cheong, S. W.; Radaelli, P. G.; Marezio, M.; Batlogg, B., Lattice Effects
on the Magnetoresistance in Doped LaMnOs. Phys. Rev. Lett. 1995, 75, 914-917.

85. Li, C.; Lu, X.; Ding, W.; Feng, L.; Gao, Y.; Guo, Z., Formability of ABX3 (X =F, ClI, Br,
1) halide perovskites. Acta Crystallograph. Sect. B 2008, 64, 702-707.

86. Crystallography and Chemistry of Perovskites. In Handbook of Magnetism and Advanced
Magnetic Materials.

87. Yin, W.-J.; Yang, J.-H.; Kang, J.; Yan, Y.; Wei, S.-H., Halide perovskite materials for
solar cells: a theoretical review. J.Mater. Chem. A 2015, 3, 8926-8942.

88. Stoumpos, C. C.; Kanatzidis, M. G., The Renaissance of Halide Perovskites and Their
Evolution as Emerging Semiconductors. Acc. Chem. Res. 2015, 48, 2791-2802.

89. Brennan, M. C.; Herr, J. E.; Nguyen-Beck, T. S.; Zinna, J.; Draguta, S.; Rouvimov, S;
Parkhill, J.; Kuno, M., Origin of the Size-Dependent Stokes Shift in CsPbBrs; Perovskite
Nanocrystals. J. Am. Chem. Soc. 2017, 139, 12201-12208.

90. Nedelcu, G.; Protesescu, L.; Yakunin, S.; Bodnarchuk, M. 1.; Grotevent, M. J,;
Kovalenko, M. V., Fast Anion-Exchange in Highly Luminescent Nanocrystals of Cesium
Lead Halide Perovskites (CsPbXs, X = Cl, Br, I). Nano Lett. 2015, 15, 5635-5640.

91. Akkerman, Q. A.; D’Innocenzo, V.; Accornero, S.; Scarpellini, A.; Petrozza, A.; Prato,
M.; Manna, L., Tuning the Optical Properties of Cesium Lead Halide Perovskite
Nanocrystals by Anion Exchange Reactions. J. Am. Chem. Soc. 2015, 137, 10276-10281.

92. Schmidt, L. C.; Pertegas, A.; Gonzalez-Carrero, S.; Malinkiewicz, O.; Agouram, S.;
Espallargas, G. M.; Bolink, H. J.; Galian, R. E.; Perez-Prieto, J., Nontemplate Synthesis of
CHsNH3sPbBrs Perovskite Nanoparticles. J. Am. Chem. Soc. 2014, 136, 850-853.

93. Zhang, F.; Zhong, H. Z.; Chen, C.; Wu, X. G.; Hu, X. M.; Huang, H. L.; Han, J. B.; Zou,
B. S.; Dong, Y. P., Brightly Luminescent and Color-Tunable Colloidal CH3NH3PbX3 (X =
Br, I, Cl) Quantum Dots: Potential Alternatives for Display Technology. Acs Nano 2015, 9,
4533-4542.

94. Zhang, D. D.; Eaton, S. W.; Yu, Y.; Dou, L. T.; Yang, P. D., Solution-Phase Synthesis of
Cesium Lead Halide Perovskite Nanowires. J. Am. Chem. Soc. 2015, 137, 9230-9233.

36



Chapter 1. Introduction

95. Huang, H.; Zhao, F.; Liu, L.; Zhang, F.; Wu, X.-g.; Shi, L.; Zou, B.; Pei, Q.; Zhong, H.,
Emulsion Synthesis of Size-Tunable CH3NH3PbBrs Quantum Dots: An Alternative Route
toward Efficient Light-Emitting Diodes. ACS Appl. Mater. & Interfaces 2015, 7, 28128-
28133.

96. Hassan, Y.; Song, Y.; Pensack, R. D.; Abdelrahman, A. I.; Kobayashi, Y.; Winnik, M. A.;
Scholes, G. D., Structure-Tuned Lead Halide Perovskite Nanocrystals. Adv. Mater. 2016, 28,
566.

97. Sun, S.; Yuan, D.; Xu, Y.; Wang, A.; Deng, Z., Ligand-Mediated Synthesis of Shape-
Controlled Cesium Lead Halide Perovskite Nanocrystals via Reprecipitation Process at Room
Temperature. ACS Nano 2016.

98. Jellicoe, T. C.; Richter, J. M.; Glass, H. F. J.; Tabachnyk, M.; Brady, R.; Dutton, S. E;
Rao, A.; Friend, R. H.; Credgington, D.; Greenham, N. C.; Béhm, M. L., Synthesis and
Optical Properties of Lead-Free Cesium Tin Halide Perovskite Nanocrystals. J. Am. Chem.
Soc. 2016, 138, 2941-2944.

37



Chapter 2
Role of Defects on Luminescence of CdSe Based

Quantum Dots and Sensor Application

The following article has been published based on the work presented in this chapter.
1. Swarnkar, A.; Shanker, G. S.; Nag, A. Organic-free colloidal semiconductor nanocrystals as
luminescent sensors for metal ions and nitroaromatic explosives. Chem. Commun. 2014, 50, 4743-4746.

Copyright permission has been taken from Royal Society of Chemistry for the entire article.



Chapter 2. Role of Defects on Luminescence of CdSe Based Quantum Dots and Sensor Application

Summary

Conventional colloidal semiconductor nanocrystals, such as CdSe and InP quantum dots exhibit
excellent optical and optoelectronic properties and these properties are tunable in nature. One of the
interesting properties of these nanocrystals is intense photoluminescence. However, the surface defects
lying deep within the bandgap can trap the charge carriers, and consequently quench the
photoluminescence efficiency. Long chain organic ligands on the surface of the colloidal nanocrystals
passivate the surface traps by hybridizing with the surface dangling bonds. In this chapter, we
experimentally show the role of deep-lying defects in quenching of the photoluminescence.
Photoluminescence decay dynamics data shows the higher contribution from non-radiative decay
channels on the removal of the long chain organic ligands. Interestingly, these surface defects could be
passivated by metal ions, such as Cd?* and Zn?*. Hence, we explore organic-free colloidal nanocrystals
as luminescent sensors, as the NCs have better accessibility to analytes and are water-soluble at
physiological (pH = 7.4). Binding of a trace amount of Cd?* (~110 pM) to hydrophilic S* capped
quantum dot surface increases the luminescence sharply, a turn-on sensor, while, the presence of trace
amount (3 uM) of 2.,4,6-trinitrophenol (TNP) quenches the luminescence, a turn-off sensor. Though
these organic ligand-free nanocrystals are used in solutions, a defect-tolerant material is required for

optoelectronic device application.
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2.1 Introduction

Colloidal semiconductor nanocrystals (NCs) can exhibit nearly ideal luminescence efficiency along with
some advantages over organic dyes in terms of size and composition dependent emission tunability,
color purity (narrow full width at half maxima (FWHM)), broad excitation range, a high value of
absorption coefficient (€) and resistance against photo-bleaching.’?> However, semiconductor NCs are
typically capped with bulky organic ligands making them incompetent to be used in optoelectronic
devices, such as solar cells, light emitting diodes (LEDSs) in which, efficient charge transport is crucial.
But, these ligands passivate the dangling bonds present on the surface of the NCs as discussed in the
previous chapter. In CdSe based nanocrystals, these dangling bonds on the surface act as trap states
which lie deep within the band gap. Consequently, removal of these ligands from the surface of the
nanocrystals affects the optical and optoelectronic properties.

In this chapter, we experimentally show how the PL efficiency of the CdSe based NCs get
quenched on the removal of long hydrocarbon chain ligands (oleic acid). We followed two approaches
to make organic ligand-free NCs. First, S% ion, replacing the hydrophobic organic ligands resulting a
negatively charged NCs surface having {-potential = -25 mV. Second, (CH3)3OBF4 treatment to get
ligand-free positively charged NC surface having {-potential = +35 mV. These organic-free NCs show
good solubility in water at physiological pH~7.4. We further passivate the newly created dangling bonds
on the surface of NCs by adding Cd?* and Zn?* to the S* capped CdSe based NCs. Good water
solubility and better accessibility of these NCs make them efficient sensor for detection of metal ions
and also for nitro-explosives. Trace amount of Cd?* (~110 pM) bind to the surface of hydrophilic S*
capped NC which results into increases the luminescence, while, a small amount (3 uM) of 2,4,6-

trinitrophenol (TNP) result into quenching of PL.

2.2 Experimental Sections

2.2.1 Chemicals

Cadmium oxide (99.995%, Aldrich), zinc oxide (>99%, Aldrich), oleic acid (OA, 90%, technical grade,
Aldrich), 1-octadecene (ODE, 90%,Aldrich), sulfur (99.998%, Aldrich), selenium (99.99%, Aldrich),
trioctylphosphine (TOP, 97%, Aldrich), formamide (FA, spectroscopy grade, Aldrich), hexane (AR, S D
Fine chem. Ltd), ammonium sulfide (40-48 wt% solution in water, Aldrich), toluene (99.5%, Rankem),

ethanol (99.9% AR, S D Fine chem. Ltd), N,N dimethyl formamide (DMF dry, S D Fine chem.),
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trimethyloxonium tetrafluoroborate (95%, Aldrich), cadmium nitrate tetrahydrate (98%, Aldrich), zinc
nitrate hexahydrate (98%, Aldrich), HEPES sodium salt (99.99%,Sigma), toluene (99.8%,Aldrich),
acetonitrile (dry, S D Fine chem. Ltd.), 4-nitrotoluene (99%, Aldrich), 2,4- dinitrotoluene (2,4-DNT,
99%, Aldrich), 2,6-dinitrotoluene (2,6-DNT, 99%, Aldrich), 2,4,6- trinitrophenol (TNP, 99%, Aldrich).

All the Chemicals were used as received without further purification.

2.2.2 Synthesis of Oleic Acid Capped CdSe/CdSeS/CdS Core/Gradient-Shell /Shell NCs

Oleic acid capped CdSe/CdSeS/CdS core/gradient-shell/shell NCs were carried out following the work
of Sarma et al.> 0.0496 g CdO, 0.5 mL OA and 10 mL ODE was degassed (under alternate vacuum and
nitrogen) at 120 °C for 30 minutes at mild stirring rate. The temperature of reaction mixture was
increased up to 300 °C forming a clear solution. A clear 1 mL TOP solution containing sulfur (0.0128 g)
and selenium (0.0016 g) is then quickly injected to the uniformly stirred Cd solution at 300 °C. The
reaction was carried out for 20 seconds. While cooling down to room temperature, the reaction mixture
was diluted with ~10 mL toluene at ~100 °C. Precipitation of NCs was carried out by addition of
minimum amount of ethanol, followed by centrifugation. The wet pellet of NC obtained after
centrifugation was redispersed again in toluene and precipitated using ethanol. The same process of
dispersion/precipitation was repeated once more. The obtained PL quantum yields (QY) are typically in
the range of 50-60%.

2.2.3 Synthesis of Oleic Acid Capped CdSe/CdS-ZnS Core/Hybrid Shell NCs

The synthesis was carried out following ref.# 0.0496 g CdO, 0.0496 g ZnO, 2 mL OA and 10 mL ODE
was degassed (under alternate vacuum and nitrogen) at 120 °C for 30 minutes at mild stirring rate. The
temperature of reaction mixture was increased up to 310 ‘C forming a clear solution. A clear 1 mL TOP
solution containing sulfur (0.0567 g) and selenium (0.0075 g) is then quickly injected to the uniformly
stirred Cd solution kept at 310 °C. The reaction was carried out for 1 min. While cooling down to room
temperature, the reaction mixture was diluted with ~10 mL toluene at 100 °C. Precipitation of NCs was
carried out using ethanol followed centrifugation. The NCs were redispersed in toluene and again

precipitated with ethanol. The process redispersion/precipitation was repeated once more.
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2.2.4 Ligand Exchange with S2-

The ligand exchange reaction was carried out following ref.®> where the native OA capping ligands were
replaced by S% ligand. Organic ligand was exchanged with S? following ref.> where 1 mL FA was
added to 1 mL OA- capped CdSeS NCs dispersed in toluene and then 10 pl aqueous solution (40-48 wt
%) of ammonium sulfide was added to the FA layer. Vigorous stirring of the two phases for about 10
min led to a complete phase transfer of NCs in to FA from toluene phase. The color-less toluene phase
was discarded followed by addition of fresh toluene in order to wash out any residual organic molecules
from the FA phase. The washing was repeated for two more times. NCs dispersed in FA were
precipitated by using minimum amount of acetonitrile (~0.8 mL) followed by centrifugation. The
obtained precipitate of S* capped NCs can be redispersed in a polar solvent like FA and water. For
metal ion sensing, the NC precipitate was re-dispersed in aqueous solution of HEPES buffer where pH
was buffered at 7.4 (physiological pH). In some experiment the precipitate was redispersed in FA. These
S% capped NCs exhibit negative charge on the NC surface with a negative ¢-potential of -25 mV and are
soluble in a polar medium like water. Further, the pH of the water medium was maintained at pH 7.4

using HEPES buffer. PLQY of S* capped NCs typically decreases to ~1-5 % after the ligand exchange.

2.2.5 Ligand Removal withTriethyloxoniumTetrafluoroborate

Stripping of organic ligand was done with trimethyloxonium tetrafluoroborate following the report of
Helms at al.> OA capped CdSe/CdS-ZnS core/hybrid-shell NCs were redispersed in 1 mL hexane (~5
mg/mL). 1 mL DMF was added to the NC dispersion in hexane, followed by addition of appropriate
amount of triethyloxonium tetrafluoroborate to the DMF layer. Vigorous stirring of the two phases for
about 5 minutes led to a complete phase transfer of NCs to DMF from hexane phase. The NCs dispersed
in DMF was washed thrice with fresh hexane and then separated out by discarding the upper hexane
phase. NCs were precipitated by adding toluene to DMF phase. The resulting precipitate was re-
dispersed in DMF.

2.2.6 Preparation of Buffer Solution
10 mM HEPES buffer solution was prepared by dissolving 1.3015 g HEPES-Na salt (4-(2-
Hydroxyethyl) piperazine-1-ethanesulfonic acid sodium salt,) in 500 mL water and then pH was

adjusted to 7.4 by drop-wise addition of aqueous solution of 1N HCI.
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2.2.7 Sensing of Metal Ions

Aqueous solutions Zn(NO3)2.6H20 and Cd(NOs)..4H,O were added one by one to the S* capped
CdSe/CdSeS/CdS NCs dispersed in the buffer solution maintained at pH 7.4. Concentration of NC was
adjusted such that the optical density at the lowest energy excitonic peak is 0.1. Influence of different
metal ion on the NC emission was studied by measuring PL spectra after exciting at 450 nm. After
noticing that the addition of Cd?* ion increases the NC PL significantly, we measured the PL of NC

after adding different concentrations of Cd?* ions.

2.2.8 Sensing of Nitroaromatic Compounds

Five nitroaromatic compounds- nitrobenzene, 4-nitrotoluene, 2,4-DNT, 2,6-DNT and TNP were
selected to search their interaction with S? capped and ligand-free CdSe/CdS-ZnS core/hybrid-shell
NCs. 0.1 mM aqueous solutions of each nitroaromatic compounds were added one by one to the
aqueous solution of NCs with absorbance of lowest energy excitonic peak maintained at 0.1. PL spectra
were measured subsequently corresponding to each nitroaromatic compound after excitation at 450 nm.
Since TNP was found to influence NC PL, we titrated NC dispersion with different concentrations of
TNP and measured PL at each concentration.

2.2.9 Characterization

UV-visible absorption and PL spectra of NCs were recorded using a Perkin Elmer, Lambda 45 UV/Vis
spectrometer and FluoroMax-4 spectrofluoremeter (HORIBA scientific), respectively. PL decay
dynamics were measured using time correlated single photon counting (TCSPC) technique set up from
Horiba JobinYvon at excitation energy of 459 nm. Pl decays were measured for OA capped NCs
dispersed in toluene and S% capped, and Cd?* treated S* capped NCs were dispersed in the aqueous
buffer with pH 7.4. {-potential were obtained employing Henry’s equation in the Smoluchowski limit,
using a Zetasizer Nano series, Nano-ZS90 (Malvern Instruments, U.K.). Isothermal Calorimetry (ITC)
was done using MicroCal iTC200 system (GE Healthcare Life Sciences). NCs dispersed in FA were
kept in the titration cell as a titer and was titrated by Cd?* solution in FA. Both the titrant (Cd?* ions)
and the NCs were dispersed in formamide, sonicated and filtered through 0.45 m PTFE filter.
Temperature of the titration cell was maintained at 298 K and ITC curve was the result of the average of
nearly three successive titrations which included the subtraction of FA dilution binding energetic. Molar

concentration of NCs was calculated following the report by Peng et al.” Fourier-transform infrared
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(FTIR) spectroscopy was carried out in the transmission mode using a NICOLET 6700 FTIR

spectrometer (Thermo scientific).

2.3 Results and Discussions

2.3.1 Organic (Oleic Acid) Capped CdSe Based Type-I Core/Shell Heterostructured NCs

CdSe NCs have a high density of surface-related dangling bonds which act as non-radiative
recombination centers for charge carriers. To partially suppress such charge trapping, we have used
type-1 core/shell heterostructured nanocrystals in our study, in which most of the charge carriers will be
confined to core. Furthermore, to reduce the lattice mismatch (interfacial defects at core-shell interface),
and to get high PLQY CdSe/CdSeS/CdS core/gradient-shell/shell and CsSe/CdS-ZnS core/hybrid-shell
NCs are synthesized.>* As the post-synthesis shell growth causes degradation of size distribution, in
synthesis of both types of NCs only a single step of hot injection (containing anion precursor) is
involved. These OA capped CdSe/CdSeS/CdS and CdSe/CdS-ZnS NCs were synthesized by following
previous reports.>* NCs are synthesized at high temperature (~300 °C) to get better crystallinity and
hence better optical properties. This reaction temperature is higher in comparison to the reaction
temperature required to synthesize CsPbXs (X= Cl, Br, I) perovskite NCs which will be discussed later
in next chapters. During the synthesis of these NCs, OA dissolves the metal precursors and control the
size of the NCs. Further, it passivates the dangling bond on the surface of the NCs by its COO™ end and
stabilizes the colloidal dispersion of NCs in non-polar solvent by its long hydrocarbon chain. In these
NC, bonding of OA with the surface of the NCs is strong enough to purify these NCs by using high-
polar solvents, such as acetone, ethanol or methanol. Consequently, the colloidal stability does not get
affected on redispersing the NCs in non-polar solvents after precipitation using high-polar solvents.
Figure 2.1 and Figure 2.2 show the optical data of the CdSe/CdSeS/CdS and CdSe/CdS-ZnS NCs
respectively. UV-visible absorption (black line) and PL (red line) spectra (Figure 2.1) of the synthesized
CdSe/CdSeS/CdS NC samples were measured in toluene and suggest an optical bandgap of ~530 nm
corresponding to the energy of 2.34 eV, which is higher than the bulk band gap of CdSe (~1.74 eV)® and
lower than bulk bandgap of CdS (~2.42).° Based on the reactivity difference of Se and S to Cd?* ion,
where Se reacts faster than sulfur, CdSe/CdSeS/CdS heterostructure is expected and thoroughly
investigated in ref. 10. Hence, in this quantum confined size range the optical contribution is coming
from CdSe core. Based on the previous report the size of the CdSe/CdSeS/CdS NCs is expected to be ~5
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nm.1% The sharp PL spectrum of 40 nm FWHM (164 meV) with a Stoke’s shift of 20 nm (85 meV) has
peak energy at 550 nm (2.25 eV). These NCs shows PLQY of 50-55 %.

CdSe/CdSeS/CdS Core/Gredient-Shell/Shell NCs
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Figure 2.1: UV-visible absorption and photoluminescence spectra of oleic acid capped
CdSe/CdSeS/CdS core/gradient-shell/shell nanocrystals.

Similarly, ~6.7 nm sized (from ref. 4) CdSe/CdS-ZnS core/hybrid shell NCs with higher PLQY
(~65%) show optical bandgap value of ~2.2 eV corresponding to 565 nm wavelength (Figure 2.2) and
emitting at ~2.14 eV (PL peak position = 580 nm). The details of formation of core/hybrid shell
structure have been explained in ref. 4. Here, the optical contribution is mostly coming from CdSe, as
the bulk bandgap values of CdSe, CdS, ZnSe and ZnS are 1.74, 2.42, 2.67 and 3.60 respectively.* Here,
only CdSe shows bulk band gap value lower than the bandgap of our NCs. Also, Se exhibit more
reactivity to Cd?* in compared to Zn?*. So alloy of CdSe and ZnSe is neglected, when Se is used as
limiting reagent. Owing to the presence of extra layer of ZnS having higher bandgap value than CdS,
the excitons are confined more towards core region and as a result high PLQY is obtained. The FWHM

of the PL spectrum is 121 meV.
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Figure 2.2: UV-visible absorption and photoluminescence spectra of oleic acid capped CdSe/CdS/ZnS

core/hybrid-shell nanocrystals.

2.3.2 Removal of Organic Ligands from Surface of NCs and Stability of NCs in Polar Solvents
The ligand exchange reaction was carried out following ref.11, where, the native OA capping ligands
were replaced by the S? ligand. Details of the synthesis and ligand exchange reaction are given in the
experimental sections and shown schematically in Figure 2.3. This S% capped NCs exhibit negative
charge on the NC surface with a (-potential of -25 mV and can be dispersed in polar solvents, such as,
water. Figure 2.4 shows comparison of FTIR spectra of OA capped (black line) and S? capped (red line)
NCs. FTIR spectra show the removal of organic ligands from the NCs on ligand treatment, given the
absence of C—H modes near ~2900 cm™! or below ~2000 cm™! belonging to oleate, or any residual ODE.
UV-visible absorption (Figure 2.5) and PL data (Figure 2.6) show that the size and size-distribution of
NCs remain intact after the ligand exchange reaction, similar to a prior report.!* PLQY of NCs
decreases significantly after the ligand exchange, and the resultant S? capped NCs show 1-5% of PLQY.
DLS data (Figure 2.7) show that freshly prepared S? capped NCs are not agglomerated as reported in
ref. 11.
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Figure 2.3: Schematics shows the synthesis and surface ligand modifications of nanocrystals.
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Figure 2.4: Comparison of FTIR spectra of organic and S?* capped CdSe/CdSeS/CdS core/gradient-
shell/shell NCs. Similar weights of both NC samples were taken for FTIR measurements. Almost

absence of two bands ~2900 cm™* indicates the absence organic ligands.®
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Figure 2.5: UV-visible absorption spectra of CdSe/CdSeS/CdS nanocrystals with native oleic acid
capping (black line) and S capping (red line).

x10°

CdSe/CdSeS/CdS core/gradient-shell/shell NCs

3.0

== Oleic acid
== Sulfide

N
(6]
1

n
o
1

PL Intensity (a. u.)
5

o
o
1

0.0

I T T T T T T T T T T T T T 1

520 540 560 580 600 620 640 660
Wavelength (nm)

Figure 2.6: PL spectra of CdSe/CdSeS/CdS nanocrystals with native oleic acid capping (black line)

and S capping (red line).
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Figure 2.7: DLS data for S* capped CdSe/CdSeS/CdS NCs.
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Figure 2.8: PL decay dynamics of CdSe/CdSeS/CdS nanocrystals with native oleic acid capping (black
line) and S capping (red line). Excitation at 459 nm and emission fixed at the peak maxima.
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PL decay dynamics of CdSe/CdSeS/CdS NCs after surface modifications are shown in Figure
2.8. OA caped NCs show a nearly single exponential decay with little contribution from faster (< 1 ns)
nonradiative decays. However, the same NCs after ligand exchange with S? shows a huge contribution
from faster nonradiative decays. This was also reflected by a huge decrease in PL intensity after the
ligand exchange.

2.3.3 Surface Defect Passivation by Using Cd?* and Zn?+ Ions and Cd?2+* Sensing

S> capped CdSe/CdSeS/CdS core/gradient shell/shell NCs in aqueous medium with pH 7.4 show
enhancement of PL on treatment with Cd?* and Zn?" ions. Figure 2.9 shows relative PL intensity,
Ication/lo, Where o is the PL intensity of S* capped NCs, and lcaion is the PL intensity of same NCs after
interacting with 0.1 mM solution of respective metal ions. Shape and width of all PL spectra before and
after interactions with Cd?* and Zn?* ions remains same and hence peak intensity is considered to obtain
lcation/lo. Figure 2.9 clearly shows 6.7 and 15.0 fold increase in PL intensity of S? capped
CdSe/CdSeS/CdS NCs after interacting with Zn?* and Cd?* ions respectively. Clearly, Cd?* with 15 fold
enhancement of PL intensity stands out as a strong luminescence turn-on analyte for the NC sample.
Inset to Figure 2.9 shows photographs of S?* capped CdSe/CdSeS/CdS NCs before and after interaction
with Cd?* ions upon illumination with 365 nm UV light. A large increase in the PL intensity after
addition of Cd?* ion is clearly visible with naked eye.

PL decay dynamics of CdSe/CdSeS/CdS NCs after Cd?* treatment are shown in Figure 2.10. S*
capped NCs shows a huge contribution from faster nonradiative decays. These NCs when treated with
0.1 mM Cd?*, the contribution from faster nonradiative decay decreases, as shown by the slower PL
decay after Cd?* treatment in Figure 2.10. Clearly, addition of Cd?" ion reduces defects from NC

surface, therefore, enhancing (turn-on) the PL efficiency.
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Figure 2.9: Relative PL intensity (lcation/lo) of S capped CdSe/CdSeS/CdS NCs dispersed in aqueous
buffer of pH 7.4, after addition of different cations; lo and lcaion are PL intensities of the NCs before
and after addition of the respective cation (Cd?* and Zn?*) respectively. Inset shows photographs of the

NC luminescence before and after interaction with Cd?* ions, after exciting with 365 nm UV light.
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Figure 2.10: PL decay dynamics of CdSe/CdSeS/CdS NCs with different surface modifications.

Excitation at 459 nm and emission fixed at the peak maxima.
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Figure 2.11: Isothermal calorimetry (ITC) data showing the integrated heat of interaction of S? capped

CdSe/CdSeS/CdS NCs after injection of Cd?* ions. Molar concentration of NCs were calculated using

ref. 7.

ITC data in Figure 2.11 shows a clear release of heat when Cd?* interact with S? capped
CdSe/CdSeS/CdS NCs. Addition of larger concentration of Cd?* ions would probably lead to the
saturation of heat change, however, the colloidal stability of NCs get hampered with higher
concentration of Cd?*. This heat change suggests a significant binding interaction of Cd?* ions with S*
capped NC surface, thereby modifying the surface defects on the NC surface, influencing PL intensity.
The strong interaction of Cd?* with S?* (or S¥) can be explained from Pearson’s hard and soft acids and
bases (HSAB) principle,*? where a soft acid Cd?* interact with a soft base S%. Furthermore, the size of
Cd?* ion is the ideal to match the lattice parameter on the surface of S? capped CdSe/CdSeS/CdS NCs,
probably forming an epitaxial adlayer of CdS on the surface.'®** Formation of such adlayers is expected
to enhance the PL efficiency. On the other hand, it was shown previously that metal rich surface of
cadmium chalcogenide NCs exhibit higher PL efficiency compared to NCs with chalcogenide rich
surface.>718 We note that addition of Zn?* ions to S* capped CdSe/CdSeS/CdS NCs also enhance NC
PL, but to a much lower extent compared to Cd?* (Figure 2.9). This lower efficacy of Zn?" can be
because of both Zn?* is a harder base compared Cd?* therefore having weaker affinity towards soft S

and smaller size of Zn?* ions compared to lattice parameters of NC surface.
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Figure 2.12: Variation of PL intensity of S* capped CdSe/CdSeS/CdS nanocrystals after interacting
with different concentrations of Cd?* in aqueous buffer. lp and lca2+ are PL intensities of the NCs before

and after addition of the Cd%*ion.

PL spectra in Figure 2.12 show a systematic enhancement of relative intensity (lca®*/ lo) with
increasing the concentration of Cd?* ion. The PL intensity changes just by addition of 110 pM Cd?* ion.
110 pM Cd?* is equal to 1.24 x 10 ppm, which is ~4 orders of magnitude lower than the typical
detection limit of techniques like atomic absorption spectroscopy (AAS). To the best of our knowledge,
110 pM range detection of Cd?* is by far the best for any luminescence based NC sensor.?® Our NC
sensor relies on direct interaction between the metal ion analyte and the NC surface. 3-
mercaptopropionic acid-capped CdTe NCs sensors for Cd?* ion with similar direct interaction approach
showed a sensing in the micromolar (1M) region,?’ however, this 4 orders of magnitude improvement in
the sensitivity of our organic-free NCs can be attributed to the bare NC surface which facilitate the
interaction of NCs with Cd?* ions. It is to be noted that, according to the standards by United States
Environmental Protection Agency (EPA),?! the maximum contaminant level of Cd?* in drinking water is

44 nM, so the sensitivity of our organic-free NCs is well within the prescribed range.
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Figure 2.13: Plot of relative intensity (Ice2+/lo) of S? capped CdSe/CdSeS/CdS NCs against
concentration of added Cd?* ion. Closed circles are experimental data and the line is just a guide to eye.
Inset shows same plot of lcg+/lo against lower concentration range of Cd?" ions. The red line is a
polynomial fit to the experimental data shown by closed circle. Excitation wavelength for all the spectra

was fixed at 450 nm.

Figure 2.13 shows the variation of Icqg2+/ lo with concentration of Cd?* ion where the symbols are
data and the line is just a guide to eye. Inset to Figure 2.13 shows a systematic increase in the lca®*/ lo
with increasing Cd?* content from 110 pM up to 55 nM region, encompassing the EPA suggested 44 nM
upper limit in drinking water. The data (symbols) can be fitted by the empirical equation, Icd®*/ lo =
1.03968 + 0.24133 x [Cd] -0.00565 x [Cd]? + 4.67067 x 10° x [Cd]?, where [Cd] is the concentration of
Cd?" ion in nM. When [Cd] < 100 nM, NCs (with optical density ~0.1 for the lowest energy excitonic
peak) form a stable solution exhibiting C-potential < -20 mV. However, further increase in [Cd] in the
region of 10% to 5x10° nM, the NC dispersion get destabilized with measured {-potential in between -10
mV to +10 mV. Figure 2.13 shows a nearly constant lcq2+/ lo in this [Cd] region, where NCs tends to
agglomerate. Further increase in the [Cd] > 10* nM, provides positively charged NC surface with (-
potential >15mV, and consequently colloidal stability and sharp increase in the Ica+/ lo (Figure 2.13).
This set of observations suggest that surface of our S? capped NCs were negatively charged and the
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added Cd?* ions bind to negatively charged surface, which also passivate the nonradiative decay
channels on NC surface, enhancing the PL intensity. Initially, for [Cd] < 100 nM, surface of the NC still
remains enough negatively charged to maintain colloidal stability, so surface passivation enhanced the
PL intensity. For [Cd] in between 102 to 5x10° nM, NC surface get passivated to enhance the PL
intensity, however, the agglomeration of NCs has an opposing effect on the PL intensity. Consequently,
PL intensity does not change much in this [Cd] range. However, at very high concentration, [Cd] > 10%,
charge inversion takes place where a negatively charged NC converts to a positively charged NC similar

to ref.1® along with enhancement in PL intensity.

2.3.4 Organic Ligand-Free CdSe Based NCs As Nitroexplosive Sensor
After establishing the good sensitivity for Cd?* ions, we explored sensitivity of organic-free NCs for
different nitroaromatic compounds. Aqueous solution of S? capped CdSe/CdSeS/CdS NCs did not
exhibit a significant PL enhancement after interacting with different nitroaromatic molecules, instead,
turn-off behavior, i.e., PL quenching is observed for TNP. To test the turn-off sensing ability, we choose
a different NC system S? capped CdSe/CdS-ZnS core/hybrid-shell NCs, which is brighter compared to
S? capped CdSe/CdSeS/CdS NCs. The CdS-ZnS hybrid shell imposes larger band offsets for electron
and hole in the CdSe core, and therefore the PL is less sensitive to surface modification. Therefore,
CdSe/Cds-znS core/hybrid-shell NCs exhibit stronger luminescence to act as a turn-off sensor even
after exchanging the OA ligand with S ion and dispersing the NCs in water. The organic ligand was
replaces with S% ligand by following the same protocol discussed above. Figure 2.14 shows Initro/lo,
where lnitro IS the PL intensity of NCs after interacting with different nitroaromatic compounds. Clearly,
addition of TNP shows a sharp decrease in PL of NCs, whereas, other nitroaromatic compounds do not
change the PL intensity significantly. In fact, the selective sensing of TNP is conserved even in the
mixture of all these different nitroaromatic compounds.

Figure 2.15 compares the change in PL intensity with concentration of TNP. A clear decrease in
PL intensity has been observed for TNP at 3.31 uM concentration, and the PL intensity decreases
systematically with increasing TNP concentrations. The sensitivity in the range of few uM or sub-uM is
poor compared to that achieved for Cd?* sensing, however, can be comparable with some of the prior
reports of luminescence sensing of TNP.?222 The quenching of NC PL after interaction with TNP can be

caused by various mechanisms, namely, charge transfer,* energy transfer,?® modification of surface
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defects, or combination of multiple processes. Figure 2.16 shows that there is no overlap between NC
emission spectrum and absorption spectrum of TNP, ruling out the energy transfer mechanism as a

cause of PL quenching.
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Figure 2.14: Change in PL intensity (lniwo/lo) of S? capped CdSe/CdS-ZnS core/hybrid-shell NCs
dispersed in agueous solution, after addition of different nitromatic compounds. lo and Initro are PL
intensity of the NC before and after addition of the respective nitroaromatic compounds, namely,
nitrobenzene (NB), 4-nitrotoluene (4-NT), 2,4-dinitrotoluene (2,4-DNT), 2,6-dinitrotoluene (2,6-DNT)
and 2,4,6-trinitrophenol (TNP).
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Figure 2.15: Variation of PL intensity of S* capped CdSe/CdS-ZnS NCs after interacting with varying
concentrations of TNP. lp and lnitro are PL intensities of the NCs before and after addition of the

nitroexplosive (TNP).
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Figure 2.16: UV-visible absorption spectrum of TNP, and PL spectrum of S? CdSe/CdS-ZnS

core/hybrid-shell nanocrystals. There is no spectral overlap between NC emission and TNP absorption.
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In order to investigate any role of S? ligand, we employed the same CdSe/CdS-ZnS NCs but
with different surface modification. Oleic acid capped CdSe/CdS-ZnS NCs were transformed to ligand-
free NCs, employing trimethyloxonium tetrafluoroborate following ref® (Figure 2.3). These ligand-free
NCs were also employed for the sensing of nitroaromatic compounds and results were similar to those
of S? capped NCs. This observation suggest that the sensing capability of our NCs towards
nitroaromatic compounds does not entirely depend on surface modification, and the fact the NC surface
is accessible to nitroaromatic compounds was sufficient enough to quench the NC PL. Since the binding
probability of TNP towards negatively charged S? capped NC and positively charged ligand-free NCs
are expected to be different, the observed similarity in PL quenching for both kinds of NC surface
suggests poor binding of TNP on NC surface, instead, PL quenching probably happens through collision
between NC and TNP owing to their Brownian motion in solution. Such poor binding of TNP to the NC
surface can hinder to achieve ultra high sensitivity for TNP detection.

After negating out the energy transfer and surface modification of NCs as a possible cause for
quenching the NC PL, we explore the possibility of charge transfer. Prior literature®® % suggests that,
electron transfer from the conduction band minimum of CdSe to the lowest unoccupied molecular
orbital (LUMO) of TNP is energetically favorable. On the other hand, LUMO levels of all other
nitroaromatic compounds are significantly higher compared to the conduction band minimum of CdSe.
Therefore, electron transfer from NC to TNP upon collision could be a plausible mechanism for PL
quenching, which also explain the selectivity of nanosensor towards TNP compared to other

nitroaromatic compounds.

2.4 Conclusions and Need of Defect Tolerant NCs for Optoelectronics

We synthesized colloidal CdSe based type-I core/shell heterostructured NCs of high PL efficiency (50-
65%). These NCs are OA capped and soluble in non-polar solvents. PLQY of these NCs decreases to 1-
5% on replacing OA cappings with S ions or removing them completely. PL decay data suggest PL
quenching is due to the trapping of charge carriers in defects states lying deep within the band gap of
these compound semiconductor NCs. These organic free NCs have charge on their surface and can be
dispersed in polar solvent such as water. Further, the surface defects are passivated by using Cd?* and
Zn?* jons which result into enhancement of PL. This property makes these organic-free NCs a

luminescent sensor to detect trace amounts of chemical species. Another interesting fact is removal of
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bulky organic ligands from the surface of NCs facilitates easy interaction of different analytes with the
NC surface. S* capped CdSe/CdSeS/CdS core/gradient-shell/shell NCs acts as turn-on sensors for the
toxic Cd?* ions. To the best of our knowledge, the detection 110 pM Cd?* ions by our nanosensor is the
highest sensitivity for any NC based sensor at the time of this work. PL decay dynamics and ITC data
show that the Cd?* ions bind to the NC surface reducing surface defects, thereby, enhancing the PL
efficiency. The turn-on sensing of the NC is towards Cd?* ion, because of (i) preferred binding between
soft Cd?* acid and soft S? base, and (ii) ionic size of Cd?* is a perfect match for the lattice parameter of
CdSe/CdSeS/CdS NC surface, forming CdS adlayer on the NC surface. On the other hand, different
nitroaromatic compounds were also employed as analytes. Explosive TNP molecules quench NC PL, a
turn-off behavior. The mechanism of PL quenching appears to the charge transfer from NC to TNP.
However, even after having organic free nature of these NCs to fabricate electronically coupled NC
film, these NCs are not ideal to be used in optoelectronic applications. The charge carriers would be
trapped in the deep lying defects and would hamper the performance of NC device. Hence, there is a
need of defect tolerant materials in which the defects do not trap the charge carriers. Lead halide

perovskite are one of those defect tolerant materials and would be studied in rest of the thesis.
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Chapter 3A: Luminescence from Defect-Tolerant CsPbBrs Perovskite Nanocrystals

Summary

As discussed in previous chapters that defects lying deep within the bandgap in a semiconductor trap the
charge carriers and hamper the performance of optoelectronic devices. This problem becomes more
severe in case of nanocrystals, in which, surface related defects dominate. Cesium lead halide (CsPbXs;
X = ClI, Br, I) perovskite shows defect tolerance nature because of its unique electronic band structure.
Hence, nanocrystals of these materials exhibits high photoluminescence quantum yield (50-90%)
without any core/shell type electronic passivation of surface. Suppression of blinking-off time is another
interesting result, which arises due to the defect-tolerance nature of CsPbBrs nanocrystals. While the
solution processed bulk organic-inorganic hybrid perovskite is an excellent material for solar cell
applications, here we show the colloidal CsPbBr3 nanocrystals have great potentials for light emitting
applications. Also, all-inorganic CsPbBrs is thermally more stable than their hybrid counterpart.
Colloidal CsPbBrz nanocrystals have many advantages over the traditional CdSe based colloidal
quantum dot light emitters. Particularly, 11 + 0.7 nm CsPbBrs nanocrystals exhibit intense light
emission in the weak quantum confinement regime, and hence do not get affected by size-distribution
issues. Consequently, spectral width of photoluminescence from ensemble of nanocrystals is similar to
that from single-nanocrystal (78-86 meV). The fact that all the nanocrystals in the ensemble has almost
identical band gap, results into negligible influence of Forster resonance energy transfer (FRET) and
self-absorption on photoluminescence.
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Chapter 3A: Luminescence from Defect-Tolerant CsPbBr; Perovskite Nanocrystals

3A.1 Introduction

As discussed in chapter 1 that CsPbXs (X = ClI, Br or 1) perovskite was reported by Mgller in 1958.1
Mitzi and coworkers showed interesting optoelectronic properties of organic-inorganic perovskite
materials about twenty years back.? In about last ten years, solution processed organic-inorganic hybrid
perovskite such as CH3NHsPbls became one of the most celebrated material because of exhibiting
>22% solar cell efficiency.®” Defect tolerant nature of these lead halide perovskite, also prompted a few
reports (at the time of this present work) on colloidal nanocrystals (NCs) of APbX3z (A = CH3NH3 and
Cs; X = Cl, Br and 1), where intense photoluminescence (PL) has been the main property in spite of
having surface defects.®! At present time, there are a good number of reports coming on these colloidal
nanostructures.

State of the art, highly luminescent CdSe based colloidal quantum dots (QDs), particularly, core/shell
NCs found applications in ultra high definition displays because of narrower full width at half maxima
(FWHM) of emission spectrum compared to that of organic dyes.*?® Additionally, such CdSe based
core/shell QDs exhibit better photo-stability and size-dependent tunability of emission color. Kovalenko
et al.® reported in year 2015 that CsPbXs (X = CI, Br and 1) NCs exhibit all the above mentioned
benefits of traditional QDs. In fact, ~90% PL efficiency with narrov FWHM from CsPbBrs NCs is
superior to most CdSe based NCs obtained even after surface modifications.

Intense luminescence from traditional CdSe based QDs can be observed only when the size of NC is
smaller (<5 nm) than natural delocalization length of exciton (Bohr excitonic diameter), where strong
quantum confinement of charge carriers enhances the transition probability. This requirement of
quantum confinement, however, results into spectral broadening because of the size-distribution
problem, and high density of trap states because of large surface to volume ratio (as discussed in chapter
1).1® Owing to this size-distribution problem where smaller sized NCs exhibit higher optical gap
compared to larger sized ones, chromaticity and PL quantum yield (QY) changes with concentration of
NCs because of self-absorption and Forster resonance energy transfer (FRET).?° For example, closed
packed film of traditional QDs exhibit red-shifted PL with reduced intensity compared to the dilute
solution of same NCs. Also, since the optical bandgap of such luminescent QD is strongly dependent on
size of NCs, reproduction of NC synthesis resulting PL peak position within an error bar of £5 nm is
difficult. Another disadvantages of CdSe based QDs for light emitting diode (LED) applications is,
decrease in optical gap with increasing temperature that can change the chromaticity of an LED with
operation temperature.
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In this work, we experimentally establish the defect tolerance in CsPbBrs perovskite NCs of size 11 +
0.7 nm and show that these NCs are intrinsically different kind of highly luminescent NCs where size-
distribution is not an issue, unlike traditional QDs. Our results show that emission from ensemble of
CsPbBr3 NCs does not suffer from any of these above mentioned demerits of traditional QDs, while
maintaining nearly ideal (90%) PLQY. In order to understand luminescence from CsPbBrz NCs, we
studied single-NC PL of such colloidal perovskite NCs. Surprisingly, FWHM (85 meV) of single NC is
almost identical with that of ensemble measurement. Fluorescence intermittency, also known as

blinking,?*?° shows suppression of off-time.

3A.2 Experimental Sections

3A.2.1 Chemicals

Cesium carbonate (CsCOgz, Aldrich, 99.9%), lead (1) bromide (PbBrz, 99.999%, Aldrich), cadmium
oxide (CdO, 99.995%, Aldrich), zinc oxide (ZnO, >99%, Aldrich), oleic acid (OA, 90%, Aldrich),
oleylamine (OAm, technical grade 70%, Aldrich), 1-Octadecene (ODE, technical grade 90%,Aldrich),
sulfur (99.998%, Aldrich), selenium (99.99%, Aldrich), trioctylphosphine (TOP, 97%, Aldrich),
trioctylphosphine oxide (TOPO, 99%, Aldrich), toluene (99.5%, Rankem), ethanol (99.9% AR, S D
Fine chem. Ltd) formamide (FA, spectroscopy grade, Aldrich), tert-butanol (AR 99.5%, Rankem),
Rhodamine-6G (99%, Aldrich), ethyl cellulose (48% ethoxyl , Aldrich), tetradecylphosphonic acid (
TDPA, 97%, Aldrich). All the solvents and liquid reagents used in this work were made moisture free

by applying vacuum for 1 hour at 120 °C and referred as “dried” in remaining sections.

3A.2.2 Synthesis of Cs-oleate as Cesium Precursor

0.407 g (1.25 mmol) Cs2COs3, 1.25 mL OA and 20 mL ODE were taken in a 50 mL 3-necked round
bottom flask and the mixture was kept under vacuum for 30 min at 120 °C followed by purging with N>
for 10 min along with mild magnetic stirring. This process of alternate application of vacuum and N>
was repeated for 3 times to achieve the removal of moisture and O, from the reaction mixture. The
temperature was increased to 150 °C. The reaction was continued until the Cs,COz3 got dissolved to give
a clear solution after reacting with OA. The as-synthesized Cs-oleate solution in ODE was kept as
cesium precursor for synthesis of CsPbBrs NCs.

66



Chapter 3A: Luminescence from Defect-Tolerant CsPbBr; Perovskite Nanocrystals

3A.2.3 Synthesis of Colloidal CsPbBr3 Perovskite NCs

In our present work, colloidal NCs of CsPbBrs of two different sizes were synthesized following a
previous report.® 5 ml dried ODE and 69 mg (0.188 mmol) PbBr, were taken in a 25 mL 3-necked round
bottom flask. The mixture was degassed (under alternate vacuum and nitrogen) at 120 °C for 60 minutes
along with magnetic stirring. Dried OA and OAm, each 0.5 mL, was added to the mixture at 120 °C.
After 30 min, PbBr. get dissolved in ODE and then the temperature was increased to 190 °C. As
synthesized Cs-oleate (0.1M, 0.4 mL) solution in ODE, pre-heated at 100 °C, was swiftly injected to the
reaction mixture. The reaction mixture became greenish and the reaction was stopped by dipping the
reaction flask into an ice bath. The synthesized CsPbBrs NCs were precipitated by adding 5 ml tert-
butanol at room temperature and then centrifuged at 7000 rpm. In this work, we have used epprndorf
centrifuge machine of model number 4530 for the NCs purification. The radius of rotor is 100 mm.
Finally, the wet pellet of the NCs was redispersed in 5 ml toluene for characterization. The obtained
NCs were cubic in shape with edge length of 11+0.7 nm. To achieve smaller sized NCs (cube with 8+1

nm length), the reaction temperature was kept at 165 °C.

3A.2.4 Synthesis of Colloidal CdSe NCs

Colloidal CdSe NCs were synthesised after modifying the recipe given in ref. 26. 0.082 g (0.64 mmol)
CdO, 0.356 g (1.28 mmol) TDPA, 1.62 g (4.2 mmol) TOPO and 5 mL OAm were taken in a 3-necked
round bottom flask. The reaction mixture was degassed (under alternate vacuum and nitrogen) at 120 °C
for 60 minutes. The temperature was then raised to 320 °C forming a clear solution. 4 mL of 0.2 M Se
solution in TOP was swiftly injected causing a decrease in temperature to 270 °C. The reaction was
stopped after 10 min, followed by addition of 10 ml toluene at 90 °C. NCs were precipitated by adding
ethanol and centrifuged at 7000 rpm for 10 min. Obtained wet precipitate was redispersed in toluene,
and the washing (precipitation-centrifugation-redispersion) of NCs was repeated thrice to remove any

unreacted precursors. Final CdSe NC precipitate was redispersed in toluene for further measurements.

3A.2.5 Synthesis of Colloidal CdSe/CdS-ZnS Core/Hybrid-Shell NCs

The synthesis was carried out following ref.27. 0.0496 g CdO, 0.0496 g ZnO, 2 mL OA and 10 mL
ODE was degassed (under alternate vacuum and nitrogen) at 120 °C for 60 minutes. The temperature of
reaction mixture was increased to 310 °C forming a clear solution. 1 mL TOP solution containing sulfur
(0.0567 g) and selenium (0.0075 g) is then quickly injected to the uniformly stirred Cd and Zn oleate
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solution kept at 310 °C. The reaction was carried out for 30 sec. While cooling down to room
temperature, the reaction mixture was diluted with ~10 mL toluene at 90 °C. Precipitation of NCs was
carried out using ethanol followed by centrifugation. The NCs were redispersed in toluene and again
precipitated with ethanol. The process of redispersion/precipitation was repeated once more. The final
NCs were redispersed in toluene.

3A.2.6 Characterization

UV-visible absorption spectra were recorded using a Perkin Elmer, Lambda-45 UV/Vis spectrometer.
Steady state PL and PL decay dynamics (time correlated single photon counting (TCSPC)) of NCs were
measured using FLS 980 (Edinburgh Instruments). UV-visible absorption and PL experiments were
done in solution as well as on thin film prepared by spin-coating of the colloidal NCs solution (~5
mg/ml, dispersed in toluene) on quartz substrate and then dried in ambient condition. UV-visible
absorption spectra for both solution and film were taken in transmittance mode. Powder Xx-ray
diffraction (XRD) data were recorded using a Bruker D8 Advance x-ray diffractometer using Cu Ka
radiation (1.54 A). Transmission electron microscopy (TEM) studies were carried out using a JEOL
JEM 2100 F field emission transmission electron microscope at 200 kV. The sample preparation for
TEM was done by putting a drop of the colloidal solution of NCs in hexane on the carbon coated copper
grids. Differential Scanning Calorimeter (DSC) measurements were carried out on CsPbBr3 NC powder

using TA Q20 DSC. The data were recorded at heating and cooling rate of 10 °C/min.

3A.2.7 Effect of UV-light and Temperature on PL

PL spectra at varying temperatures were recorded by increasing the temperature by a step width of 10
°C of cuvette holder enabled with a digital temperature controller. In the experiment of photostability,
the sample was exposed to 365 nm UV light and PL spectra were recorded at varying interval of UV
exposure time. All the measurements were done under inert atmosphere and using anhydrous solvents.
NC dispersions were prepared and filled in a cuvette inside a N> filled glove box. The cap of the cuvette

was sealed before taking it out of glove box.

3A.2.8 Measurement of PLQY
PLQY of colloidal solution of CsPbBrz NCs has been measured at room temperature by taking
rhodamine 6G dissolved in ethanol as a reference dye. CsPbBrz NCs were dispersed in toluene. For NC
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films, UV-visible absorption and PL spectra were measured at 10 different points in the film and then

averaged out to calculate approximate QY.

3A.2.9 Coating of CsPbBrs3 NCs on UV Light Emitting Diodes (LEDs)

A gel of colloidal solution of CsPbBrs NCs was prepared by mixing 1 g ethyl-cellulose in 5 mL of
toluene and 1 mL of as-synthesized colloidal solution of CsPbBrsz (~5 mg/mL) dispersed in toluene. The
mixture was sonicated for ~ 60 min to get a homogeneous gel. Then the UV (Amax = 365 nm) LEDs were
dip coated in the gel of NCs and dried for 60 min before lighting. CsPbBr3 coated LED emits intense
green light (as shown in Figure 3A.8 in this chapter) by applying a voltage 3.0 V and passing a current
of 60 YA across the terminals of the LED.

3A.3 Results and Discussion

3A.3.1 Crystallographic Phase and Morphology of CsPbBrs NCs
Colloidal CsPbBrs NCs were prepared following ref.9. Details of synthesis are given in the experimental
sections. Characterization of CsPbBrs NCs using TEM, powder XRD, DSC and high resolution TEM
are shown in Figure 3A.1 to 3A.5. Figure 3A.1 shows that the size of the NCs can be controlled by
varying the reaction temperature, in which, 8+1 nm (Figure 3A.1a) and 11+£0.7 nm (Figure 3A.1b) sized
(edge length of cube shaped NCs) CsPbBrz NCs are synthesized at reaction temperature of 165 and 190
°C respectively. These reaction temperatures are much lower than those of the traditional 11-VI2%-? and
111-V2 colloidal QDs. It is to be noted that the perovskite NCs can be synthesized even at room
temperature because of their more ionic nature than the traditional QDs.*°

Powder XRD pattern in Figure 3A.2 shows orthorhombic phase of CsPbBrz NCs. This
observation agrees with bulk CsPbBrs that are known to exhibit thermodynamically stable orthorhombic
phase at room temperature. But first report of CsPbBr3 NCs in ref. 9 suggested cubic phase though their
XRD pattern appear similar to our NCs powder XRD pattern. To clarify this further, we measure DSC
data, which also suggested orthorhombic phase of our CsPbBrs NCs. DSC data in Figure 3A.3 agrees
with that reported?® for bulk CsPbBrs, where orthorhombic to tetragonal transition at 91 °C, and
tetragonal to cubic transition at 132 °C are observed. Orthorhombic CsPbBrs exhibits corner-shared
[PbBre]*~ octahedra in 3-D fashion (see Figure 3A.4) and is an optoelectronically active perovskite

phase, unlike the orthorhombic CsPbls, in which the octahedra are not corner-shared.®
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Figure 3A.1: Controlling the size of CsPbBrs nanocrystals. Transmission electron microscopy

(TEM) image of a) 8t1 nm and b) 11+0.7 nm CsPbBrs nanocrystals synthesized by hot injection

synthesis.
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Figure 3A.2: Crystal structure of CsPbBs nanocrystals. Powder XRD pattern of 11+0.7 nm CsPbBr3
nanocrystals showing orthorhombic phase.
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Figure 3A.3: Phase transition of CsPbB3 nanocrystals. Differential scanning calorimetric (DSC) data
of 11+0.7 nm CsPbBr3 nanocrystals.

Figure 3A.4: Orthorhombic crystal structure of CsPbBrs. Orthorhombic phase of CsPbBrs showing

tilted and corner-shared [PbBre]* octahedra.*°
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Figure 3A.5: Crystal planes of CsPbBrs nanocrystals. High resolution TEM (HRTEM) image of
CsPbBrs nanocubes, synthesized at 190 °C showing lattice fringes.

This first report of similarity of crystal phase behavior of CsPbBrz NCs with its bulk counterpart is
important in order to understand the origin of difference in PL behavior between bulk and NC samples.
In support of all these above data, high resolution TEM (HRTEM) image (in Figure 3A.5) shows
interplanner distance of 2.95 A corresponding to (220) plane of orthorhombic CsPbBrs.

3A.3.2 Luminescence Properties of CsPbBr3 NCs

Figure 3A.6 a (UV-visible absorption spectra) and Figure 3A.6 b (PL data) shows very small (0.02 eV)
blue shift in the absorption edge and emission maxima by reducing the edge length of CsPbBr3 cubes
from 11 to 8 nm. This observation suggest week quantum confinement of charge carriers in this size
regime, which agrees with the reported® ~7 nm excitonic Bohr diameter of CsPbBrs. In spite of having
weakly confined charge carriers, our 11 nm CsPbBrs NCs exhibit the best PLQY of 90%, and has been
studied more extensively in this chapter. Figure 3A.7 compares spectral shapes of PL originating from
organic dye rhodamine 6G, CdSe/CdS-ZnS core/hybrid shell NCs, and CsPbBrs NCs. Clearly, CsPbBr3
NCs exhibit the best color purity of emitted light with narrowest FWHM (85 meV). Such a narrow
FWHM, along with 90% PL QY, makes these CsPbBrs NCs suitable for application in ultra-high
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definition displays. Figure 3A.8 shows photograph of an LED prepared by coating CsPbBrs NCs on UV
(Amax= 365 nm) LED. The LED continues to emit intense light after 3 months from the date of
fabrication, even when stored under ambient condition suggesting high stability of CsPbBrs NCs. This
low sensitivity to moisture might arise from the coating of hydrophobic capping ligands on the NC
surface, but needs to be studied further. Also, Figure 3A.9 shows that the PL from colloidal CsPbBrs3
NCs is stable under prolonged exposure to 365 nm UV light.
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Figure 3A.6: Optical properties of different sized CsPbBrs nanocrystals. (a) UV-visible absorption
and (b) PL spectra for 81 nm (black line) and 11+0.7 nm (red line) CsPbBrs nanocrystals dispersed in

toluene.
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Figure 3A.7: Emission color purity of different fluorescent materials. PL spectral line widths
obtained from a representative organic dye Rhodamine 6G (black line), CdSe/CdS-ZnS core/hybrid-

shell nanocrystals (blue line), and CsPbBr3 nanocrystals (red line).

Figure 3A.8: CsPbBrs nanocrystals as emitter. Photograph of a green LED obtained after coating an

UV-LED with CsPbBrs nanocrystals.
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Figure 3A.9: Photostability of CsPbBrs nanocrystals. PL spectra, and relative PL intensity (inset) of
11+0.7 nm CsPbBrs nanocrystals with exposure to 365 nm UV light. | is the PL intensities measured at a
given time during UV exposure, and lo corresponds to PL intensity before UV exposure. Note that PL

energy and FWHM also does not change with exposure to UV light.

Optical bandgap of a semiconductor usually decreases with increasing temperature mainly
because of electron-phonon interaction.3! PL spectra of colloidal CdSe NCs (Figure 3A.10) and
CdSe/CdS-znS core/hybrid-shell NCs (Figure 3A.11) systematically red-shifted by 0.03 eV (8 nm), and
0.04 eV (9 nm), upon increasing the measurement temperature from 25 °C to 100 °C. Such temperature-
dependent change in emission energy can change the chromaticity of an LED, since the device often
gets heated up during prolonged operation. To our surprise, CsPbBrs NCs get rid of this problem, and do
not exhibit any change in PL peak position in the temperature range of 25 to 100 °C as shown in Figure
3A.12. This unusual behavior can be attributed to the electronic band structure of CsPbBrs, where the
optical bandgap predominantly arises from anti-bonding (Pb 6s and Br 4p) valence band maximum and
non-bonding (Pb 6p) conduction band minimum. Therefore, thermal expansion of the lattice which
would decrease the cation—anion interaction, does not decrease the optical gap.3**® Further theoretical
and experimental studies over a wider temperature range are required for a better understanding of this

behavior.
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Figure 3A.10: CdSe nanocrystals and its temperature dependent chromaticity. (a) UV-visible

absorption and PL spectra of ~2.6 nm CdSe nanocrystals at room temperature. Size of the nanocrystals

is calculated by using the relation of size of nanocrystals and the lowest energy absorption peak by

following ref 3. (b) Change in PL spectra of the same CdSe nanocrystals with temperature of PL

measurement. This temperature dependent change is reversible suggesting the nanocrystal size does not

change during these experiments.
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Figure 3A.11: CdSe/CdS-ZnS core/hybrid shell nanocrystals and its temperature dependent

chromaticity. (a) UV-visible absorption and PL spectra at room temperature, and (b) PL spectra at

different temperatures for CdSe/CdS-ZnS core/hybrid-shell nanocrystals.
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Figure 3A.12: Temperature independent chromaticity of CsPbBrs nanocrystals at high
temperature. Variation in PL spectra of colloidal CsPbBrs nanocrystals with measurement temperature.

Inset shows the variation in the value of FWHM on varying the temperature.
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Figure 3A.13: Change in chromaticity of PL from CdSe based nanocrystals. PL spectra for
CdSe/CdSs-ZnS core/hybrid-shell nanocrystals dispersed in toluene and a film of the same nanocrystals
on a quartz substrate. PL intensities were compared after normalizing with absorbance at the excitation
wavelength 3.1 eV (400 nm). For films, absorption and PL data were collected at 10 different locations
of the film, averaged spectra are plotted to minimize the error that can arise because of inhomogeneity

in film thickness.

Another aspect of luminescent semiconductor NCs is red-shift in PL spectrum at very high
concentration compared to their dilute dispersion, because of self-absorption and/or FRET.?% 35 For
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example, Figure 3A.13 shows the red-shift in the PL spectrum of CdSe/CdS-ZnS core/hybrid-shell NC
film, compared to the corresponding dilute dispersion in toluene. Such red-shifts in close-packed films
happens either because of light emitted by a smaller NC is re-absorbed (self-absorption) by a larger NC
in the ensemble, and/or the excited smaller NC non-radiatively (FRET) transfers its energy to a larger
NC. Both phenomena can take place because larger NC has a smaller optical gap compared to that of
smaller NC. Such processes result into more contribution to PL from the fraction of larger NCs within
the ensemble, therefore, red-shifting the spectrum with increasing the concentration (closer proximity)
of NCs. Figure 3A.13 also exhibits a decrease in the relative PL intensity for CdSe/CdS-ZnS
core/hybrid-shell NC film compared to the corresponding dilute dispersion. This decrease is because of
the fact that some of the lager NCs that got excited at the cost of emission from the smaller NCs, might
be non-emitting (or poorly emitting) NCs. To our surprise, (Figure 3A.14) both peak position and
relative intensity of CsPbBrs NCs remained almost identical for both close-packed film and dilute
dispersion. This unique observation suggests that both self-absorption and FRET negligibly influence
the PL spectrum of the CsPbBrz NC film.
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Figure 3A.14: No change in chromaticity of PL from CsPbBr3 nanocrstals. PL spectra for CsPbBr3
nanocrystals dispersed in toluene and a film of the same nanocrystals on a quartz substrate. PL
intensities were compared after normalizing with absorbance at the excitation wavelength 3.1 eV (400
nm). For films, absorption and PL data were collected at 10 different locations of the film, averaged

spectrum is plotted to minimize the error that can arise because of inhomogeneity in film thickness.

78



Chapter 3A: Luminescence from Defect-Tolerant CsPbBr; Perovskite Nanocrystals

14
] = f
<
s v\
— )
S 15
- [
S VA
>, 0.1 4 21 22 23 24 25 26 27
*(% Energy (eV)
c
(<}]
)
=
-l
(a
0.01 +
] CdSe/CdS-ZnS core/shell NC Film

T T T T T T T T T

0 20 40 60 80
Time (ns)
Figure 3A.15: Energy transfer in CdSe based nanocrystal film. PL decay profiles obtained from film
of CdSe/CdS-zZnS core/hybrid-shell nanocrystals at different emission wavelengths as mentioned in
each panel. Insets: corresponding PL spectrum indicating the emission wavelengths for PL decay by

color coded arrows. NCs were excited 400 nm.
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Figure 3A.16: Suppression of influence of energy transfer in dispersion of nanocrystals. PL decay
profiles obtained from dispersion of CdSe/CdS-ZnS core/hybrid-shell nanocrystals in toluene at
different emission wavelengths as mentioned in each panel. Insets: corresponding PL spectrum
indicating the emission wavelengths by color coded arrows.
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Figure 3A.17: Suppression of influence of energy transfer in CsPbBr3 nanocrystal film. PL decay
profiles obtained from film of CsPbBrs nanocrystals at different emission wavelengths as mentioned in
each panel. Insets: corresponding PL spectrum indicating the emission wavelengths by color coded

arrows.

PL decay dynamics in Figure 3A.15 show that the film of CdSe/CdS-ZnS core/hybrid-shell NCs
systematically exhibit faster decay at higher emission energies. This is because smaller NCs that emit at
higher energies exhibit an additional FRET related decay channels compared to larger NCs emitting at
lower energies. On the other hand the dilute dispersion of the same sample (Figure 3A.16) does not
show such differences in PL decay at different emission energies because of larger inter-NC distance
disfavoring FRET. In contrast, Figure 3A.17, does not show any significant difference in the PL decay
from the film of CsPbBrz NCs when measured at different emission energies. Such similarities suggest
that contribution from FRET is less in the case of CsPbBrs NC film. Also, Figure 3A.18 shows that
absorption tail at energies lower than the peak corresponding to lowest energy excitonic absorption of
CsPbBrz NC is significantly less compared to that for CdSe/CdS-ZnS core/hybrid-shell NCs. This sharp
rise in the excitonic absorption of CsPbBrs NCs can explain the suppression of FRET, and agrees with
both absence of size-distribution related broadening of optical gap, and small Urbach energy reported’

for bulk lead-halide perovskites.
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Figure 3A.18: Urbach tail. Comparison of absorption tail at energies below the peak for lowest energy

excitonic absorption.

PL decays from CsPbBrz NC film at different emission energies were fitted with a bi-exponential
decay, and results are shown in Figure 3A.19 and Table 1. Two lifetimes obtained from the fittings are
around 3 ns and 8 ns, with nearly equal contributions. Interesting to note that (i) there is no sub-ns non-
radiative decay channels agreeing with the nearly ideal PLQY, and (ii) radiative lifetimes are
significantly shorter compared to typical lifetimes (~100 ns) observed for bulk perovskites such as
CH3NH3PbBrs.X® The decrease in the radiative lifetime, along with the observed excitonic features in
absorption spectrum (Figure 3A.6a) suggest that the PL of CsPbBrs NCs arises from excitonic
recombination, unlike the recent reports®®-’ of bulk CHsNH3Pbls, where recombination of free electron
and hole has been proposed to give rise PL. Our excitonic emission from CsPbBrs NCs can be explained
by higher excitonic binding energy for bulk CsPbBrsz (40 meV) compared to that of bulk CsPblz (20
meV).® Furthermore, nanocrystalline dimension also promotes Columbic interaction between electron

and hole.
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Figure 3A.19: PL lifetime of CsPbBrs nanocrystals. PL decay profiles obtained for CsPbBrs
nanocrystals (11+0.7 nm) film at different emission energies as mentioned in each panels. Experimental
data are same as those shown in Figure 3A.16 of chapter. Experimental data were fitted in the range of 0

to 60 ns, using bi-exponential decay.

Table 3A.1: The best fit parameters of photoluminescence decay profiles of CsPbBrs NC film at
different emission energies shown in Figure 3A.19, using bi-exponential decay: | (t) = aiexp(-t/t1) +

azexp(-t/t2).

Emission Energy a1 T1 az T2
(eV) (%) (ns) (%) (ns)
2.37 49 3.1 51 7.8
2.42 48 3.0 52 7.7
2.47 60 2.9 40 7.3

Another major problem of traditional CdSe based QDs is the poor reproducibility of emission
wavelength for NCs synthesized in different batches. This problem of reproducibility is absent in the
case of CsPbBr3 NCs (Figure 3A.20) with batch to batch reproducibility of optical gap within £ 1 nm.
Not only is the peak position, PLQYs of CsPbBrz NCs are also reproducible. Such unique
reproducibility of PL from CsPbBrs is probably because larger size (~11 nm) of NCs, where, size-
dependent change in bandgap is less prominent, and also surface defects do not trap the charge carriers.
It is to be noted that the synthesis of CsPbBrz NCs is rather simple compared to complex synthesis of a

typical core/shell NCs.
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Figure 3A.20: Reproduction of PL properties. Reproducibility of emission wavelength of 11+0.7 nm

CsPbBr3 nanocrystals synthesized in different batches keeping all the reaction parameter same.
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Figure 3A.21: Single nanocrystal versus ensemble PL. Normalized PL emission spectra of an
ensemble of nanocrystals in solution (red line) and a representative single-nanocrystal (black line)
spectra. Single-nanocrystal photoluminescence measurements were done in collaboration with Prof.
Arindam Chowdhury at Indian Institute of Technology (11T), Bombay, India.
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3A.3.3 Single-NC PL of CsPbBr3 NCs and PL Blinking

In order to understand the unique features from PL of CsPbBrz NCs, we studied single-NC PL in
collaboration with Prof. Arindam Chowdhury group at Indian Institute of Technology (I1T), Bombay,
India. Remarkably, FWHM of single-NC PL is almost identical with that of ensemble (Figure 3A.21),
showing that the detrimental effect of size-distribution in broadening PL spectrum is absent for
ensemble of CsPbBrs NCs. The absence of size-distribution related broadening of PL spectrum of
ensemble of highly luminescent CsPbBrs NCs is rather unique, compared to traditional CdSe based
QDs. Our ~11 nm CsPbBrz NCs is slightly larger than the corresponding Bohr excitonic diameter of 7
nm, exhibiting weak quantum confinement effect on charge carriers. This weak nature of confinement,
along with obtained narrow size-distribution, ensures that the individual CsPbBr3 NCs within an
ensemble exhibit almost identical optical bandgap. On the other hand, traditional QDs require a stronger
confinement of charge carriers in order to exhibit high PL QY,® where a larger inhomogeneity in optical
bandgap of NCs within an ensemble arises even after achieving a narrow size distribution. In the case of
CsPbBrz NCs, weak confinement of charge carrier is sufficient enough exhibiting high transition
probability for luminescence unlike their bulk counterpart. In addition to the extraordinary
semiconducting properties explored for such bulk perovskite structure.>” 3 nearly identical effective
mass of electron (me = 0.15 electron mass) and hole (mn = 0.14 electron mass),® will lead to equal extent
of confinement for both charge carriers, which in turn is expected to increase the QY of excitonic PL.
Detailed theoretical studies on the quantum confinement effect of such perovskite NCs are required for a
better understanding. The fact that PL is not much influenced by size-distribution of ~11 nm CsPbBrs3
NCs, explains our observations such as (i) narrov FWHM of ensemble, (ii) batch to batch
reproducibility, and (iii) negligible influence of self-absoprion and FRET on emission energy. This weak
confinement on the other hand will inhibit significant size-dependent tuning of emission color, which
can be overcome by controlling the composition of CsPbX3, where X can be a combination of Cl, Br,
and | as shown in ref. 9.

Figure 3A.22 shows the blinking characteristics along with the fraction of single CsPbBrs NCs
that exhibit similar nature of PL intermittency. Importantly, the vast majority (ca. 90%) of several
hundred individual NCs studied display substantial blinking suppression, that is, remain mostly
emissive (on-time > 85%), and the nature of blinking is not severely affected over a wide range of

excitation powers. Details of the single-NC PL could be found in our published article.
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Figure 3A.22: PL blinking. Characteristic temporal fluctuation of PL intensity for three typical single
nanocrystals marked (1-3), along with proportion of nanocrystals (for several hundred single NCs
studied) which exhibit corresponding intensity/blinking behaviors; Dashed lines mark approximately
50% intensity compared to the “bright” level. Measurements were done in collaboration with Prof.

Arindam Chowdhury at Indian Institute of Technology (I1T), Bombay, India.

3A.4 Conclusions

We have highlighted advantageous PL behavior of orthorhombic CsPbBrs NCs compared to traditional
QDs. 90% PLQY with narrow (86 meV) FWHM, negligible influence of FRET and self-absorption,
temperature-independent chromaticity, and batch to batch reproducibility suggest that our CsPbBrz NCs
can be a better candidate for high-definition displays than traditional QDs. The key aspect that leads to
improved PL behavior of CsPbBr3 NCs is that such NCs exhibit strong excitonic PL when the charge
carriers are just weakly confined, and excitonic transition energy is less sensitive to NC size. The
FWHM of single-NC PL (78 meV) is almost same as that of ensemble of CsPbBrs NCs, signifying that
size-distribution does not broaden the PL spectrum of the ensemble. Temporal PL behavior shows
suppression of blinking-off states. In fact, approximately 90% of the individual CsPbBrs NCs remain
emissive (on-time > 85%) without much influence of excitation power. Such suppression of blinking

will be useful for single-NC-based super-resolution PL imaging.
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Summary
It has been reported in literature that getting blue emission in defect tolerant CsPbX3 perovskite system
is possible by replacing required amount of Br with CI in CsPbBrz nanocrystals. In part-A of this
chapter we found that green photoluminescence from CsPbBrs nanocubes (~11 nm edge-length) exhibit
high quantum yield (up to 90 %), narrow spectral width (~85 meV), and high reproducibility. But in
order to extend these properties towards blue (photoluminescence peak maximum, Amax < 500 nm) by
halide substitution decreases the photoluminescence quantum yield. Tuning the emission color towards
blue region can also be done by employing quantum size effect in CsPbBr3 nanocrystals. So in this work
smaller sized CsPbBrs nancubes (comparable to the size of Bohr excitonic diameter) were prepared, in
which the charge carriers are strongly quantum confined. High quantum yield (> 50%) was achieved for
such blue emission, but the spectral width increases and become asymmetric. Photoluminescence is
unstable and irreproducible for samples with Amax ~ 460 nm, exhibiting multiple peaks. These problems
arise because of smaller (< 7 nm) CsPbBrs cubes/spheres have tendency to form nanoplatelets and
nanorods, eventually yielding inhomogeneity in shape and size in the final blue emitting nanocrystals.
Photoluminescence decay dynamics show a systematic decrease in average radiative lifetime with
decreasing Amax (increasing quantum confinement) because of better overlap of electron and hole

wavefunctions.
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3B.1 Introduction
In part-A of this chapter, we discussed on PL spectral widths of single nanocrystal (NC) and ensemble
are almost identical for ~11 nm CsPbBrz nanocubes overcoming the vexing problems of size-
distribution. While all the exciting new properties of CsPbBrs nanocubes (with edge-length ~11 nm)
were mainly achieved for samples emitting green light (Amax > 500 nm), photophysics of smaller
nanocubes with blue emission (Amax < 500 nm) remained less explored. Since the excitonic Bohr
diameter of CsPbBrs is ~7 nm,! photophysics of smaller (< 7 nm) NCs will provide information about
the influence of quantum confinement of charge carriers on physical properties. Such tuning of
luminescence color of CsPbBrs NCs by employing quantum confinement effect has been partially
successful but remained complicated. The main problem arises from the fact that attempts to prepare
smaller nanocubes, often lead to the formation of nanocrystals (NCs) with different shapes including
quasi 2D nanoplatelets, which in turn can assemble/stack providing complex higher order
nanostructures.?® Therefore explaining blue-shift in optical bandgap just by considering smaller size of
CsPbBrsz nanocubes can be misleading. In fact, the blue emission from CsPbBrs NCs often results from
shape-induced quantum confinement forming nanoplatelet, instead of simple size-dependent quantum
confinement of smaller CsPbBr3; nanocubes.® > 7

On the other hand, color of emitted light can be controlled over the visible region by controlling
the composition of CsPbXs NCs, where X = ClI, Br, | and their mixture in different ratios.™ 1 Such
compositional tuning has its own demerits such as PL quantum yield (QY) decreases drastically as the
composition changes on either side from the ideal CsPbBrz NCs. However, this part of the chapter is not
on composition tuning, instead we focus on size-controlled luminescence of colloidal CsPbBrz NCs.
The merits and demerits of blue emission (along with that of green emission) from CsPbBr3 nanocubes
have been studied explicitly. CsPbBrs nanocubes (~11 nm edge-length) expectedly exhibit excellent
green (514 nm) PL with 80-85% QY, narrow (85 meV) full width at half maxima (FWHM), and are
stable in a non-polar medium. The effect of quantum confinement on increasing the optical bandgap was
observed for smaller CsPbBrz nanocubes. But the uncontrolled growth of the smaller sized NCs affects
the color purity. The average radiative PL lifetime decreases with increasing quantum confinement that
enhances transition probability. PL from the smallest 5.5 nm cubes are not stable, often forming

nanorodss, and therefore, PL spectra changes with time.
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3B.2 Experimental Sections

3B.2.1 Synthesis of Smaller CsPbBr3 Nanocubes Involving Size Selective Precipitation

In order to achieve smaller (7.5 and 5.5 nm edge length) nanocubes, the reaction temperature was
reduced to 140 “C. Remaining part of the reaction is similar to that discussed in Part-A of this chapter
for 11 nm CsPbBrz nanocubes. However, here we employ the technique of size selective precipitation,
in order to separate out larger and smaller NCs obtained after carrying out reaction at 140 °C. The
obtained final mixture after the reaction was first precipitated by adding 6 mL of n-butanol and
centrifuged for 5 min at 7000 rpm precipitating out 7.5 nm nanocubes. This first precipitation has been
termed as first fraction in the manuscript. The obtained supernatant (after precipitating out the first
fraction) was then centrifuged again for 30 min at 17 °C and at 14000 rpm yielding some NC
precipitate. In this work, we have used epprndorf centrifuge machine of model number 4530 for the NCs
purification. The radius of rotor is 100 mm and based on this the rcf value for 8000 rpm is 7200.This
precipitate was again redispersed in toluene, followed by centrifugation (30 min, 14000 rpm) at 4 °C.
This final precipitate obtained at this stage has been termed as second fraction. TEM images show that
second fraction consists of 5.5 nm CsPbBrs nanocubes along with nanorods and also NCs with other

shapes as impurities.

3B.2.2 Characterization

UV-visible absorption spectra were recorded using a Perkin Elmer, Lambda-45 UV/Vis spectrometer.
Steady state PL and PL decay dynamics (time correlated single photon counting (TCSPC) of NCs were
measured using FLS 980 (Edinburgh Instruments). UV-visible absorption and PL experiments were
done in solution. UV-visible absorption spectra were taken in transmittance mode. Powder x-ray
diffraction (XRD) data were recorded using a Bruker D8 Advance x-ray diffractometer using Cu Ka
radiation (1.54 A). Transmission electron microscopy (TEM) studies were carried out using a JEOL
JEM 2100 F field emission transmission electron microscope at 200 kV. The sample preparation for
TEM was done by putting a drop of the colloidal solution of NCs in hexane on the carbon coated copper

grids.

3B.3 Results and Discussion

3B.3.1 Tuning of Optical Bandap and Synthesis Challenges for Smaller CsPbBr3 Nanocubes

CsPbBrs NCs are expected to have an excitonic Bohr diameter of ~7 nm.! Therefore, controlled
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synthesis of smaller (< 7 nm) CsPbBrs NCs with narrow size distribution is desirable in order to realize
size-dependent optoelectronic properties. We prepared different sized colloidal CsPbBrz nanocubes after

modifying the recipe reported by Protesescu et al.*
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Figure 3B.1: Quantum confinement effect. UV-visible absorption and PL spectra of CsPbBr3
nanocrystals prepared at 190 ‘C (11 + 0.7 nm nanocube), 140 'C, first fraction of size selective
precipitation (7.5 + 1.5 nm nanocube,) and 140 "C second fraction of size selective precipitation (5.5 + 2

nm nanocube + nanorod).

Figure 3B.1 shows UV-visible absorption and PL spectra of different sized NCs. The NCs

prepared at 190 °C show band-edge emission (green) with a narrow spectral width (FWHM = 18 nm or
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85 meV). To achieve smaller nanocubes, we used an intermediate reaction temperature of 140 °C, above
which larger (8-11 nm) nanocubes are formed, and below which nanoplatelets are formed.!®
Furthermore, we employed size selective precipitation in order to separate smaller and larger sized NCs
from a given batch of synthesis. The first fraction obtained after size selective precipitation is expected
to consist of larger NCs and the second fraction is supposed to have smaller NCs. Indeed, UV-visible
absorption and PL spectra in Figure 3B.1 show that the optical bandgap for the second (smaller size)
fraction blue shifts compared to that of the first (larger size) fraction. These observations appear to be in
the expected line where smaller sized nanocubes exhibit a stronger quantum confinement effect
increasing the optical bandgap. However, we need to be cautious here and the shape effect needs to be
investigated before making a final interpretation.

TEM images in Figure 3B.2a shows the formation of nanocubes when the reaction was carried
out at 190 °C. Importantly, the shape and size of the nanocubes are homogenous, without forming
impurity in terms of nanoplatelets or nanorods. The edge-length of these nanocubes is 11 + 0.7 nm.
While the TEM image in Figure 3B.2b shows that the first fraction obtained for NCs synthesized at 140
°C after the size selective precipitation contains nanocubes with 7.5 + 1 nm edge length. The TEM
image over a larger area of the same sample shown in Figure 3B.2c ensures the formation of nanocubes,
but few nanorods are also observed. TEM image (Figure 3B.3a) of the second fraction exhibits 5.5 + 2
nm sized distorted nanocubes, but an image over a larger area (Figure 3B.3b) of the same sample
(second fraction) shows a mixture of nanorods, nanocubes, and even a small fraction of rectangular
(probably 2D) shaped NCs. Figure 3B.3b also suggests the possibility of an intermediate state where
nanocubes assemble to form nanorods. Such assemblies can form post-synthesis as well, for example,
during drying of samples on a TEM grid.

As a result of instability in NC morphology, the PL spectra in Figure 3B.4 suggest that the
emission from the smaller sized NCs is not stable even in colloidal form. Within a few hours, a new PL
peak appears at lower energies (490 nm) signifying the formation of larger crystallite dimensions,
because of self-assembly/fusion of the smaller sized NCs;>® however, further study is required to
understand the mechanism of such transformation. These results suggest that achieving smaller
nanocubes of CsPbBrz with an edge length of <7 nm is difficult, and the usual tendency of assigning the

tuning of the optical gap by size variation can be misleading if we do not consider the effect of shape.
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Figure 3B.2: Controlling the size of CsPbBrs nanocrystals. TEM image of CsPbBrs nanocrystals
prepared at a) 190 °C, forming 11 + 0.7 nm nanocube, b) 140 °C, first fraction of size selective
precipitation forming 7.5 £ 1 nm nanocubes, and c) larger area of the 7.5 nm nanocube sample shown in

b). Formations of a few nanorods are also observed along with 7.5 nm nanocubes.
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Figure 3B.3: Instability of smaller sized nanocubes. TEM images of CsPbBrz nanocrystals prepared
at 140 °C, second fraction of size selective precipitation forming a) 5.5 + 2 nm nanocube along with b)

mixture of nanorod and a few rectangular shape crystals as impurity.
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Figure 3B.4: Instability of PL from smaller sized CsPbBrs nanocrystals. PL spectra of nanocrystals
obtained after 0 and 4 hours from completion of reaction for smaller size CsPbBrs NCs prepared at 140

°C and obtained in the second fraction of size selective precipitation.
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3B.3.2 Crystal Phase and Compositional Purity of Different Sized NCs

To understand the materials compositional purity, powder XRD patterns were measured. As discussed
in part-A of this chapter and Figure 3B.5 show all the major peaks for both the cubic and orthorhombic
phase of bulk CsPbBrs are at similar Bragg’s angles (20). However, the orthorhombic phase has some
additional low-intensity peaks, particularly at 20 ~ 22 to 30°. Such low-intensity orthorhombic peaks
sometimes might not appear distinctly in the XRD pattern of small NCs because of both the broadening
of the XRD peaks along with decreased diffraction intensity. But our ~11 nm CsPbBrz NCs show the
additional peaks in the range of 20 = 22 to 30° clearly signifying the orthorhombic crystal structure of
CsPbBra.

I 11 nm
:E 7 nm
S
Py
2 55 nm
Q e _
c Dl .
- Orthorhombic ref
' PP, l—‘ L NP - P -
| | Cubic re
| 1 | | I | 1 | PP
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Figure 3B.5: Crystal phase purity of different sized nanocrystals. Powder XRD data of CsPbBr3
nanocrystals prepared at 190 °C (11 = 0.7 nm nanocube), 140 °C, first fraction of size selective
precipitation (7.5 £ 1.5) nm nanocube,) and 140 °C second fraction of size selective precipitation (5.5 +

2 nm nanocube + nanorod). XRD patterns are vertically shifted for clarity.
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3B.3.3 Effect of Quantum Confinement on PL Decay of CsPbBrs Nanocubes

PL decay profiles (Figure 3B.6) of CsPbBrs NCs with different sizes were fitted with bi-exponential
decay, and the best fit parameters are given in Table 3B.1. None of these samples show measurable
contribution from lifetime below 1 ns, suggesting no significant nonradiative decay channels in these
NCs. This observation of negligible nonradiative decay channels agrees with near ideal (80-85%) PLQY
of these CsPbBrs NCs. Two radiative lifetimes, ~3 ns and ~7 ns, are observed for all samples similar to
part-A of this chapter. However, Table 3A.1 shows that the contribution from a shorter lifetime increases
with decreasing nanocube size, probably as a consequence of the quantum confinement effect. Both
electrons and holes in CsPbBrs NCs have similar effective masses (~0.15 me),! and therefore, both
charge carriers are expected to experience a nearly equal extent of confinement when the size of NCs
decreases compared to the excitonic Bohr diameter (also discussed in part-A of this chapter). Such
confinement increases the overlap between the electron and hole wavefunctions, which in turn can
increase the optical transition probability, thereby decreasing the radiative lifetime. This size-dependent
reduction in radiative lifetime suggests that the PL is due to excitonic transitions, instead of the

recombination of free electrons and free holes.
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Figure 3B.6: PL decay dynamics. PL decay profiles of CsPbBrs nanocubes with different sizes.
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Table 3B.1 The best fit parameters of PL decay profiles of CsPbBrs nanocube dispersions measured at
corresponding emission peak energy shown in Figure 1, using bi-exponential decay. a; and a; are
percent contributions of lifetimes from 11 and 12 respectively. Average decay time (av. t) was calculated

asav. Tgyg = % AiTiZ/Z ATy

Edge-length (nm) a1 (%) | ta(ns) | a2 (%) | 12(ns) |av t (ns)

5.5 + nanorods 84 25 16 6.7 3.2
75 73 2.8 27 6.9 3.9
11 37 2.5 63 6.9 5.3

3B.3.4 Strongly quantum confined CsPbBrs nanoplatelets

To get homogeneity in NCs shape, we reduced the reaction temperature below 140 °C (threshold
temperature point for nanocubes to nanoplatelets). When a synthesis similar to that of CsPbBrs
nanocubes are carried out at lower temperatures (130 and 90 °C), nanoplatelets (rectangular shaped NCs
with varying dimensions (~3 to 70 nm)) are observed. The NCs show homogeneity in the shape but the
optical data show inhomgeneity in term of color purity in the blue region. The detailed result of these
nanoplatelets will be part of Ph.D. thesis of Mr. Vikash Kumar Ravi. However, the details can be also
found in our published article (Nanotechnology 2016, 27, 325708).

3B.4 Conclusions

CsPbBrz nanocubes (~11 nm edge-length) prepared at 190 °C exhibit excellent green (514 nm)
luminescence with 85-90% PLQY and very narrow (18 nm or 85 meV) FWHM. The decrease in
synthesis temperature to 140 °C, along with size-selective precipitation, yields smaller nanocubes with
edge-lengths of 7.5 and 5.5 nm with PL peaks at 488 and 460 nm respectively, exhibiting a size-
dependent quantum confinement effect. Expectedly, the radiative lifetime of nanocubes decreases with
the decreasing size of nanocubes because of a better overlap of electron and hole wavefunctions arising
from the confinement effect. However, ~5.5 nm cubes are not very stable, and a mixture of nanorods
and platelets are also observed along with nanocubes. Consequently, obtaining high quality blue

emission (<500 nm) from CsPbBrs NCs is challenging. In recent times, other research groups has shown
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narrow and stable blue emission with very high PL QY (75-96%) from few monolayer thick CsPbBrs3
nanoplatelets.!*"1? But to the best of our knowledge controlled blue emission in CsPbBr; nanocubes has

not been achieved by any group, till date.
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Stabilization of a-CsPbl; Perovskite for Solar

Light Harvesting: Size Effect
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Summary

Organic-inorganic hybrid perovskite, CHsNHsPbls, exhibit solar cell efficiency of >22 %, but
the volatile nature of CH3NHs" makes the device thermally unstable above 80 °C. On the
other hand, cubic (a-) phase all-inorganic CsPblz have high melting point till ~500 °C, and
exhibit electronic properties similar to CH3NHsPbls. But the o-phase of CsPbls is
thermodynamically stable only at > 320 °C, so optoelectronic application of a-CsPbls at room
temperature is not possible. In this chapter, we show that, stable a-CsPblz can be obtained at
room temperature by reducing the crystallite size to a few nanometers. Colloidal a-CsPbls
nanocrystals (NCs) of size 3 to 12.5 nm were prepared, which are stable for months after
employing our novel method of NC purification. Size tunable bandgap in the range of 1.8 to
2.1 eV were obtained with high photoluminescence quantum yield of 21-55 %. These results
along with high absorption coefficient for visible light absorption suggest that a-CsPblz NCs

can be a good harvester of light in photovoltaics and other applications.

Graphical abstract
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4.1 Introduction
Green emitting CsPbBrs nanocrystals (NCs) exhibit outstanding optical properties among all
the halide compositions of CsPbXs (where X= Cl, Br, 1). For example, low-threshold lasing,'”
2 reduced photoluminescence (PL) blinking,®* light emitting diodes (LEDs)>® and single-
photon emission* 7 have been reported for CsPbBrs NCs. In chapter 3, the advantageous PL
properties of 11+0.7 nm size CsPbBrs NCs over CdSe based quantum dots (QDs) have been
discussed.® Also, the experimental works on size dependent optical properties,® surface
chemistry® and other photophysics are being reported for the CsPbBrs NCs. These reports
suggest that CsPbBrz NCs is a promising candidate for light emitting applications. But the
larger band gap energy (~2.4 eV) of CsPbBr3 does not allow the material to absorb or emit
red part of the visible light. As a result, it cannot be employed for efficient light harvesting
applications such as solar cell. However, replacing Br with | in the CsPbXs perovskite
structure reduces the band gap energy to 1.73 eV and the resultant material can be useful for
solar cell and other light harvesting applications.'® Further for emission from orange to red
region, it has been found that PL quantum yield (PLQY) decreases on tuning the PL color by
varying halide composition in CsPb(Br+1)s NCs.!! It suggests approach of color tuning by
employing the quantum size effect in CsPbls system, instead of varying halide composition,
can be efficient way to get better PLQY towards orange/red region.® 11-12

This black (a-) phase of CsPbls has [Pbls]* octahedra arranged in corner-shared 3D
fashion. a-CsPbls is the all-inorganic counterpart of CH3sNH3Pblz hybrid organic-inorganic
perovskite with significantly improved thermal stability (decomposition temperature ~500
°C).1® But at room temperature, thermodynamically stable crystal phase of CsPbls is non-
perovskite yellow (8-) phase, in which, [Pbls]* octahedra are not corner shared.’® The §-
phase absorbing at high energy (~3 eV), along with poor charge transport properties, is non-
desirable for solar cell application.’® Interestingly, it has been reported that reducing the
crystal/grain size of CsPbls to few nanometers stabilizes the a-phase at room temperature.® 14
The high surface energy and crystal strain introduced on reducing the size are the key factors
behind the crystal phase stability of a-CsPbls NCs.® 14

Hot injection synthesis is one of the favored solution processable ways for NC
synthesis.”® Following this synthetic route, colloidal a-CsPbls NCs can be easily
synthesized.® Unlike the traditional colloidal NCs, such as CdE (where E = S, Se, Te) and
PbE (where E = S, Se) QDs, purification of these a-CsPblz NCs'47 from its reaction

solution is challenging by using even low polar extracting solvents.® It has been reported that

105



Chapter 4. Stabilization of a-CsPbls Perovskite for Solar Light Harvesting: Size Effect

crystal phase of a-CsPbls NCs transforms to &-phase within two days after synthesis,** ¥’
following their bulk counterpart,’® on handling the colloidal NCs in ambient condition. For
larger sized (>11 nm) CsPbls NCs, purification by employing high speed centrifugation
partially helps but the NCs remain poorly stable.!® The purification becomes even more
difficult for small sized NCs (smaller than Bohr exciton diameter of 12 nm).1® The reason
behind this problem of purification is that these NCs are comparatively more ionic than the
traditional QDs.® Also, the NCs surface ligands are more dynamic than those present on the
surface of CdSe based QDs.° It is to be noted that owing to the optimized purification,
traditional QDs'®> 228 along with CsPbBrs'* 2° are being well studied for different
applications. Consequently, their exciting new properties and synthetic methodologies have
governed the literature.

In this chapter, we report the controlled synthesis of stable colloidal a-CsPbls NCs.
Purification of NCs from reaction mixture after synthesis holds the key for stabilizing the a-
CsPbls NCs. After synthesizing and successful purification of different sized a-CsPbls NCs,
we have studied the effect of quantum confinement on bandgap, PL and excitonic transition
probabilities. Detailed photophysics suggest o-CsPbls NCs are potential material for

optoelectronics including solar cell, photodiode and LEDs.

4.2 Experimental Sections

4.2.1 Chemicals

All chemicals were purchased from Sigma Aldrich and used without purification, unless
otherwise noted. Cesium carbonate (Cs2COs, 99.9%), lead (I1) iodide (Pbl2, 99.9985%, Alfa
Aesar), oleic acid (OA, technical grade 90%), oleylamine (OAm, technical grade 70%), 1-
octadecene (ODE, technical grade 90%), toluene (anhydrous 99.8%), hexane (reagent grade
>95%), octane (anhydrous, >99%), 1-butanol (anhydrous 99.8%), methyl acetate (MeOAc,
anhydrous 99.5%), rhodamine-6G (99%), ethanol (EtOH, 200 proof, >99.5%).

4.2.2 Synthesis of Cs-Oleate As A Cesium Precursor

0.5 g of Cs2CO3, 2 mL OA and 50 mL ODE were added to a 100 mL 3-necked round bottom
flask and stirred under vacuum for 30 min at 120 °C. The flask was purged with N> for 10
min and then placed back under vacuum. This process of alternately applying vacuum and N>
was repeated for a total of 3 times to remove moisture and oxygen. The reaction was
considered complete when the solution was clear, indicating that the Cs,CO3 had reacted with
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the OA. The Cs-oleate solution in ODE was stored in N2 until it was needed for the NC

synthesis.

4.2.3 Synthesis of Colloidal CsPbls NCs

Colloidal CsPblz NCs were synthesized following ref 8 after few modifications. In this work
we have done the synthesis in large scale. A mixture of Pbl, (1 g) with 50 mL ODE was
degassed (under alternate vacuum of ~0.1 Torr and N2) at 120 °C for ~1 hour along with
magnetic stirring. Hot OA and OAm, each 5 mL, was added to the mixture at 120 °C. After
~30 min, Pbl, get dissolved in ODE and then the temperature was varied to reaction
temperature for synthesizing different size NCs (60 °C for 3.4 nm, 100 °C for 4.5 nm, 130 °C
for 5 nm, 150 °C for 6.8 nm, 170 °C for 8 nm, 180 °C for 9 nm, and 185 °C for 12.5 nm
NCs). Since the NCs are in cubical shape, we present the size of these NCs using the edge
length of the NCs and in whole chapter NC size indicates the edge length. Cs-oleate (0.0625
M, 8 mL) solution in 1-octadecene, pre-heated at 70 °C, was swiftly injected to the reaction
mixture. The temperature range of the synthesis is determined by the solubility of the
precursors; Cs-oleate is insoluble in ODE below 60 °C and Pbl. begins to precipitate out of
the reaction solution above 185 °C. Compared to previous work, here Cs-oleate was diluted
two times and used double volume to quench the reaction faster. The reaction mixture
became reddish (orange in case of smaller NCs) and the reaction was stopped by dipping the
reaction flask into an ice bath (~5 sec after injection).

4.2.4 Purification of Colloidal CsPbls NCs

The synthesized CsPblz NCs were precipitated by adding 200 mL anhydrous MeOAc (ratio
of NC reaction solution:MeOAc is 1:3) and then centrifuged at 8000 RPM for 5 min. In this
work, we have used epprndorf centrifuge machine of model number 4530 for the NCs
purification. The radius of rotor is 100 mm and based on this the rcf value for 8000 rpm is
7200. The wet pellet of NCs in each centrifuge tube was redispersed in 3 mL hexane,
precipitated again with an equal volume MeOAc and centrifuged at 8000 RPM for 2 min. It
is to be noted that adding excess MeOAc removes the surface ligands, causing the NCs to
agglomerate and revert to the yellow &-phase. The NCs were dispersed in 20 mL of hexane
and centrifuged again at 4000 RPM for 5 min to remove excess Pbl, and Cs-oleate. The

solution of colloidal CsPblz NCs was kept in the dark at 4 °C for 48 hours to precipitate
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excess Cs-oleate and Pb-oleate, which solidify at low temperatures. The NC solution was

decanted and centrifuged again at 4000 RPM for 5 min before use.

4.2.5 Characterization

Ultraviolet-visible (UV-vis) absorption spectra were recorded using a Shimadzu UV-3600
UV-vis-NIR spectrophotometer. Steady-state PL and room temperature PLQY were
measured using a Horiba Jobin Yvon fluoromax-4 spectrophotometer. For PLQY
measurements, the NCs were dispersed in toluene using rhodamine 6G in EtOH as a
reference. UV-vis absorption and PL experiments were done in solution and on thin films
(prepared as described below). Powder X-ray diffraction (XRD) data were recorded using a
Bruker D8 Discover X-ray diffractometer with a Hi-Star 2D area detector using Cu Ka
radiation (1.54 A). Reference markers for XRD are calculated with Crystal Diffract software
using the crystallographic information file #250744 (orthorhombic (8-) CsPbls), #161481
(cubic (o-) CsPbls), and #908790 (Csl) from the Inorganic Crystal Structure Database.
Transmission electron microscopy (TEM) studies were carried out using FEI T30 at 300 kV.
TEM grids were prepared by dropping a dilute colloidal solution of NCs in a (9:1)
hexane-octane mixture onto the carbon coated copper grids. Time-resolved PL measurements
were taken of the NCs in solution. The excitation source was a pulsed Fianium, SC-450-PP,
laser with a wavelength of 500 nm and a repetition rate of 1 MHz. A 590 nm long pass filter
was used to remove scatter from the excitation source. The emission was detected using a
Hamamatsu streak camera model number c10910 with a wavelength range of 200-900 nm
and response of <20 ps.

Determination of concentration of properly cleaned NCs solution of known absorbance was
performed by ICP-MS (inductively coupled plasma-mass spectroscopy) analysis. For ICP-
MS, equal amount of different sized once washed NCs sowing absence of Pbl> in XRD and
similar absorbance value was again cleaned twice with MeOAc to get rid of any possible
presence of precursors. The NCs was then digested with 5% of HNOs for the measurement.
Since in case CsPbX3s NCs, it is reported® that byproduct PbBr(oleate) may remain on the
surface of the NCs® and hence the Pb concentration vary with size as a consequence of
varying surface to volume ratio. To get rid of this non crystalline Pb contribution, we used Cs
content (Cs remains in crystalline part of the NCs and also used as limiting reaction reagent)®

as a key parameter to calculate the concentration of NCs.
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4.3 Results and Discussion

4.3.1 Colloidal and a-Phase Stability of CsPbls NCs

NCs of CsPbls are prepared by following the reported protocol® after a few modifications. In
contrast to previous reports, in our application oriented work, we scaled up the synthesis 10
times. Details of synthetic procedure are provided in experimental sections (section 4.2).
Typically polar non-solvents are used to precipitate organic capped NCs from non-polar
solvent that is also mixed with unreacted impurities. As shown in Figure 4.1, in a non-polar
media CsPbX3 NCs get colloidal stability from dynamic ligands (mostly oleylammonium and
iodide)® which are bound ionically to the surface of NCs unlike the oleate and phosphonate
capped traditional CdE, PbE based QDs where oleate ligand binds covalently. Also, the
dynamic nature of the oleylammonium ligand can increase on moving from CsPbBrs NCs to
CsPbls NCs because of relatively poor hard acid-soft base interaction®® between positively
charged oleylammonium (hard acid) and surface I (softer base than Br’). This makes the
purification of a-CsPbls NCs difficult and the polar non-solvents instead cause a reversion to

the &-phase due to agglomeration or simply re-dissolution of the CsPbls NCs.
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Figure 4.1: Organic capped colloidal CsPbXs perovskite nanocrystals. Schematic
showing dynamic nature of the ligands present on the surface of colloidal CsPbX3 perovskite
nanocrystals.

A variety of low polarity non-solvents were tested: 1-butanol,® acetone,®! and ethyl acetate®?
destabilized the a-CsPbls NCs and resulted in a pale yellow suspension constituting 6-CsPbls
and probably a small amount of dissociated product (see the XRD data shown in Figure 4.2),
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while MeOAc successfully isolated a-CsPbls NCs (gives colorless supernatant with
precipitate of easily dispersible colloidal NCs). Cleaned NCs powder synthesized at different
reaction temperatures shown in Figure 4.3 exhibits strong luminescence under 365 nm UV
light. Due to the dynamic nature of ligands, it has been also found that on using excess
MeOAc, the a-CsPblz NCs grow in size (red shift of absorption and PL) in multiple wash and
become polydispersed (disappearance of the excitonic features of absorption spectrum).
Figure 4.4 shows the effect of using excess MeOAc on UV-visible absorption and PL spectra
of a-CsPbls NCs.
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Figure 4.2: Stability of CsPbls NCs washed with polar solvent. XRD pattern of the CsPbls
nanocrystal sample washed with n-butanol showing Brag’s peak from 6-CsPbls and

dissociated precursors Csl and Pbl,. Data are vertically shifted for clarity.
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Figure 4.3: Luminescent a-CsPbls NC powders. Photographs under visible room light
(top) and UV (365 nm) illumination (bottom) of a-CsPbls NC powders, synthesized at (a)

130, (b) 150 and (c) 180 °C.
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In contrast to most of the reports mentioning the instability of a-CsPblz at room temperature,
our o-CsPbls NCs are remaining stable and show strong luminescence for months even after
storing the NC colloidal solution in ambient condition. In support of our observation, recent
reports also suggest that at lower temperature thermodynamically unstable a-phase may
remain stable because of the contribution from surface energy of small NCs/grain sizes.® 4
Hence, maintaining the surface energy while purification of a-CsPblz NCs by preserving the
required amount of ligands on the surface of the NCs may result helpful to make the a-CsPblz

NCs stable.
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Figure 4.4: Stability of CsPbls nanocrystals in excess MeOAc. Ultraviolet-visible spectra
of low energy absorbing a-CsPblz nanocrystals show effect of multiple washing of

nanocrystals with excess MeOAc.

We study the crystal phase purity of synthesized CsPblz NCs, particularly, when there is
chance of transformation to high energy absorbing -phase due to agglomeration of NCs
while washing with non-solvents. Figure 4.5 shows XRD data of CsPbls NCs, synthesized at
different temperatures, having same peak positions with broadening of diffraction peak with
decreasing the reaction temperature. This broadening of XRD peak with decreasing the
reaction temperature suggests that at lower temperature smaller size CsPblz NCs are formed
and vice-versa.? The diffraction peaks shows the presence of a-CsPbls and no peak from §-
CsPbls and from Pbl, precursor. However, we observe that unwashed a-CsPbls NCs

transform to wide bandgap 6-phase (UV-visible spectra shown in Figure 4.6) within two days
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similar to previous reports.** 17 Interestingly, MeOAc washed NCs remained in o- phase for
months on keeping the NC sample in ambient storage, as the UV-visible spectra of these a-
CsPbls NCs recorded in varying storage time (Figure 4.7) confirms the absence of high
energy (~3 eV) peak from &-phase.’* However, we found blue shift of lowest energy
absorption peak (as shown in inset of Figure 4.7) which is probably because of the
photooxidation of the NCs surface with time. Also, the XRD patterns, shown in Figure 4.8,
do not show any appearance of diffraction peaks corresponding to &-phase of CsPbls on
keeping the sample for 60 days, which further support the a-phase stability of NCs at room
temperature. All the results (Figure 4.7 to 4.8) conclude that MeOAc, which isolates the NCs

without full removal of the surface ligands, is critical to the stability of a-phase.

180 °C

150 °C

Intensity (a.u.)

a- CsPbl_ (ref.)

8- CsPbl_ (ref.)

10 20 3IO 40 50
2 theta (degrees)

Figure 4.5: Phase stability of a-CsPbls nanocrystals after MeOAc wash. XRD patterns of

nanocrystals synthesized at (from bottom to top) 130, 150 and 180 °C confirming that they

crystallize in the cubic (a-) crystallographic phase of CsPbls. Data are vertically shifted for

clarity.
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Figure 4.6: Poor stability of unwashed CsPbls nanocrystals. UV-visible absorption
spectra of nanocrystals stored in ambient conditions without washing (separating nanocrystals

from unreacted precursors) for 2 days.
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Figure 4.7: Phase stability of a-CsPbls nanocrystals with time. UV-visible absorption

(normalized at 350 nm) spectra of a-CsPbls nanocrystals with varying storage time. Inset:

enlarged view of absorption spectra showing blue shift of lower energy absorption feature on

storing the sample in ambient condition.
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Figure 4.8: Phase stability of a-CsPbls nanocrystals with time. Powder XRD patterns
shows phase stability of a-CsPbls nanocrystals after keeping the nanocrystal solution in

ambient storage for 60 days. Data are vertically shifted for clarity.

4.3.2 Tuning of Energy Bandgap by Quantum Size Effect

Kovalenko et al'® mentioned that it is nearly impossible to measure the size dependent
emission and absorption spectra of CsPblz NCs for batch reactions due to phase transition to
orthorhombic (8-) phase, occurring quickly for small sizes during NC isolation. Hence, they
could only get in-situ evolution of absorption spectra with time where size distribution
dominates and excitonic peak remain invisible in UV-visible absorption spectra. Looking at
a-phase stability of our CsPbls NCs after optimized purification, we have synthesized
different sized a-CsPbiz NCs (Figure 4.9) in different batches of synthesis by varying the
reaction temperature in the range of 60-185 °C.

Owing to the fast reaction kinetics and ionic nature of metathesis reaction, synthesis
of smaller sized CsPbls NCs with narrow size distribution is challenging. Smaller size NCs,
capped with dynamic ligands, have higher contribution of surface energy tends to grow
faster. Moreover, growth of heavier halide (iodide) containing CsPbX3 NCs grow faster than
those of having lighter halide®. Therefore, for synthesizing smaller sized a-CsPbls NCs, lower
reaction temperature (<140 °C) and fast quenching approach were employed to suppress the
NC growth.
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-—

6.8 +1 nm 5+1.5 nml D 45+£1.5nm

e

Figure 4.9: Controlling the size of a-CsPbls nanocrystals. TEM images of a-CsPbls
nanocrystals synthesized at a) 185 °C, b) 180 °C, c¢) 170 °C, d) 150 °C, e) 130 °C and f) 100

°C. Their sizes and the photograph of the luminescent solutions are shown in the respective
TEM images.

Figure 4.10: Lattice planes of a-CsPbls. High-resolution TEM image of a-CsPbls
nanocrystals synthesized at 180 °C.
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TEM image in Figure 4.9 shows the edge lengths of a-CsPbls cubes are 4.5+1.5, 5+1.5,
6.8+1, 8.5+1, 9+1 and 12.5+1 nm when the synthesis was carried out at 100, 130, 150, 170,
180 and 185 °C respectively. These edge lengths will be used to represent the size of the
corresponding NCs in the remaining part of the chapter. The high resolution TEM (HRTEM)
image of sample synthesized at 180 °C (Figure 4.10) shows an interplanar distance of 6.2 A

which is consistent with the (100) plan of a-CsPbl3 23 14,18
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Figure 4.11: Controlling optical properties by tuning the size of a-CsPbls nanocrystals.
UV-visible absorption spectra and photographs of colloidal a-CsPbls nanocrystals
synthesized at (a) 60 °C (3.4 nm), (b) 100°C (4.5 nm), (c) 130 °C (5 nm), (d) 150 °C (6.8
nm), () 170 °C (8 nm), (f) 180 °C (9 nm), and (g) 185 °C (12.5 nm). The numbers in
parentheses are the average edge length from TEM. Data are vertically shifted for clarity.
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The optical bandgap tunability with varying the size of NCs is shown in Figure 4.11. The
bandgap shifted from 680 nm (1.82 eV) to 585 nm (2.12 eV) by reducing the size of the NCs
from 12.5 nm to 3.4 nm. UV-visible absorption shows that the optical gaps of all sized NCs
are larger than the bandgap value of bulk a-CsPbls (1.73 eV)?* and increases with decreasing
size of NCs. This suggests the quantum confinement effect on charge carriers.*? Interestingly,
UV-visible absorption spectra of smaller size NCs show sharp excitonic feature suggesting
for better size distribution. In previous reports and in Figure 4.12, the sharp excitonic feature
at the similar range of energy has not been achieved by tuning the halide composition of
CsPbX3 nanocubes.?®®? Hence, the sharp excitonic feature make the smaller sized NCs
suitable for investigation of intrinsic photophysics of a-CsPbls NCs arising from quantum
confinement effect. Furthermore, the Bohr excitonic diameter for a-CsPbls system (~12 nm)®
is larger than the CsPbBrs (~7 nm)® hence for a similar size range the quantum size effect will
be more for CsPblz system in comparison to that of CsPbBr3 system. As a result on studying
CsPbls NCs, it will be easier to study the intrinsic phototophysics of CsPbX3 system as a
function of quantum size effect without going to too small size range, where surface to
volume ratio dominates and makes the study complicated together with error sources from

imaging of too small NC.

CsPbBr, I

2.250.75

CsPbBr__ |

0.75 2.25

Absorbance (a.u.)

T T T T T T T T T T T T T T T T
350 400 450 500 550 600 650 700 750
Wavelength (nm)
Figure 4.12: Tuning the energy band gap by varying the halide composition. UV-visible
absorption spectra of CsPb(Br/l)3 of varying halide composition showing very less excitonic

feature in comparison to those of smaller sized a-CsPblz NCs, as shown in Figure 4.11.
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Figure 4.13: Quantum size effect. Size dependence of optical bandgap energy of a-CsPbls
nanocrystals. Filled square symbols are experimental data, solid line is guide to eye, and

dashed-line indicates energy bandgap of bulk a-CsPbls.

Figure 4.13 shows the size versus optical bandgap for a-CsPblz NCs. Using the size versus
bandgap plot, it will be easier to determine the size of the synthesized CsPbls NCs just by
putting the bandgap value (in eV) from the UV-visible absorption spectrum of those NCs.

4.3.3 Luminescence

Size-dependent tuning of PL emission is shown in Figure 4.14 along with photograph of UV
excited NCs dispersed in hexane. Upon UV excitation, emission was in the orange (600 nm)
to red (685 nm) color range, corresponding to a bandgap between 2.07 and 1.81 eV. The full
width at half maximum (FWHM) of the PL for the smallest NCs was 83 meV and increased
slightly for the larger sizes (Figure 4.15), whereas the PLQY varied from 21 to 55% for
different sizes of NCs (Figure 4.16). PLQY remains high and shows a trend of increase on
decreasing the size of CsPbls NCs as a consequence of increase of PL transition probability
on decreasing the NC size. The smaller sized NCs (3.4 nm), having peak energy at 2.07 eV,
show deviation from the trend and the PLQY of these NCs is low, probably, because of the
poor crystallinity, as these NCs are synthesized at very low temperature (60 °C).
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Figure 4.14: Controlling photoluminescence by tuning the size of a-CsPbls
nanocrystals. Normalized photoluminescence spectra and photographs under UV (365 nm)
illumination of the nanocrystals synthesized at (a) 60 °C (3.4 nm), (b) 100 °C (4.5 nm), (c)
130 °C (5 nm), (d) 150 °C (6.8 nm), (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. The sample were
excited at 500 nm to measure the PL.
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Figure 4.15: Emission color purity. Full width at half maximum (FWHM) of
photoluminescence of different sized nanocrystals in term of their photoluminescence peak

energy. Filled circles are experimental data and the solid line is just a guide to eye.
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Figure 4.16: Emission color efficiency. Photoluminescence qugntum vyield (PLQY) of
different size nanocrystals in term of their photoluminescence (PL) peak energy. Filled

circles are experimental data and the solid line is just a guide to eye.

PL decay profiles (shown in Figure 4.17) of different sizes a-CsPbls NCs, were fitted with bi-
exponential decay, and the best fit parameters are shown in Table.1. None of these samples

show lifetime < 1 ns, suggesting no significant nonradiative recombination related decay
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channels in these NCs. This observation of negligible non-radiative recombination agrees
with high PLQY of a-CsPblz NCs without having any surface modifications. The average
lifetime varies from 15 to 9 ns on varying the size from 12.5 nm to 4.5 nm. Two radiative
lifetimes of nearly equal contribution, first in the range of 5-8 nm and second in the range of
11-19 ns, were observed for all samples. Table 1 shows that both the lifetimes decreases with
decreasing the NC size, as a consequence of quantum confinement effect. Since, both
electron and hole in CsPblz NCs have similar effective masses (me = 11 and mn = 13),8 hence,
both charge carriers are expected to experience nearly equal extent of confinement when size
of NCs decreases compared to excitonic Bohr diameter. Such a confinement increases the
overlap between electron and hole wave functions, which in turn can increases the optical
transition probability, thereby decreasing the radiative lifetime. When compare to traditional
QDs, radiative life times of a-CsPbls NCs are similar to those of CdSe NC system.
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Figure 4.17: PL decay dynamics. PL decay dynamics of colloidal a-CsPblz nanocrystal of
different sizes dispersed in hexane. Excitation wavelength is kept at 500 nm for all the
samples and emissions were collected at the PL peak position of the respective samples, as

shown in Figure 4.14.
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Table 4.1: The best fit parameters (with 95% confidence limit) of photoluminescence decay
profiles of different sized a-CsPbls NCs solution measured at different emission peak
energies shown in Figure 4.17 using bi-exponential decay: A1 and A2 are percent

contributions of lifetimes from z,and , respectively.The average lifetimes (z,,,) were

calculated as 74, = X AT} /Y AT

Size (hm) A1 (%) 71 (NS) A (%) 12 (NS) Tavg (ns)
4.5 46 51 54 11.6 9.9

6.8 50 5.3 50 11.9 9.9

8 49 5.6 51 12.9 10.7

9 48 6.4 52 13.3 11.1

125 52 7.8 48 18.3 15.0

4.3.4 Absorption or Extinction Coefficient of a-CsPbls NCs
High PL QY along with narrow PL line width for CsPbls NCs are important for various
efficient light emitting applications, including single-NC-based super-resolution PL imaging.
Furthermore, a-CsPbls is a low band gap (1.73 eV) all-inorganic halide perovskite and
thermally more stable in comparison to CH3NH3Pbls. Hence, these a-CsPbls NCs are suitable
candidate for light harvesters in solar cell application. To make these devices and for their
optimization, one has to know the concentration (C) of the NCs solution and also the
absorption coefficient of the NCs. A common analytical method for determining C is the
Beer-Lambert’s law by employing absorption coefficient, often expressed in terms of molar
extinction coefficient & with unit M cm™ (1 mol*cm™).
A

“TCL
Where,
A = Absorbance (it depend on ratio of transmitted (I) and incident (lo) light intensity on
neglecting reflection of the light from the cuvette surfaces). Its value is a measure of
probability of electronic transition of the material and could be recorded in UV-visible
absorption spectroscopy measurement. To get rid of scattering phenomenon, very dilute NC
solution were taken for the measurement.

L = optical pathlength (from dimension of used cuvette).
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C = Concentration of the NC solution expressed in term of mol L. Calculation of the value
of C was done by following elemental analysis (ICP-MS) of Cs ion concentration of digested

CsPbls NCs as discussed in the experimental section.

Further. the molar extinction coefficient at wavelength, A (&) is related to the absorption

coefficient at that value of A, () as

_ In(10) ¢
Hr = V—NA
Where,

V = volume of NC (here (size)® ) and Na= Avogadro’s number
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Figure 4.18: Different sized nanocrystals absorb similar amount of light at high

energies. Series of absorbance spectra of o-CsPbls nanocrystals suspended in hexane,

normalized at ~3.5 eV (350 nm).

Figure 4.18 shows UV-visible absorption spectra of different sized a-CsPblz NCs normalized
at 350 nm (~3.5 eV). At higher energy (>3 eV or <400 nm) the absorption spectra show size
independency which is similar to that of CdSe,? InAs** and PbSe* QDs systems and

following the Maxwell-Garnett (MG) effective medium model.® It suggests exhibition of
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bulk like optical properties and no influence of quantum confinement on p at high energy
regime (> 3 eV) for a specified shape.

In our elemental analysis, it has been found that the cation ratio, Pb?*/Cs* (R), value
increases on decreasing the size of the NC as shown in Table 2. This suggest that on
increasing the surface to volume ratio while decreasing the size of the NCs, content of Pb?*
increases as some amount of Pb?* ions contribute to the surface on remaing as non-crystalline
lead-oleate. This data support the previous literature.® Looking at the inconsistency of Pb?*
concentration value, we took concentration of Cs* as a key parameter to calculate the
concentration of a-CsPbls NCs, as Cs* contribute more to crystalline part of a-CsPblz NCs in
compared to Pb?* and I".

Following the absorption spectra, our calculations show similar value of u at high
energy region (at 335 and 400 nm) for different sized NCs (Table 2). These result show
analogy with PbE system.? o-CsPbl; NCs exhibits p value of 1.1+0.05 x 10° cm? at
wavelength 400 nm (as shown in Figure 4.19), which is similar to that of CdE based QDs*
20-28 and also to that of CsPbBrz NCs® in term of order of magnitude. This high value of p
value is another advantage exhibited by a-CsPblz NCs, for applications involving absorption

or harvesting of light.
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Figure 4.19: Absorption coefficient of a-CsPbls NCs. Absorption coefficient value of a-
CsPbls NCs of size 12.5 nm at different wavelength.
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Table 4.2: Cationic ratio (R = Pb?*/Cs*) and absorption coefficient, p, of three different sized
a-CsPbls NCs.

Size (nm) R = Pb?*/Cs* ta00 (cmL) pass (cm™)
(from ICP-MS)

4.5 1.2 1.12 x 10° 2.42 x 10°

6.8 11 1.10 x 10° 2.35x 10°

12.5 1.05 1.01 x 10° 2.25x 10°

For further research works, to estimate the unknown concentrations of a-CsPblz NCs
from their UV-visible absorption spectra, the calculated value of € (or p) can be used. It will
be easier to calculate the concentration of any sized NCs (and hence any size distribution)

colloidal solution by using the € value at higher energy.

4.4 Conclusions:

We synthesized colloidal a-CsPblz NCs that are stable in ambient condition. Different sized
NCs in the size range of 3.4 to 12.5 nm were prepared by varying the reaction temperature.
The NCs were successfully purified without affecting the phase and colloidal stability. This
stabilization of a-phase of CsPbls NCs at room temperature is a major development, since for
bulk CsPbls 6-phase form at room temperature. Since a-phase is the optoelectronically active
phase of CsPblz for photovoltaic application, and is thermally stable one till ~500 °C, a-
CsPbls NCs provides an opportunity for optoelectronic applications. Therefore, our synthesis
of colloidal a-CsPblz NC, a new material at room temperature, for which bulk counterpart is
not stable. This newly developed a-CsPbls is ready for use in photovoltaic cell, photodiode
and LEDs. Some of the device fabrication and properties will be discussed in the subsequent
chapter 5 of this thesis. In this regard, we first studied the photophysical properties
understanding the effect of quantum confinement and surface defects on bandgap, excitonic
transition properties and PL. All samples show excitonic (or bandgap) emission with PLQY
in the range of 21 to 51 % maintaining a narrow FWHM (83 to 155 meV). PL decay show
average radiative lifetime in the range of 10 ns for 4.5 nm sized NC to 15 ns for 12.5 nm
sized NCs. These results suggest increase in transition probability for radiative excitonic
recombination with decreasing size of the NCs. The high PLQY and near absence of
significant non-radiative component in PL decay suggest defect tolerant behavior of these
NCs and are encouraging for optoelectronic applications.
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Summary

Organic capping ligands are the inherent part of the colloidal synthesis of nanocrystals (NCs).
In a typical colloidal synthesis, ligands are required to dissolve the reaction precursors, to
control the size and shape of the NCs, and to passivate dangling bonds on NC surface. Also,
these ligands provide colloidal dispersity of NCs. Mostly, these ligands are long-chain
hydrocarbon and are insulating in nature. Therefore, when the NCs are deposited as films to
fabricate electronic or optoelectronic devices, these ligands hamper the charge transport
properties. Often, high polar solvents are used to do ligand modification of covalent system
like CdSe NCs for improving the charge transport properties. But CsPbXs (X=Br, 1) NCs are
ionic compound and disintegrate in presence of high polar solvents. This problem motivated
us to develop a new strategy for surface modification of CsPbX3 NCs. In this chapter, we
present deposition of electronically coupled CsPbX3z NC film, in which ligands are on the
surface of NCs washed/modified using mildly polar methyl acetate solvent. Optical and
structural properties show efficiency of this ligand engineering methodology in preparing
device grade NC films. Eventually, efficient and stable optoelectronic devices like solar cell,
photodiode and light emitting diodes were fabricated using these ligand treated CsPbXz NCs

films.

Graphical abstract

,-"'A’/Ag/Au

’
<

N Iy l!mn m.'.‘é}
nn

Deposmon '%L
CsPbX; NCs Gl aSS
Deposition of Electronically Coupled NC Film for Optoelectronics

131



Chapter 5. Surface Ligand-Engineering of CsPbXs (X=Br, I) Nanocrystal Film for Optoelectronics

5.1 Introduction

Recently, all-inorganic lead halide perovskite (CsPbXs; X= CI, Br, 1) materials are being
employed for different optoelectronic devices because stability wise these have high melting
temperature (~500 °C).! But thin film properties are not so great for device application due
to coverage issue.? In this regard, colloidal nanocrystals (NCs) or quantum dots (QDs) could
be an attractive approach for solar cell and light emitting diode (LED) applications as they
combine both solution processibility and excellent photoluminescence (PL) quantum yield
(QY).2 In previous chapters it has already been discussed that defect tolerant CsPbXs NCs
exhibit size as well as composition (varying halide) dependent emission color, narrow
emission spectra, exceptionally high PLQY and high absorption coefficient.>* Also, as
discussed in chapter 4, red emitting a-CsPbls NCs show optoelectronically active a-phase
stability at room temperature unlike its bulk counterpart.® These unique properties of CsPbXs
NCs open a new space in the research community for next-generation optoelectronic devices,
such as, solar cells, photodiodes and LEDs.®

Long chain hydrocarbon ligands on the surface of colloidal NCs are integral part of
the colloidal synthesis.® These ligands are required for dissolving reactants, controlling the
size and shape of the NCs, passivating the NC surface and maintaining the long term
colloidal stability of the NC solution. ** 7 But in colloidal NCs based devices, poor charge
injection (or extraction) into (or from) the NCs due to the presence of these insulating ligands
on the surface of NCs, reduce the device performance.® Partial or complete removal of these
ligands from the surface of NCs may improve both the charge transfer and charge transport
efficiencies, improving the overall efficiencies of optoelectronic devices® such as
photovoltaic cell, photodiode and LED. However, such surface modifications need to be
carefully designed, such that the surface defects are reasonably well-passivated.

Here, we report the effect of surface treatment of CsPbX3 NCs with methylacetate
(MeOAC) on optical, photovoltaic, photodiode and electroluminescence (EL) properties after
fabricating a-CsPblz NC based photovoltaic cell, photodiode and CsPbBr3 NC based LED. In
this process, we first fabricate the electronically coupled a-CsPblz NCs film as an active layer
by doing ligand engineering and then produce air-stable, efficient photovoltaic cells with
efficiency above 10%. Further, by following the same film fabrication method we made
hysteresis-free photodiode of high detectivity of 1.8 x 102 Jones. Also, the performance of

electronically coupled CsPbBrz NCs film has been characterized by making CsPbBrs NC
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based LED. We optimized reduced PL due to ligand washing versus charge-carrier balance
and demonstrate current efficiency of 6 cd/A and EQE~2.2% in green emitting CsPbBrz NC
LED.

5.2 Experimental section

5.2.1 Chemicals

All chemicals were purchased from Sigma Aldrich and used without purification, unless
otherwise noted. Colloidal CsPbBrs and a-CsPbls NCs are synthesized in the laboratory
(details are provided in Chapter 3 and Chapter 4 respectively). In this chapter of deposition of
electronically coupled CsPbX3 NCs film for different optoelectronic devices, a-CsPbls NC of
size (edge length of cube shaped NCs) 9 £ 1 and 12.5 + 2 nm have been used to make
photovoltaic and photodiode devices respectively while CsPbBrz NCs of edge length 11 + 0.7
nm are employed to make LED device. For NCs film characterization different sized a-
CsPblz NCs (of edge length 4.5 nm, 6.8 nm and 9 nm) were used. Toluene (anhydrous
99.8%), hexane (reagent grade >95%), octane (anhydrous, >99%), methyl acetate (MeOAc,
anhydrous 99.5%), lead (Il) acetate trihydrate (Pb(OAC)2-3H20, 99.999%), lead (II) nitrate
(Pb(NOz3)2, 99.999%), ethanol (EtOH, 200 proof, >99.5%), titanium ethoxide (>97%),
hydrochloric acid (HCIl, 37% in water), 2,2',7,7'-Tetrakis(N,N-di-p-methoxyphenylamine)-
9,9’-spirobifluorene (spiro-OMeTAD, Lumtec, >99.5%), chlorobenzene (anhydrous, 99.8%),
4-tert-butylpyridine,  bis(trifluoromethane) sulfonimide lithium salt (Li-TFSI), and
acetonitrile (anhydrous, 99.8%).

5.2.2 NC Film Fabrication

The NCs dispersion (~50 mg/mL in octane) were spin-casted at 1000 RPM for 20 sec
followed by 2000 RPM for 5 sec on the substrate (glass/FTO (F-doped SnO2) or glass/ITO
(Sn-doped InO3z) and swiftly dipped 2-3 times in the ligand solution (neat MeOAc, saturated
lead acetate solution or saturated lead nitrate solution dissolved in MeOAc) for ligand
treatment. Ligand solutions were made by sonicating 10 — 20 mg of powder (Pb(OAc). or
Pb(NOs3),) in 20 mL of anhydrous MeOAc for 10 min. The excess salt was removed by
centrifugation at 4000 RPM for 5 min. The films were then rinsed using neat, anhydrous
MeOAc, and then dried with streams of air. Films treated using only MeOAc were simply
treated with a single rinsing step. This treatment was repeated multiple (3-6) times to build up
100 — 500 nm thick films.

133



Chapter 5. Surface Ligand-Engineering of CsPbXs (X=Br, I) Nanocrystal Film for Optoelectronics

5.2.3 CsPbX3 NC Optoelectronic Device Fabrication

«-CsPbls NC Photovoltaic Device Fabrication

A ~50 nm TiO- layer was deposited via a sol-gel method onto pre-patterned FTO on glass
substrates (Thin Film Devices, Inc.). Sol-gel TiO, was prepared by mixing 5 mL EtOH, 2
drops HCI, 125 pL deionized water, and 375 pL of titanium ethoxide resulting in a clear
solution. The headspace of the vial was filled with nitrogen and the solution was stirred for
48 hours, and then kept in the freezer until use. The sol-gel was spin-casted at 3000 RPM for
20 seconds, and then annealed at 115 °C and 450 °C for 30 minutes each. The a-CsPbls NC
photoactive layer was deposited using the procedure described in “NCs film fabrication”
section, resulting in a total thickness of ~150 nm. The hole-transporting layer was spin-coated
from a solution consisting of 72.3 mg of Spiro-OMeTAD in 1 mL of chlorobenzene, 28.8 uL
of 4-TBP, and 17.5 pL of Li-TFSI solution (520 mg/mL in acetonitrile). All spin-coating
processes were performed in ambient. MoOs was deposited at a rate of 0.2—1.0 A/s at a base
pressure lower than 2x107 Torr for a total thickness of 15 nm. Al electrodes were evaporated

at a rate ranging from 0.5-2 A/s for a total thickness of 200 nm.

«-CsPbls NCs Photodiode Fabrication: The ITO-patterned glass substrates were cleaned
with detergent, distilled water, acetone, isopropanol and distilled water by sequential
sonication. Sol-gel based ZnO solution was prepared by adding 1 g of zinc acetate dihydrate
and 0.28 g of ethanolamine in 2-methoxyethanol and stirred at 600 rpm for 6 hr. The sol-gel
based ZnO solution was spin-coated onto the cleaned ITO substrate. The a-CsPbls NCs layer
was fabricated by layer-by-layer spin coating methods as mentioned above (NC film
fabrication). Here, a-CsPbls NCs solution of concentration ~20 mg mL™ in hexane was used.
The ligand solution (saturated lead nitrate solution in MeOAc) was spin-coated 4000 RPM
for 30 sec. Then a P3HT (poly(3-hexylthiophene-2,5-diyl) solution of 10 mg mL* in xylene
was spin-coated onto the substrates. To complete the photodiodes, MoO3z and Ag were
deposited through a shadow mask with a thermal evaporator at the deposition rate of 0.5-1

As* and the vacuum pressure of ~107° Torr.
CsPbBrz NCs LED Fabrication: Glass/ITO substrates were cleaned with soap water,
deionized (DI) water, acetone, and 2-isopropanol (IPA) using a sonicator. The samples were

exposed to oxygen plasma to remove organic contaminants. PEDOT:PSS solution was spin
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coated at 5000 RPM for 60 sec and annealed at 150 °C for 30 min in the nitrogen atmosphere.
After that, CsPbBrz NC film was deposited following the film fabrication method as
mentioned above. The electron transport layers TPBi (2,2,2"-(1,3,5-benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole) (~50 nm), Ca (~20 nm), and Ag (~100 nm)) were evaporated in
0.75x 107® Torr vacuum pressure using a thermal evaporator. After that, the device was

encapsulated using epoxy for measurement.

5.2.4 Characterization

Ultraviolet-visible (UV-vis) absorption spectra were recorded using a Shimadzu UV-3600
UV-vis-NIR spectrophotometer. Steady-state PL was measured using a Horiba Jobin Yvon
fluoromax-4 spectrophotometer. UV-vis absorption and PL experiments were done in
solution and on thin films (prepared as described above). Time-resolved PL measurements
were taken from NCs film. The excitation source was a pulsed Fianium, SC-450-PP, laser
with a wavelength of 500 nm and a repetition rate of 1 MHz. A 590 nm long pass filter was
used to remove scatter from the excitation source. The emission was detected using a
Hamamatsu streak camera model number ¢10910 with a wavelength range of 200-900 nm
and response of <20 ps. The cross-sectional image of the optimized photodiode was analyzed
by high-resolution transmission electron microscopy (TEM, HF-3300, Hitachi). Scanning
Electron Microscopy (SEM) images were obtained using FEI Quanta 400 FEG instrument
(FEI, Hillsboro, OR).

5.2.5 Device Characterization

Photovoltaic Device (Solar Cell) Characterization: Solar cell devices were tested in
both a N2-filled glovebox or in ambient lab air. The solar simulators used for both setups are
Newport Oriel Sol3A solar simulators with xenon lamps. A calibrated reference solar cell
(either GaAs or KG2 filtered Si to minimize the spectral mismatch) was used to set the
intensity of the lamp to 100 mW/cm? AM 1.5 conditions. Current density-voltage (JV) scans
were taken from forward bias to reverse bias with a scan rate of 225 mV/s (scan parameters:
step size = 10 mV, delay time = 10 ms, number of power line cycles = 1) unless otherwise
noted. Devices were illuminated for 5 sec prior to starting the JV sweep and the device area
was 0.10 cm?. Devices were measured with and without a metal aperture (0.06cm?) and
produced equivalent current densities. Stabilized power output (SPO) was measured by
holding the device at a constant voltage corresponding to the voltage at the maximum power
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point of the JV scan. External quantum efficiency (EQE) measurements were taken using a
Newport Oriel IQE200.

Photodiode Characterization: Current density—voltage (JV) for space charge limited
current and characteristics were measured using a Keithley 2400 source measure unit under
monochromatic illumination from a 150-W Xenon arc lamp assembled with a 1/8-m
monochromator. The photocurrent spectra were measured by synchronizing the

monochromator with the source meter.

LED Characterization: Steady-state J—V—L (current density—voltage—luminance)
characteristics were measured using a Keithley 2400 source meter, 2000 multimeter, and the
brightness obtained by placing the large-area calibrated Si photodiode (RS components)
directly onto the surface of LEDs, thus avoiding corrections needed to account for non-

Lambertian spatial emission patterns. A device area was 1.5 mm x 3 mm = 4.5 mm?,

5.3 Results and Discussion

5.3.1 Ligand Engineering Using MeOAc for Electronically Coupled a-CsPblz NC
Film The characterizations of o-CsPblz NCs used in this chapter have been thoroughly
carried out in chapter-4. The surface ligand olylammonium is an 18-carbon long hydrocarbon
which is insulating in nature (shown schematically in Figure 1), and are expected to inhibit
charge injection (or extraction) into (or from) NCs. In order to use these promising colloidal
CsPbX3 NCs in optoelectronic devices, we need to remove such long-chain ligands
improving charge transport in NC film. By taking the advantage of dynamic nature of
olylammonium and also the stability of the NCs in MeOAc solvent, we developed a method
to cast electronically coupled NC films. To remove these long-chain hydrocarbons from the
surface of NCs without affecting the advantageous properties of CsPbX3 NCs, such as a-
phase stability of CsPbls NCs and high PLQY, films of CsPbXs NCs were treated with
MeOAc (schematic shown in Figure 5.1 and details are provided in Experimental Section).
Figure 5.2 shows comparison of FTIR spectra of a-CsPbls NCs before (black line)
and after (red line) MeOAc treatment. FTIR spectra show the removal of organic ligands
from the film with exposure to neat MeOAc, given the near absence of C—H modes near
~2900 cm™! or below ~2000 cm™! belonging to oleylammonium, oleate, or octadecene. In this

process of ligand treatment, the NCs were first spin- casted from octane or hexane then
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dipped in neat MeOAc. Also, saturated MeOAc solution of either Pb(OAc). or Pb(NO3)2 has

been used as a ligand treatment solution in some cases (which will be discussed later).

\Abstrate

ALY = Organic Ligands ﬁ = CsPbX; NC

Figure 5.1: Deposition of electronically coupled CsPbXs nanocrystal film. Schematic

showing steps before and after MeOAc treatment of CsPbXz nanocrystals.
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Figure 5.2: Removing organic ligands from a-CsPbls nanocrystal surface. Change in

FTIR spectra on MeOAc treatment of a-CsPbls nanocrystal film.
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Removal of organic ligands can result in significant weight loss from the film, generating
cracks and pinholes in the films. To improve the film quality, and therefore improve the
charge transport, multiple NC layers were deposited in a layer-by-layer fashion (see the
Experimental Section). Repeating this process, typically, for three to six times, NC films with
thicknesses between 100 and 500 nm (as shown in Figure 5.3c and d) were prepared. SEM
image shown in Figure 5.3a and 5.3b show the uniformity of the ligand treated film with the

absence of any pin holes.

Cross view

a-CsPbl;NCs
PRI BN TR OO SN VSO

Cross view Cross view

Figure 5.3: a-CsPbls nanocrystal-film topology characterization. a) Cross-sectional SEM
images under lower magnification, b) SEM top view and (c-d) cross-sectional SEM images
under high magnification ¢) and d) of a-CsPblz NCs film. In ¢) and d) a-CsPblz NCs film of
two different thickness, ¢) ~150 nm and d) ~450 nm are shown.
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The optical absorption and PL spectra of a-CsPbls NCs (Figure 5.4, for three different
samples with indicated NC sizes) show that in each case, absorbance and PL of MeOAc
treated film are red-shifted by ~20 nm from that of untreated film. This red shift of optical
data on MeOAc treatment is most likely because of the increase of the NCs size in the
quantum confinement regime which has been supported by PL decay dynamics. Figure 5.5
and Table 1 show the increase of PL lifetime of a-CsPbls NCs on MeOAc treatment which is
probably attributed to the increase of size. This tunable absorption and emission properties
(Figure 5.4) of the a-CsPbls NC films after MeOac treatment indicate that quantum
confinement is preserved and the NCs are not increasing in size of bulk crystal, which is

crucial for preserving the a-phase stability of CsPbls.

MeOAc Treatment of a-CstI3 NC Film

Dash line: As cast

Solid line: MeOAc treated

Absorbance/Photoluminescence (a.u.)

] . ] - .
650 700 750 800
Wavelength (nm)

. |
550 600

Figure 5.4: Phase stability of a-CsPbls nanocrystals on MeOAc treatment. UV-visible
absorption (black) and PL spectra (red) of CsPblz nanocrystals before (dash line) and after
(solid line) MeOAc treatment of nanocrystals of different sizes (edge length) of 4.5, 6.8 and 9

nm.
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Interestingly, FTIR, UV-visible and PL data suggest that both the a-phase and size of CsPbls
NCs are preserved after the ligand treatment with MeOAc. There is a small red-shift in UV-
visible absorption and PL peak position after the ligand exchange, but effect of quantum
confinement is very much present after the ligand treatment. All these result suggest that the

MeOAc treated a-CsPbls NCs now can be tested for optoelectronic devices applications.
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Figure 5.5: Change in PL decay dynamics on ligand removal from a-CsPbls nanocrystal
surface. PL decay dynamics of a-CsPbls nanocrystal film before (red) and after (black)
MeOAc treatment of nanocrystals. The excitation wavelength was kept at 550 nm.

Table 5.1. The best fit parameters (with 95% confidence limit) of photoluminescence decay
profiles (shown in Figure 5.5) of 9 nm sized a-CsPblz NCs film before and after MeOAc
treatment (PL decays were measured at respective emission peak energies of the sample
shown in Figure 5.4). Experimental data were fitted using bi-exponential decay: A: and A2

are percent contributions from lifetimes ;and 7, respectively. The average lifetimes (7,y4)

were calculated as 74,5 = X A;77 /X A1

a-CsPbIsNC Film | A1 (%) 11 (NS) Az (%) 2(NS)  [Tavg (NS)
As Cast 26 14.6 74 3.2 10.2
MeOAc treated 39 14.7 61 3.0 11.9
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5.3.2 Ligand Engineering using Lead Acetate (Pb(0Ac)z)

Typically, ligands passivate the surface traps in colloidal NC QDs. Hence, removal of ligands
from the surface of the NCs can create trap states and its effect can be visible in PL
properties. Figure 5.6a show the quenching of PL of a-CsPblz NCs on drop wise addition of
neat MeOAc to NC solution. We also probed the interaction of Pb?* salts with NCs in
solution and on films by monitoring the

PL (Figure 5.6b and 5.7).1° Titration of a small amount of Pb(OAc). dissolved in MeOAc to
the NC solution showed an enhancement in PL, suggesting improved surface passivation.
Similarly, dip-coating of the NC film in a saturated solution of Pb(OAc)2 in MeOAc resulted
in a PL enhancement of ~350% compared with dip-coating in MeOAc alone (Figure 5.7).
The surface treatments increase the PL lifetime (Figure 5.8) over that of NC films treated
with neat MeOAc, which highlights the importance of surface chemistry in this NC system.°
It is to be noted that for device application, ligand treated NC films in neat MeOAc and
MeOAc saturated with Pb(OAc)2 or Pb(NOs). all work reasonably well in photovoltaic
device (discussed in later part), without any significant difference, unlike the PL data

discussed above.
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Figure 5.6: Effects of Pb(OAc)2 treatment on PL of a-CsPbls nanocrystal solution. PL of
3 mL (~3.6 pg/mL dispersion of 9 nm sized a-CsPblz NC in hexane), upon the addition of
() neat MeOACc and (b) a saturated solution of Pb(OAc), in MeOAcC.
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Figure 5.7: Effects of Pb(OAc)2 treatment on PL of a-CsPbls nanocrystal film. PL of a
NC film treated with neat MeOAc (black) and MeOAc saturated with Pb(OAC)z.
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Figure 5.8: PL decay dynamics of a-CsPbls nanocrystals surface passivation. PL decay

dynamics of a-CsPblz nanocrystal film after MeOAc (black) and Pb(OAc)2 treatment.
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5.3.3 Ligand Engineering for Electronically Coupled CsPbBr3 NC Film

Similar to ligand treatment of a-CsPbls NCs, green luminescent CsPbBra NCs were also
treated with MeOACc to get electronically coupled film to exploit its high PL efficiency in
LED devices. Figure 5.9 shows comparison of FTIR spectra of CsPbBrs NC films before and
after MeOAc treatment. A similar amount of NCs from both (before and after MeOAc
treatment) the films were taken for FTIR measurements. Similar to MeOAc treatment of a-
CsPblz NCs, CsPbBrz NCs treatment with MeOAc shows a significant decrease in the
transmittance at ~2900 cm™ suggest removal of long hydrocarbon chain (olyleammonium,
oleic acid, or any residual octadecene) from the NC film. However, the extent of decrease in
transmittance is less for these CsPbBrs NCs compared to the case of a-CsPbls NCs (as shown
in Figure 5.2). This difference might arise from stronger hard acid—hard base interaction of
oleylammonium ions bromide on the surface of CsPbBr3 NCs, compared to the softer surface
iodide ions in CsPblz NCs (hard acid—soft base interaction).!! In the case of MeOAc-treated
film, the broad IR peak in the range of 3200-3600 cm™! probably corresponds to O—H bond
stretching due to the adsorption of moisture from the ambient surrounding (relative humidity
(RH) = 40-55 % which is more than that of the condition for CsPblz NCs treatment (RH =
15-25%), as CsPblz NCs are highly sensitive to moisture), while the untreated film does not
exhibit this peak due to the hydrophobic nature of OA, OAm, and residual ODE.
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Figure 5.9: Removing organic ligands from CsPbBrs nanocrystal surface. Change in
FTIR spectra on MeOAc treatment of CsPbBrs nanocrystal film.
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Figure 5.10: Monolayer of CsPbBr3 nanocrystal film. Atomic force microscopy (AFM)
image to show a) film morphology and b) height profilometry data to get thickness along the
line A-B in image shown in a).
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Figure 5.11: Four layer of CsPbBrs NC film deposited by layer-by-layer film deposition
method. AFM images to show a) film morphology and (b-c) thickness determined from
height profilometry c) along the line A-B shown in image b). Due to absence of pin holes in
four layered NC film, scratch was made to find the thickness as shown b).
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Here, again to improve the film quality, multiple NC layers were deposited by following
layer-by-layer deposition method. Since there is a small fraction of organic ligands remain on
the CsPbBrs NCs surface even after the film has been washed each time, there is a possibility
of dissolving of NC film during the growth of subsequent layer. Hence, we are not able to
grow much thicker films (Figure 5.10 and 5.11) unlike with different halide ion CsPblz NCs
in which ~400 nm thick CsPblz NC film (Figure 5.3d) which was further made to fabricate
photodiode (discussed later) by employing same film fabrication method. Owing to the
presence of some amount of ligands in CsPbBrs NCs (unlike CsPbls NCs), we are able to
grow at most 140 + 10 nm thick film by employing layer by layer deposition for four times,

while ideally each layer should have added ~ 50 nm to the film thickness.
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Figure 5.12: Material stability of CsPbBrs nanocrystals on MeOAc treatment. UV-

visible absorption of CsPbBr3 nanocrystals before (black) and after (red) MeOAc treatment of

nanocrystals of sizes (edge length) 11 £ 0.7 nm.

Figure 5.12 and 5.13 shows the effect of MeOAc treatment (partial removal of
oleylammonium) on UV-visible and PL properties of CsPbBrz NC film respectively. The
absorption spectra in Figure 5.12 remain similar before and after the MeOAc treatment,
suggesting that the CsPbBrz NCs remain unchanged during the MeOAc treatment. The

sharpness of the first excitonic peak at ~500 nm decreases after the MeOAc treatment. This
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change might arise due to the improved electronic coupling between adjacent NCs in the film
after MeOAC treatment.
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Figure 5.13: PL stability of CsPbBr3; nanocrystals on MeOAc treatment. PL of CsPbBr3
nanocrystals before (black) and after (red) MeOAc treatment of nanocrystals of sizes (edge
length) 11 = 0.7 nm. | and lo are PL intensities of the NCs after and before treatment of
MeOAc.

PL spectra in Figure 5.13 show that the peak position remains unchanged; however, a
decrease in PL intensity of CsPbBrs NCs is observed after MeOAc treatment. This decrease
in PL intensity is expected, as the organic ligands passivate the dangling bonds on the surface
of NCs, and partial removal of such ligands can give rise to nonradiative trap states. To probe
it further, we used PL decay dynamics. Figure 5.14 shows a faster decay after the ligand
treatment. While the PL decay without MeOAc treatment can be fitted with biexponential
decay, a tri-exponential decay is required to fit the decay profile obtained after MeOAc
treatment. The best fit parameters are shown in Table 2. The lifetimes, ~4 and 19 ns,
observed in both with and without MeOAc-treated NCs are attributed to the radiative
recombination of electron—hole pairs. However, the NCs after MeOAc treatment show an
additional contribution from ~1 ns lifetime, which attribute nonradiative recombination of
electron—hole pair. This faster decay, along with a decrease in PL intensity (Figure 5.13 and
5.14), suggests the formation of surface defects after the MeOAc treatment. This defect

related decrease in PL lifetime was not visible in case of CsPbls NCs when treated with
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MeOAc probably because of the increase of the size of NCs which is antagonistic to the
expected decrease of PL lifetime due to appearance of surface trap states. But further study is
required for better understanding of how MeOAc treatment modify the non-radiative trap
states. It is to be noted that here the size of CsPbBrz NCs (~11 nm) are larger than the Bohr
excitonic diameter (7 nm) of CsPbBrs, hence, quantum confinement effects should not be

expected.
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Figure 5.14: Change in PL decay dynamics on ligand removal from CsPbBr3
nanocrystal surface. PL decay dynamics of CsPbBrs nanocrystal film before (red) and after
(black) MeOAC treatment of nanocrystals. The excitation wavelength was kept at 400 nm and
the PL decays were measured at respective emission peak energies of the sample shown in
Figure 5.13. Experimental data were fitted using bi-exponential decay in case of before

MeOAc treatment and tri-exponential decay in case of after MeOAc treatment.

Table 5.2: The best fit parameters (with 95% confidence limit) of PL decay profiles of
CsPbBr3 nanocrystals film measured at emission peak energies shown in Figure 5.14 using
bi-exponential decay for as-cast and tri-exponential decay for MeOAc treated film
respectively. Ai;, A2 and As are percent contributions of lifetimes from t1, 2 and 13

respectively. The average life time (tav.) was calculated asta= Y. a;77/Y. a;T;

CsPbBr3 NC film | A1 (%) | 11 (ns) | A2 (%) | 12 (ns) | Az (%) | t3 (ns)
As Cast 06 18.56 | 94 4.26 - -
MeOAc Treated | 06 19.28 | 50 4.06 44 1.43
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Figure 5.15: a-CsPbls nanocrystal photovoltaic device. (a) Schematic (with transmission
electron microscopy (TEM) image of a-CsPblz nanocrystals) and (b) scanning electron
microscopy (SEM) cross-section of the o-CsPbls photovoltaic cell. These cells were
fabricated and characterized in collaboration with Dr. Joseph M. Luther group at National
Renewable Energy Laboratory (NREL), USA during my internship in this group.
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Figure 5.16: Photovoltaic device characterization. Current density—voltage (J-V) curves of
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a-CsPblsz nanocrystal based photovoltaic device measured in air over the course of 15 days.
The black diamond represents the stabilized power output of the device at 0.92 V.

5.3.4 a-CsPbls NCs Photovoltaic Cell

After achieving success in MeOAc treatment of asPblz NCs films, we employ these NCs for
photovoltaic cells. These cells were fabricated and characterized in collaboration with Dr.
Joseph M. Luther group at National Renewable Energy Laboratory (NREL), USA during my
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internship in this group. A schematic of the device architecture is shown in Figure 5.15a and
a scanning electron micrograph (SEM) cross-section image of the reported device with 9 nm
NCs is shown in Figure 5.15b. The reverse-scan current density-voltage (JV) curves showed
an open-circuit voltage (Voc) of 1.23 V, and 10.77% power conversion efficiency (PCE) for a
0.10 cm? cell made and tested completely in ambient conditions (RH ~15 to 25%) (Figure
5.16).

Furthermore, the PCE improved from its initial value over the course of 60 days
storage in dry but ambient conditions (inside desiccator). We compare NC devices to thin-
film CsPbXs perovskite solar cells following literature reports, which have thus far reported
at 9.8% PCE and stabilized power output (SPO) as high as 6.5%.%% Our NC devices show
improved JV-scan efficiency, operational stability, and tolerance to higher relative humidity
levels. The Voc is remarkably higher than that of other QD solar cells (typically <0.7 V) and
among the highest Voc in all perovskite photovoltaic cells for band gap values below 2 eV.
We have not optimized the device architecture or the NC film-treatment scheme. We found
that ligand treated NC films in neat MeOAc and MeOAc saturated with Pb(OAc)2 or
Pb(NOs), all work reasonably well (JV-scanned PCE > 9%) in PV devices. Large diffusion
lengths and mobility values have been measured in CsPbBr3 NCs by means of terahertz
spectroscopy;’® as discussed in chapter 3. However, a better understanding of the electronic

coupling is critical to maximizing long-range transport in NC perovskite films.
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Figure 5.17: Electroluminescence (EL) from a-CsPbls NC in photovoltaic cell. EL spectra
of a-CsPbls photovoltaic cell (a-CsPbls nanocubes of edge length ~9 nm) under forward bias.

(Inset) A photograph of the luminescent device.
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Figure 5.18: Electroluminescence (EL) from  different sized a-CsPbls NC in
photovoltaic cell. PL (dashed lines) and EL (solid lines) spectra of completed devices
fabricated by using CsPblz NCs of size (edge length) ~8 and ~9 nm, demonstrating size
quantization effects in the completed devices.

Given the PL properties of these perovskite NCs, we explored their use as LEDs. The
photovoltaic devices produced bright visible EL when biased above Voc (Figure 5.17, inset).
The EL had a low turn-on voltage (1.4 V) near the band gap of the a-CsPblz NCs, with
increasing intensity at larger applied biases (Figure 5.17). These spectra provide direct
evidence that quantum confinement is retained in the complete devices, which is critical to
retaining the improved a-phase stability, as seen by the shift in both the EL and PL spectra of
devices with different-size NCs (Figure 5.18).

5.3.5 a-CsPbls NCs Photodiode

Motivated from the outstanding performance in photovoltaic device of a-CsPblz NCs, we
fabricated a high performing with high reliability photodiode by utilizing phase stabilized -
CsPbls perovskite NCs. The photodiodes were fabricated and characterized in collaboration
with Dr. Dae Sung Chumg’s group in Daegu Gyeongbuk Institute of Science and Technology
(DGIST), South Korea. In addition to high extinction coefficient and IR-blind characteristics
of the perovskite material, the defect-tolerance nature of a-CsPblz perovskite NCs are
combined to realize hysteresis-free and high detectivity photodiodes. Here, a-CsPblz NCs

with ~12 nm edge-length were used.

150



Chapter 5. Surface Ligand-Engineering of CsPbXs (X=Br, I) Nanocrystal Film for Optoelectronics

Ag/MoOs

. -

>

_Perovskite

’ NCs

- B

Energy / eV

-

3y 170

Figure 5.19: a-CsPbls nanocrystal photodiode. a) The cross-section transmission electron
microscope (TEM) image of the optimized photodiode. b) Energy level diagram of the
optimized photodiode. The photodiodes were fabricated and characterized in collaboration
with Dr. Dae Sung Chumg’s group in Daegu Gyeongbuk Institute of Science and Technology
(DGIST), South Korea.

The optimized photodiode with the structure of ITO (~200 nm)/ZnO (~30nm)/a-CsPblz NCs
(~420nm)/poly (3-hexylthiophene) (P3HT) (~50 nm)/MoOsz (~30nm)/Ag (100 nm) are
fabricated by following layer-by-layer spin coating methods. Figure 5.19 shows the device
structure (cross sectional TEM image) and the energy level diagram of different components
of the fabricated diode. In this work, to suppress undesirable charge injection and thus to
minimize dark current density of the optimized photodiode, sol-gel synthesized ZnO hole
blocking layer was introduced instead of porous TiO: layer. The extinction coefficient of a-
CsPbls NC films are 1.3 x 10° cm™ at 400 nm and 6.4 x 10* cm™ at 500 nm (as discussed in
previous chapter), which are several times higher values compared to Si.*® Furthermore, the
absorption range covers the whole visible range without overlapping with IR region (Figure
5.4), showing the attractive optical properties of a-CsPblz NCs for photodiode application. To
further minimize interface defects coming from multi-layer photodiode construction, P3HT
layer was strategically introduced as a passivation and electron blocking layer, resulting in a
low diode ideality factor of 1.5. The passivation mechanism can be explained as the
formation of Lewis adducts between unsaturated or under-coordinated Pb ions(Lewis acid) of
CsPblz NCs and P3HT with lone-pair electrons (Lewis base). The value of ideality factor
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contains important information on the transport and recombination mechanisms in the
photodiodes. For photodiodes without any charge carrier trapping or recombination, the
ideality factor is expected to be unity. However, because of charge carrier trapping and
recombination, most perovskite photodiodes have ideality factor near 2.0 or more.t’"*°
Because of all the advantageous results, high detectivity of 1.8 x10'? Jones at 640 nm (Figure
5.20) is demonstrated with near-zero hysteresis. This value is comparable to that of Si.?° The
obtained detectivity of our a-CsPbls NC photodiode is orders of magnitude higher than the
prior reports of any perovskite NC photodiode. Interestingly, detectivity spectra showed
completely IR-blind characteristics, which means that the photodiode can avoid an unwanted
IR photoresponse. This is particularly important because IR-sensitivity can be an additional
noise source of photodiode. The responsivity R (Ampere (A)/Watt (W)), directly related with
the EQE, gives indications on the intensity of the photocurrent that can be extracted per watt
of the incident illumination at a given wavelength. As also shown in Figure 5.20, R at 640 nm
is 0.035 A/W. Relatively low R of 0.035 A/W can be attributed to the thick active layer for

suppressing noise current.
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Figure 5.20: Figure-of-merits of the optimized photodiode. Detectivity and responsivity
spectra. The measurements were conducted at reverse bias of —0.5 V and 520 nm of incident

light for the specific wavelength.
Furthermore, the optimized photodiode exhibits excellent operational stability under high
humidity conditions (transient measurement under the continuous illumination of

0.35mW/cm? at 520 nm in humid condition (R.H. of 80%) without any encapsulation) due to
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the intrinsic nature of the defect-tolerant a-CsPbls NCs. In overall, the results of this work are
similar compared to those of bulk perovskite and better than those of perovskite NCs.2%-??
Details of this work can be found in our published article (Laser Photonics Rev.2018, 12,
1700209).

5.3.6 CsPbBr3 NCs LED

In the previous section of ligand treatment of CsPbBrs, it has been found that MeOAc
treatment decreases the PL intensity of CsPbBrz NCs, though it is expected to improve the
charge transport in NCs. To study the effect of these two opposing aspects on
electroluminescence (EL), we prepared CsPbBrs NC LED in collaboration with Dr. Dinesh
Kabra’s group at Indian Institute of Technology (IIT) Bombay, India. Figure 5.21a shows the
LED device structure of glass/ITO/PEDOT:PSS/CsPbBrs—NCs/TPBi/Ca/Al; here TPBi and
PEDOT:PSS  are  2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)  and
poly(3,4ethylenedioxythiophene)- poly(styrenesulfonate), respectively, and PEDOT:PSS and

TPBI/Ca are hole and electron injection layers.

a) b) 27ev -2.7eV
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Figure 5.21: CsPbBrs nanocrystal light emitting device (LED). a) CsPbBrs nanocrystals
light emitting device structure. b) Corresponding flat energy level diagram and energy levels
of different components of the device. The values have been taken from the literature.?® NC
LEDs were fabricated and characterized in collaboration with Dr. Dinesh Kabra’s group at

Indian Institute of Technology (I1T) Bombay, India.
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Figure 5.22: Electroluminescence (blue) and photoluminescence (red) spectra of CsPbBrs-

NC thin film. Inset shows a typical uniformly illuminated operational NCs based LED image.

Figure 5.21b shows the flat energy level diagram of the NC-LED with hole and electron
injection layers. A multilayer (higher thickness) device showed higher current density and
lower turn-on operating voltages compared to that of a single-layer device. Details of device
characterization could be found in our published article (J. Phys. Chem. C, 2018, 122, 13767).
Figure 5.22 shows the no change in PL and EL response in term of peak energy and line
width suggesting the color purity is maintained in the device. Inset of Figure shows the
optical image of the glowing device under applied voltage of 8 V. The multilayer device gets
rid of pinholes and cracks in the NC film, improving the charge carrier-balance factor
significantly to boost the efficiency number from ~1 cd/A (average efficiency of 0.54 cd/A
over 6 devices) for single-layer to ~5.2 cd/A (average efficiency of 2.32 cd/A over 6 devices)
for four-layer NC film. Our future work is focused on better charge injection by removing the
residual ligand density for better performance and stability.

5.4 Conclusions:

We demonstrated layer-by-layer deposition of CsPbX3 NC film for use in high performing
optoelectronic devices such as solar cell, photodiode and LEDs. CsPbXsz NCs exhibit
promising optoelectronic properties. These NCs are capped with insulating OAm and OA
ligands that inhibit charge transport. To overcome this problem, we treated the NC films with
MeOAc that significantly removes these long-chain organic ligands from the NC surface.
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This removal of ligands reduces the PL efficiency, but enhances the charge transport in NC
films. Thickness of the NC films was increased by layer-by-layer method, where each layer
corresponds to a thickness of 50-100 nm. CsPbXsz NC based optoelectronic devices (solar
cell, photodiode and LEDs) with multilayer (higher thickness) device showed outstanding
performance with long term stability. The solar cell employing ~9 nm sized a-CsPbls shows
PCE of >10 % with Voc = 1.23 V and the photodiode using the same material of larger size
(~12 nm) exhibit remarkable detectivity value of 1.8 x10'? Jones together with near-zero
hysteresis. These results far exceed the prior studies of any perovskite NC solar cell and
photodetectors NCs at the time of the publication of these work. In case of CsPbBrs NC
based green LED, higher current density and lower turn-on operating voltages compared to
that single-layer device was found. Multilayer device gets rid of pin-holes and cracks in the
NC film, improving the charge-carrier-balance factor significantly to boost the efficiency
number from ~1 cd/A for single-layer to ~5.2 cd/A four-layer NC film. This approach can be

further utilized for waveguide lasers and optical-detectors using same class of materials.
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Introduction

Electrochemical Impedance spectroscopy (EIS) is a simple technique having a great value for
analysing different electrical processes happening on perturbing a system by applying a
sinusoidal AC signal (voltage in mV range ) across the materials in form of pellet/film.*3
This is a important technique to discriminate between the capacitance and the resistance
attributed to the grain boundaries present in the material.

Typically, impedance can is measured as a function of the frequency corresponding to
perturbation. In general, the response of a sinusoidal perturbation comprises both the real
component, resistance (independent of frequency) and the imaginary component, reactance
(dependent on frequency) and can be shown either by a complex plane (named as Cole-Cole
or Nyquist plot) or by a plot where the absolute value of impedance is plotted against
frequency ( Bode plot ).?

In a Nyquist plot, the imaginary component, Z" is plotted along Y-axis with negative sign
while the real component, Z' is plotted along X-axis.! A series of semi circular features of the
Nyquist plot represent the contributions from different electrical properties owing to
intragrain (bulk) processes, intergrain process (grain boundary effect) and also processes
because of interfacial polarization phenomena.l 4> Generally, in a testing sample different

regions are characterized by a resistance and capacitance connected in parallel arrangement.

The impedance, in vector form and as a function of angular frequency (o) is given by

Z(w) = 7 —iZ" (1)

Z'= real part of the complex impedance

Z"= imaginary part of the complex impedance

i =+/—1, imaginary unit

The angle,¢ between |Z|and Z', equal to the phase angle between the applied sinusoidal

voltage and the current response, can be calculated as follow:

% = tan¢ 2

After substituting the circuit value of Z' and Z", eq. 1 can be rewritten as follow:
5 i
Z(w)= R— — 3)

R = Resistance

C = Capacitance
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The peak points of the deferent semicircles are characterized by their individual time

constants according to the relation

WmaxT = WmexRC =1 (4)

omax IS the angular frequency of maximum loss in an RC circuit.

Thus, the relaxation capacitance is given by
1

¢= ()

27R fmax

fmax 1S the ordinary frequency measured in Hz.
In this Appendix-1l chapter, we have characterized nanocrystals (NCs) films of lead
chalcogenide by studying the electrical properties (resistance and capacitance) in grain and

grain boundaries by using two-probe ac impedance spectroscopy.

Experimental section

AC impedance was measured in ambient condition, by using PARSTAT 2273
potentiostat/galvanostat, along the film material on glass and PET flexible substrate by
applying colloidal silver liquid (TED PELLA, INC.) on the film for contacts with gold
electrodes following two probe analyses. The AC perturbing voltage was kept at 500 mV in
the frequency range of 2 MHz to 100 Hz. The measurement result has been fitted in
ZSimpWin 3.2 electrochemical impedance modelling software with a R(RC) electrical
model, which is generally used to analyse polycrystalline semiconductors, and then plotted in
Origin software. The NC synthesis and the film fabrication details are available in the
published article [G. Shiva Shanker et al. Nanoscale 2015, 7, 9204].

Results and Discussion

The electrical properties of a polycrystalline film such as our ligand free PbS NC film (Figure
1) depends upon both inter- and intra-granular resistance. A typical DC measurement cannot
differentiate between such inter- and intra-NC contributions to electrical conductivity. In
order to get a better understanding about resistance and capacitance arising from both within
NC (intra-granular) and grain boundaries (inter-granular), we carried out AC impedance
measurements over a wide frequency range (2 MHz to 100 Hz). Figure 2 shows Nyquist plot
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for a PbS NC film on glass substrate. The experimental data (symbols) could be fitted (red
line) well using a simple Ry(RgsCgp) electrical model (inset to Figure 2),> ® where Ry and Rgp
correspond to resistances due to bulk and grain boundary, respectively, and Cq is the
capacitance across grain boundaries. The semicircular shape of the Nyquist plot is due to Rgp
parallel to Cqpb. The radius of the semicircle will be Rgw/2, and centred at Rgn/2 if Ry = 0. The
addition of Ry, in series just shifts the curve to a higher Z' value by the small quantity of Rp.
The values of Rgy, and Cgp obtained from the fitting for the PbS film on glass substrate and
processed at room temperature are 3.84 MQ and 14.2 pF (Table 1). The value of the
capacitance matches well with the capacitance due to grain boundary present in a typical
polycrystalline film.2> When the film was annealed at a 150 °C, radius of the semicircle
decreased significantly (Figure 2) suggesting the decrease in Rg» upon annealing the film
without any considerable change in the Rp. The best fit parameter values of Rqy and Cgyy, for
the PbS film on glass substrate annealed at 150 °C are 0.45 MQ and 20.7 pF (Table 1).

Figure 1: A typical PbS nanocrystal film on a glass substrate deposited by doctor blading

technique and processed at room temperature.
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Figure 2: Nyquist plots of ligand-free PbS nanocrystals films obtained from two-probe AC

impedance measurements. Films were annealed at 25 °C and 150 °C, but both the impedance

measurements were performed at room temperature. The inset shows a schematic electric

circuit of charge conduction in PbS nanocrystal film. Black symbols are experimental data

and red solid lines show the fitting. All the electrical measurements shown in this figure were

carried out under ambient air. The AC perturbing voltage was kept at 500 mV in the

frequency range of 2 MHz to 100 Hz.

Table 1: The values of Rg» and Cgy, obtained from the fitting of Nyquist plot for the PbS films

on glass substrate measured at room temperature.

Samples Rp (Q) Rgb (Q) Cgb (Fem™)
Preannealed PbS 1.143 x 10* 3.836 x 10° 2.091 x 10711
Annealed PbS 1.078 x 10*% 4.482 x 10° 1.42 x 10711
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Figure 3: Spectroscopic plots of ligand-free PbS nanocrystals films obtained from two-probe
AC impedance measurements. Films were processed at 25 °C and 150 °C, but both the
impedance measurements were performed at room temperature and under ambient air. The

AC perturbing voltage was kept at 500 mV in the frequency range of 2 MHz to 100 Hz.

The spectroscopic plot, presented in Figure 3, is another way of presenting impedance as a
function of frequency, where we can separate the Z' and Z", and can analyze their
dependency at different ranges of frequency. There is no considerable change in the value of
Z'and Z" at high frequencies (>10° Hz), indicated by the vertical blue-dashed line, whereas at
lower frequencies, (<105 Hz) Z' and Z" decrease significantly after annealing the film at 150
°C. The electrical responses in the high and low frequency regime typically correspond to
grain and grain boundaries respectively.* Therefore, the observed change in charge
conduction (Z' and Z") at low frequency is attributed to the change in the characteristics of

grain boundaries upon annealing the film. On the other hand, the value of the capacitance

164



Appendix-I: Impedance Spectroscopy of Electronic Grade Nanocrystal Films of PbS and PbSe

also increased after annealing the film (Table 1), suggesting that the inter-granular regions
were narrowed upon annealing the film.* Moreover, the electrical relaxation time, T, which is
the product of Rgp and Cgp and equal to (omax) *, Was also reduced to 5.7 times after annealing
the film at 150 °C, where omax is the angular frequency of maximum loss in an RC circuit.*
The decrease in Rg, and t along with an increase in Cgp after annealing the film is because of
the improved electrical connectivity between adjacent NCs (grains) via the removal of defects

from the interface of connected NCs ensuring better fusion of NCs.

Figure 4: Ligand-free PbS nanocrystal films on a flexible polyethylene terephthalate (PET)

substrate.

We also casted similar films of PbS NCs on flexible polyethylene terephthalate (PET)
substrates. The film processing was done at room temperature. The film on the PET substrate
can be bent, as shown in the Figure 4. The film was repeatedly bent 50 times and the
electrical measurements were repeated. AC impedance data, as shown in Figure 5, for the
PbS NC film on PET show a semicircular Nyquist plots similar to those in Figure 1. The

radius of the semicircle increased after bending the film repeatedly for 50 times (Table 2).
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Both the plots, before and after bending the film, can be fitted with the Ro(RgnCgp) electrical
model. The best fit values of Rgp are 5.42 MQ and 10.72 MQ before and after bending the
film, respectively, keeping Cgqb largely unaltered at ~21 pF. Importantly, the film still exhibits
a high electrical conductivity even after repeated bending experiments, suggesting the
suitability of our PbS NC film for integration into flexible electronic devices. It should be
noted that often the films made from traditional semiconductors generate cracks upon
bending, resulting into a drastic (over many orders of magnitude) decrease in electrical
conductivity.® The sustained electrical conductivity of the NC film after bending the film is
because of the smaller size of our NC compared to the bending curvature of the film, and

therefore the bending related strain is not strongly felt by NC grains and grain boundaries.

10000
8000
E 6000
N 4000 After bending
50 times
20001 B
Before
bending

0 | 20|00 | 40'00 | 60I00 | 80|00 | 10600
Z (kQ)

Figure 5: Comparison of Nyquist plots (two-probe AC impedance data) of ligand-free PbS

nanocrystal films on a flexible PET substrate before and after bending the film 50 times.

Black symbols are experimental data and red solid lines show the fitting. All the electrical

measurements shown were carried out at room temperature and under ambient air. The AC

perturbing voltage was kept at 500 mV in the frequency range of 2 MHz to 100 Hz.
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Table 3: The values of Rgy and Cqp oObtained from the fitting of Nyquist plot for the PbS

films on PET substrate (before and after bending 50 times) measured at room temperature.

Samples (on PET | No. of bending | Rp (2) Rgb (2) Cgp (Fcm™?)
flexible substrate)

PbS 0 1.139 x 10* 5.42 x 10° 2.017 x 10711
PbS 50 1.147 x 10* 10.72 x 10 | 2.122x 10711
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Figure 6: Nyquist plots of ligand-free PbSe nanocrystals film obtained from two-probe ac

impedance measurements.

The

impedance measurements were performed at

room

temperature and under ambient air. Black symbols are experimental data and red solid lines

show the fitting. The AC perturbing voltage was kept at 500 mV in the frequency range of 2

MHz to 100 Hz.

167




Appendix-I: Impedance Spectroscopy of Electronic Grade Nanocrystal Films of PbS and PbSe

PbSe NCs:

Colloidal ligand-free PbSe NCs were also prepared in a manner similar to the synthesis of
ligand-free PbS NCs and the details are available in the published article [G. Shiva Shanker et
al. Nanoscale, 2015, 7, 9204]. All the observations for PbSe NCs are qualitatively similar to
those of PbS NCs discussed above. Thin films of PbSe NC precipitates can be prepared on
both glass and flexible PET substrates with a thickness in the range of 1-15 pum, using the
doctor blading technique. Two-probe AC impedance data for PbSe NC film, shown in the
form of a Nyquist plot (Figure 6 ), shows a single semicircular shape with Rgp = 2.20 MQ and
Cg = 20.4 pF (Table 3) A comparison of electrical data shows that PbSe NC films are
electronically more conducting compared to PbS NC films, similar to their bulk counterparts.
The electrical conductivity of our PbSe NC films are comparable to the PbSe films prepared

at higher temperatures using expensive methodologies.’

Table 3. The values of Rqy and Cgs obtained from the fitting of Nyquist plot for the PbS films

on glass substrate measured at room temperature.

Samples Rp (Q) Rgb (Q) Cgo(Fcmt)
Preannealed PbSe 1.035 x 10* 2.198 x 10° 2.04 x 10711
Conclusions:

In the published article by G. Shiva Shanker et al. [Nanoscale, 2015, 7, 9204], we developed
a strategy to prepare electronic grade semiconductor thin films using colloidal ligand-free
PbS and PbSe NCs at room temperature. The processing at room temperature allows us to
prepare films on a flexible substrate, and the charge transport properties (measured by using
impedance and other techniques) do not deteriorate considerably with the repeated bending of
the film. Therefore, the lowering of the film processing temperature allows us to obtain
flexible SC films, and also it reduces the cost of film deposition. AC impedance data show

the dominance of grain boundaries, exhibiting single semicircular Nyquist plots.
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Introduction

In a published work by Wasim Mir et al. [J. Phys. Chem. Letts.,2015, 6, 3915] we optimized
the synthesis conditions which lead to minimize the lattice defects, and thereby, achieving
sharp excitonic absorption and emission from AgzS quantum dots (QDs) with high (~20%)
quantum vyield at near infrared (-850 nm)region. Utilizing these new high quality
nanocrystals (NCs), QD sensitized solar cells (QDSSC) were fabricated for the first time.
These QDSSC perhaps exhibit the best performance compared reported Ag.S QDSSC
obtained via chemical bath deposition.

On the other side, in the published work by Jagadeeswararao et al. [J. Phys. Chem. C,
2016,120, 1946] we published the synthesis of heterodimer of Ag.S and AgInSzin a single
nanocrystal to bring better charge separation in the hetero junction which can lead to better
solar cell efficiency. Here, the interfacial defects are involved in PL. Utilizing the defect
mediated charge separation; we fabricated the Ag.S-AginSqheterojunction NCs based
QDSSC with improved efficiency than the Ag.S QDSSC.

Experimental Sections

Chemicals

Silver Nitrate (AgNOs, 99.8%), 3-Mercaptopropionic acid (3-mpa, >99%), sulfur
powder,sodium sulfide hydrate, and potassium chloride were purchased from Sigma Aldrich.
Methanol (99.5%), Acetonitrile (99.8%), Propan-2-ol were purchased from Rankem India
Ltd, Ethanol (99.9% AR, S D Fine chem. Ltd. Titanium tetrachloride was obtained from
Merck.F-doped SnO, (FTO) coated glass (~ 7 ohm/sg) was obtained from
Aldrich.Transparent titania paste (DSL-18NR-T, diameter ~20 nm), scattering titania paste
(WER2-0O, diameter 150-250 nm) were obtained from Dyesol.

Preparation of TiOz Coated FTOElectrode AgzS Quantum Dot Sensitized Solar Cell
(QDSSC):

Preparation of TiOz Coated FTO Electrode

FTO(F-doped SnO) coated glass (Aldrich, ~ 7 Q/sq) was cleaned sequentially with soap
solution (30 min), water (30 min) and ethanol (30 min) using an ultrasonication bath. Finally
cleaned FTO coated glass was heated at 450 °C for 10 minutes in order to remove organic
contaminants. The compact layer of TiO> was prepared on top of conducting surface of FTO

glass. For that 0.04 M aqueous solution of TiCls was poured on conducting surface so that the
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glass would fully dip into the solution and then the glass was heated at 80 °C for 30 min in
dipped state. Then the FTO glass was cleaned by water and finally with ethanol. The
mesoporous TiO- active film was then prepared by doctor blading method using commercial
TiO, paste (Dyesol DSL-18NR-T, diameter ~20 nm). Over the active TiO layer, a scattering
layer of TiO2 (Dyesol WER2-O, diameter 150-250 nm) was doctor bladed. The film was
sintered at 450 °C for 30 minutes for each layer. The heating and cooling process for the TiO>
electrode preparation was gradual to prevent the crack formation on film. After all, the
sintered TiO> film was treated with aqueous TiCls (0.04 M) and finally sintered again at
450 °C for 30 min in order to remove pin holes and cracks from the TiO, film. The
thicknesses of active and light scattering layers were optimized to ~10 pm and ~4 pm

respectively.

QDs Sensitization

Hot TiO; electrode (at 60 °C) was dipped in different NC solutions (mercaptopropanoic acid
(MPA) capped AgS: QDsdispersed in DMSO, oleylamine capped Ag2S-AgInS;
HDNCsdispersed in CHCIs or oleylamine capped AgInS2 NCs dispersed in CHCI3) and kept

in dark for 60 hours at room temperature.

Ligand Exchange on Film

QDs or NCs sensitized TiO; electrode was allowed to stay in sulfide solution (0.8 M Na.S in
1:1 methanol: water solution) for 48 hours at room temperature in dark. The final photoanode
was cleaned using water and then ethanol and dried at 80 °C inside N2 environment for 30

min.

Ag2S Deposition on Photoande by Successive lonic Layer Adsorption and Reaction
(SILAR)

To grow a very thin barrier layer of Ag2S on the bared surface of active TiO», the as prepared
photoanode was sequentially dipped in solution of Ag* ( 0.1 M AgNOs in ethanol) and S*
(0.1 M NazS in Methanol). In between the two dipping the electrode was rinsed with ethanol

and finally with methanol. And then the resultant photoanode was dried.
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QDSSC Fabrication

QDSSCs were prepared by assembling the photoanode and Pt counter electrode using
parafilm as spacer (~80 um) along with a 10 pL electrolyte solution in between. Two types of
electrolyte solutions: A and Bwere used in our work. Electrolyte solution A was prepared by
mixing NazS (0.5 M), sulfur (2 M), KCI (0.2 M) and NaOH (0.5 M) in methanol : water in 7 :
3 v/v following ref-2, Methanol-free electrolyte solution B was prepared by mixing NazS (2
M), and sulfur (2 M) in water following ref®, however, power conversion efficiency decreases

with electrolyte B, compared to electrolyte A.

Characterization

Current—voltage (I-V) measurement was performed using a Keithley 2611 source meter. All
the solar cells were illuminated using a Xe lamp of 150 W, fitted with AM 1.5 filter and
adjusted at 1 Sun intensity (100 mW/cm?) by using an NREL-calibrated silicon solar cell.
The active areas for the measurement were kept in the range of 0.24 cm?to 0.28 cm?.

Results and Discussion
Ag2S QDSSC.

QDSSC are being investigated for flexible and solution processed solar panels. Colloidal
Ag>S NCs with a broad absorption spectrum and low-toxicity can be a useful QDSSC
material. A recent ultrafast spectroscopic study also suggestedmultiple exciton generation via
absorption of a single high-energy photon.* A survey of literature shows no report of QDSSC
starting from colloidal Ag>S NCs exhibiting excitonic feature. There are reports where Ag»S
sensitization layer was grown by SILAR, but broad bulk-like absorption spectra was
observed for all such cases.> ® Here, we demonstrate QDSSC using high quality colloidal
Ag2S QDs (schematic shown in Figure 1).

Figure 2 shows the current density (J) vs. voltage (V) plot for Ag.S QDSSCs. The cell
prepared with Ag.S QDs shows an open circuit voltage (Voc) = 0.25 V, short circuit current
density (Jsc) = 4.7 mA.cm?, along with a fill factor (FF) of 0.37. The power conversion
efficiency (7) calculated to be 0.43%. It was observed that the performance of QDSSC
improves significantly by suppressing electron-hole recombination at both FTO/electrolyte
and TiOz/electrolyte interfaces.®’ We already used compact TiO layer on FTO to suppress
the recombination across FTO/electrolyte. In order to suppress recombination

acrossTiOx/electrolyte, we grow thin 1monolayer (ML) of Ag.S using SILAR on top of
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Ag>S-sensitized TiO> photoanode. Such SILAR deposition is expected to remove any
pinholes from sensitization layer and thereby inhibiting interaction between TiO2 and
electrolyte. Expectedly, Jsc and Voc increased after depositing 1 ML Ag2S by SILAR. Figure
2 shows that Jsc increases to 8.7 mA.cm and Voc increased to 0.30 V for Ag.S QDSSC with

1 ML Ag2S. The overall power conversion efficiency increased to 1.04%.

Ag,S

° electrolyte
TiO,
FTO

Figure 1:Schematic diagram explaining the mechanism of charge transfer in Ag.S QDSSC.

—&— Ag,S NCs

n = 0.43%
FF=0.37

Current Density (mA/cm2)

—HB— Ag,S NCs +1 ML Ag,S SILAR

000 005 010 015 020 025 030
Voltage (V)
Figure 2: Current density (J) vs voltage (V) plot for Ag.S QDSSCs. In one case, 1 monolayer
(ML) Ag2S was grown on the Ag.S NC sensitized photoanode in order to fill up any pin-
holes in the sensitization layer, which in turn reduce the loss due to interaction of electrolyte

with TiO,. Effective cell area was typically kept in the range of 0.24 to 0.28 cm? for all cells.
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Figure3: Current density (J) vs voltage (V) plot for solar cell sensitized by 3 monolayer of
Ag>S by SILAR method.

Our control experiment with sensitization of mesoporous TiO> via depositing 1 ML AgQ>S
using SILAR, in the absence of Ag>S NCs did not yield any solar cell characteristic.
However, we got a reasonable J-V plot for 3 ML Ag.S in the absence of QDs. Figure 3shows
Voc = 0.2 V, Jsc = 2.5 mA.cm?, and FF = 0.34 for 3 ML AgS solar cell. We note that the
prior reports suggests similar Voc (<0.25 V) for Ag.S based solar cells obtained using
chemical bath deposition (CBD)?2, sonochemical method,? or Ag.S-polymer hybrid structure®.
We found a report based on SILAR growth Ag.S QDSSC showing Voc> 0.3 V, but the
obtained Jsc was less yielding 7<1%.°

It is difficult to prepare small Ag>S QDs with a control over size distribution employing
above mentioned methodologies such as SILAR, CBD or sonochemistry, and therefore,
colloidal synthesis of Ag.S NCs is more desirable to achieve size-dependent properties and
multiple exciton generation. Our QDSSC, fabricated using colloidal Ag2S QDs exhibiting
sharp excitonic feature, shows a combination of high Voc= 0.3 V and high Jsc = 8.7 mA.cm™
compared to prior reports and eventually resulting in to 7 = 1.04%. This enhanced Voc and
Jsc once again suggest the defect-free nature of our Ag.S QDs.!° To the best of our
knowledge, the obtained 7= 1.04% is the highest reported so far using Ag.S QDSSC. In order
to improve 7 of Ag2S QDSSC, Voc needs to be increased further. Search for better electrolyte

or hole transport layer, and optimization of device fabrication minimizing electron-hole
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recombinations, and enhancement of photo-absorption are required to improve performance
of AgzS QDSSC.

AgInS2 NCs and Ag2S-AgInS2HDNC s sensitized solar cell.

Further to improve the solar cell efficiency we introduced a high bandgap semiconductor
AgInS; along with Ag>S NCs. In this structure a single NCs has heterojuction of AgS. and
AgInS; and we termed it as AgInS>-Ag>S heterodimerNC (HDNC). The detail of the
synthesis and characterization of these NCs are available in the work byJagadeeswararao et
al. [J. Phys. Chem. C, 2016,120, 1946]. It is well understood from this published work that
electron-hole separation by type-1l band alignment across the interface of two materials is
beneficial for solar cell application. Our Ag>S-AgInS; HDNC represents a unique situation,
where defect-mediated spatial separation of electron and hole, in spite of having a type-I band
alignment. Another important aspect of HDNCs is long (13 uS) PL lifetime, and it has been
recently reported that the long lifetime of Mn?* doped CdSe based NCs suppress charge
recombination improvingsolar cell efficiencies.'**We prepared QDSSCs using both AgInS;
NCs and Ag.S-AgInS; HDNCs. Figure 4 shows the corresponding current J-V plots.The
obtained solar cell parameters, short circuit current density (Jsc), FF, and Voc,resulting into
the overall 7, are given in the Table 1. Interestingly, all these solar cell parameters are
significantly superior for Ag>S-AgInS; HDNC sensitized solar cells compared to AginSz NC
sensitized cells.

electrolyte

FTO

Figure 4:Schematic diagram explaining the mechanism of charge transfer in Ag.S-AgInS;
HDNC QDSSC. Black dotted lines on the NCs are representing the defect states.
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Figure 5: J-V characteristics of AgInS> NCs and Ag>S-AgInS; HDNCs measured by Xe

lamp at standard conditions AM 1.5 G. The active area of the solar cell measurement was

0.16 cm?2.

Table 1: Solar cell parameters obtained from 1-V plots shown in Figure 5.

Sample Jsc(mA/cm?) Fill Factor Voc (V) | n (%)
AgInS2 NCs 2.8 0.35 0.37 0.4
Ag2S-AgInS2 HDNCs 5.7 0.43 0.52 1.3

Based on the investigation of the reported article of Jagadeeswararao et al. [J. Phys. Chem. C,
2016,120, 1946], the excited electrons mainly located in the trap states of AgInS; transfers to
TiO> electrode, whereas, the hole residing in valence band maximum (VBM) or a shallow
defect state of AgzS part transfers to the redox couple S?/Sn>(schematics shown in Figure 4)
This spatial separation of electron and hole, yielding increased value ofJsc, which in turn
increases Voc, since Voc is proportional to the logarithm of JscEventually, the power
conversion efficiencie (PCE)for Ag.S-AgInS; HDNCs is 1.3 %, which is 3 times higher
compared tothat of AgInS; QDSSC and ~0.3 V higher than the previously discussed AgS:
QDSSC.To the best of our knowledge, this 1.3% PCE is the highest reported value so far for
QDSSC fabricated using both Ag.S NCs, and AgInS, NCs.'* Further optimization of device
fabrication, with better selections of electrolytes and electrode is expected to improve the

efficiency of Ag>S-AgInS; HDNC based QDSSC.
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Conclusions:

Based on reported work of Wasim Mir et al. [J. Phys. Chem. Letts.,2015, 6, 3915], defect-free
Ag2S QDs exhibit sharp near infrared excitonic absorption at 800 nm and excitonic PL at858
nm.QDSSC were fabricated for the first time using these colloidal Ag.S NCs. The defect-free
nature of our Ag.S NCs lead to an improvement of Voc (0.3 V) and Jsc (8.7 mA.cm™)
yielding 77 = 1.04%, which is highest compared to prior reports of Ag>S QDSSC prepared via
SILAR, CBD, or sonochemical methods. Further, as reported by Jagadeeswararao et al. [J.
Phys. Chem. C, 2016,120, 1946], AgInS2>-AgS: HDNC defect-mediated charge separation
across the interface of the HDNCs, where the photoexcited electron gets trapped by a defect
state inside the AgInS, component, and the hole resides either in VBM or in shallow defect
states of the Ag>S component. The efficacy of such defect-mediated electron—hole separation
was tested by fabricated QDSSC where the PCE (1.3%) of Ag2S—AgInS> HDNCs is more
than 3 times higher than that of AgInS, NCs (0.4%). The efficiency needs to be increased
further for real life applications, however, it is a good starting point for these non-toxic
colloidal Ag.S based NCs.
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Research Content

CdSe Quantum Dots vs Defect Tolerant CsPbXs (X= Cl, Br, I) Perovskite Nanocrystals
Traditional semiconductor nanocrystals (NCs), such as CdSe based quantum dots (QDs) are
well established system for various optoelectronic applications. However, there are many
challenges on using these materials in devices. One of the big challenges is the presence of
detrimental defect states lying deep within the bandgap which trap the charge carriers and
hampers the performance of an optoelectronic device.! Owing to the high surface to volume
ration of these QDs, surface related defects are abundant and inherent which cannot be
removed from the system. However, changing the energy level of these defect states can
somewhat solve the problem. For example, if the energy level of defect states are pushed near
to (shallow region) or inside the conduction band and/or valence band, then those defect
states would be partially delocalized in nature and do not trap the charge carriers. In this
scenario a semiconductor NCs will exhibit interesting optoelectronic properties with
efficiency, in spite of having surface defects and such a semiconductor NC is termed as
defect tolerant NC. CsPbXs (X= CI, Br, I) NCs are one of these kind of semiconductor NCs
and exhibit attractive optoelectronic properties.?

Optoelectronic Properties and Crystal Phase of CsPbXs Perovskite Nanocrystals

In early 2014, Schimidt et al. have first time reported the synthesis and light emitting diode
(LED) application of green emitting colloidal MAPbBrs (MA= CH3sNHs) NCs.® After one
year, in 2015, Protesescu et al. published a detailed work on colloidal CsPbX3 (X= Cl, Br, 1)
perovskite NCs, in which synthesis, material characterizations and basic photophysical
properties are discussed thoroughly.? Looking at the higher thermal stability of CsPbBrs
perovskite in compare to MAPbBrs,* due to its all-inorganic nature we started to work on
CsPbX3 perovslite NCs in a motivation to employ these NCs in high efficiency optoelectronic
devices. In the present thesis, most of the works are done on CsPbBrs; and CsPbls NCs.
Colloidal CsPbX3 NCs has great potentials for light emitting applications, and have many
advantages over the traditional colloidal QDs based light emitters, such as high
photoluminescence quantum yield (PL QY) of 50-90 %, narrow emission line width (12 nm-
42 nm). Emissions from CsPbX3 NCs with different halide compositions cover the full visible

spectrum. Also, tuning of emission color can be done by employing quantum size effect.
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CsPbls is an all-inorganic analogue to MAPDI3, a popular energy material for high
efficiency solar cell. It absorbs the visible portion of the sunlight and can solve the issue of
thermal instability related to using MAPDIz in solar cell.

Unlike the reports on bulk CsPbls,®> CsPbls NCs exhibit cubic phase of perovskite structure in
which [Pbls] octahedra are corner shared.? This result is surprising and need to be
investigated in detail. It is also report that cubic phase CsPblz NCs transform to orthorhombic
phase where [Pblg] octahedra are not corner-shared, when the NCs are kept for months.?
Corner-shared [PbXe] octahedra in a perovskite structure are crucial for the material to be

used in optoelectonic applications.®

Important Results

This thesis discuss about defect-tolerant colloidal CsPbXs (X= Br and 1) NCs. Unlike defect-
intolerant CdSe based QDs, without any surface modifications, these colloidal NCs of
CsPbX3 have high PLQY (55-90%) with narrow line width (83-153 meV). 11 nm sized
CsPbBrz NCs exhibit intense light emission in the weak quantum confinement region, and
hence do not affected by size-distribution issues. This fact has led to a remarkable
observation that spectral width of the ensemble of NCs as narrow as that of single-NC
spectrum. Other size-distribution related problems, such as Fdster resonance energy transfer
(FRET) and self-absorption also do not influence the PL. Suppression of blinking-off time is
another interesting result.

Devices employing CsPbXs NCs (such as, solar cell, photodiode, LED) have been
fabricated. CsPbls is an all-inorganic analogue to the CH3sNH3zPbls. However, the cubic phase
of bulk CsPblz is only stable at high temperature, preventing its adoption within the
community. In this thesis, we describe formation of cubic phase CsPbls NC films, phase
stability for months in ambient air, with long-range electronic transport, leading to the
fabrication of the first colloidal perovskite NC solar cells with a Voc = 1.23 V and PEC =
10.77 %. These devices also exhibit electroluminescence with low turn-on voltage and
tunable emission. We also have made stable and hysteresis-free photodiode of high
detectivity (1.8 x 102 Jones) and reliability using CsPbls NCs as photoactive material.
Eventually, following the same film fabrication method and to use high PLQY of CsPbBrs,
we have made LED exhibiting ~ 6 cd/A luminance efficiency and 2.25% external quantum
efficiency (EQE) with a device structure of ITO/PEDOT:PSS/CsPbBrs -NCs/TPBi/Ca/Ag.
The synthesis of normally non-luminescent and unstable material phases stabilized through
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colloidal NC synthesis provides another mechanism for materials design for other
applications. All these optoelectronic behaviors of CsPbX3 perovskite NCs are advantageous,

and therefore, CsPbX3 NC can be a better candidate for optoelectronics.

Methodology Development

In order to stabilize the a-phase of CsPblz which absorb at lower energy (bulk bandgap 1.73
eV), we have developed a purification method in which mildly polar solvent, such as methyl
acetate has been used. Using required amount of anhydrous methyl acetate as a non-solvent
to clean the NCs does not allow the dynamic surface ligands of the NCs to cleave out and
hence do not allow the NCs to agglomerate or to grow in size. In this process the surface
energy of the NCs remains intact which help in maintaining the a-phase stability of CsPl3
NCs at room temperature. Details can be found in chapter 4.

Further, we developed a film deposition method to deposit electronically coupled CsPbX3 NC
film required to fabricate optoelectronic devices. Colloidal CsPbX3 NCs are capped with
organic hydrocarbon long chained ligands which are insulating in nature and do not allow the
charge carriers to move from one NC to another. This causes decrease in efficiency of
devices in which semiconductor NCs are used as active material. Typically, in case of
traditional QDs, high polar solvent, such as formamide, dimethyl formamide are used to
remove the insulating ligands.” Using these high polar solvent in case of CsPbX3 NCs destroy
the integrity of the NCs. Hence, there a need of a new solvent chemistry for these CsPbX3
NCs by using that solution processable ligand engineering would be easier. Our developed
method of film deposition in which methyl acetate plays major role solves the above
challenge to a great extent. Using this method, high efficiency devices are successfully made,
such as solar cell, photodetectors and light emitting diodes, in which CsPbX3 NCs are active
materials. Details are given in chapter 5.

We also removed the organic ligand in solution to make CdSe QDs a solution based
sensor. This work introduces a novel probe based on ligands free quantum dots for sensing
cadmium and nitroaromatic explosives. Typically, hydrophobic quantum dot is synthesized
by known method and converted into S* capped QDs by ligand exchange method. This
colloidal quantum dot shows enhanced fluorescence in presence of Cd?* and quenching of
fluorescence in presence of trinitrophenol. Due to organic ligand free nature of QDs it offers

more sensitive detection platform. The details can be found in chapter 2 of the present thesis.
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Future Direction
Growth of Metal Chalcogenide Shell Over Individual Perovskite Nanocrystals
Research on CsPbXs NCs has shown tremendous progress in just few years. Despite this
success, the stability of these ionic NCs against the serious damage by water, air, and light is
still a big challenge.®*' Another big problem is the fast anion exchange which degrades the
optical properties of these NCs, for example when the CsPbBrz NCs are exposed to Cl (or I)
environment the absorption and PL spectra blue (or red) shifts.!>* A simplest way to protect
the NCs from these harsh environments is the NC surface modification with a material of
better stability. In this direction there are many reports have been published.'*?® Li et al.
show the improved stability of CsPbBrz NCs by incorporating them into a silica/alumina
monolith.** While to improve water stability, Fu et al. embedded CsPbX3 NCs into a polymer
matrix. Having same motivation of improving the stability, Loiudice et al. encapsulated the
CsPbX3 perovskite NCs film using an atomic layer deposited amorphous alumina matrix.®
Rogach and his coworkers used polyhedral oligomeric silsesquioxane to make CsPbX3 NCs
water stable.l” However, till today, all the reports are dealing with an ensemble of CsPbXs
NCs and the size of the resultant particle is in macroscopic ranges which do not allow the
material to be used in many applications where single particles are preferable. For example,
bio-imaging, single NC are allowed to be taken by cells and also to be taken out; while in
light emitting application, small sized NCs are desirable to fabricate NC films for improved
uniformity. Therefore, it is highly desired to develop a method in which single particle can be
encapsulated inside a thin shell of material of higher stability than the halide perovskite.
Metal chalcogenides and metal oxides are comparatively more stable than the lead
halide perovskite system. Growing a shell of metal chalcogenide, such as Tin(IV)
chalcogenide over CsPbXs perovskite NCs in single NC level can solve the stability issue.
Typically, in colloidal synthesis, growing a crystalline shell over a NCs in which the crystal
phases of NCs and shell material is highly mismatch (crystal mismatch of more than 5 %), is
very challenging.?* In this scenario, the precursors used to grow shell prefer to nucleate
separately and make separate NCs instead of growing over the pre-existing NCs. But if the
crystal phase of shell and the core material matches well (less than 5%), the growth of shell

on pre-existing NCs would be easier.
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Figure 1: Surface modification of perovskite nanocrystals. In first step a shell of unstable
metal halide perovskite other than lead halide is grown over CsPbX3 nanocrystal. In step
second, unstable metal halide perovskite shell is made to transform into stable metal
chacogenide by treating the core/shell nanoparticle with excess of highly reactive
chalcogenide source. The resultant core/shell nanocrystal would have improved stability in

presence of water, air and light.

Based on the above argument, in our proposed hypothesis, tin(ll) or germanium(ll) based
perovskite will be grown over pre-existing CsPbXs NCs in a colloidal solution. Further,
tin(I1) and germanium (1) being unstable transform to their tin(1V) and germanium(1V) states
in presence of oxidizing environment, such as oxide or sulphide and convert to their
corresponding metal chalcogenide composition (Tin(IV) chalcogenide and Ge(lV)
chalcogenide). This kind of core/shell structure is supposed to be highly stable in presence of
water, air and light. Also, different halide compositions of CsPbXs NCs would able to
maintain their optical properties when mixed in different ratio to get white colour emission

and in kept in tandem arrangement in fabricating solar cells.
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