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Abstract

Quantum dots (QDs) are semiconductor nanocrystals having a size comparable to or smaller
than its exciton Bohr radius. The small size of QDs leads to the quantum confinement
effects in their electronic structures. Their unique optical properties, including a tunable
emission from UV to IR, make QDs attractive in optoelectronic applications. However,
further improvements in device performance are required to make them competitive. One
well-known factor that presently limits the performance of QD thin film devices is sub-
bandgap states, also referred to as trap states. For instance, trap states impair optical
properties and device performance by providing alternative pathways for exciton quenching
and carrier recombination. Chemical modification of QDs has been commonly used for
passivating trap states and thereby improving QD devices. However, the influence of
chemical modifications of ligands, QD surfaces, or synthetic routes on electrical properties
of QD thin films is not sufficiently characterized.

Suppressing the trap states in QD thin films is a key to improve the performance of QD-
based optoelectronics. This requires fundamental understanding of trap state source, which
is lacking in these materials. In this thesis, I pursue to find a systematic method to control
density of trap states by exploring different characterization techniques to investigate trap
states in QD thin films. These attempts provide insight to develop a rationale for fabricating
better performing QD devices.

This thesis focuses on the trap states in IR emitting lead sulfide (PbS) QD thin films, which
have great potential for application in photovoltaics, light emitting diodes (LEDs),
photodetectors, and bio-imaging. Previously, QD thin films are treated with different ligands
to passivate trap states and thereby improve the device performance. Through my work, I
pursued to unveil the electrical characteristics and chemical origin of trap states, and
develop a strategy to suppress the trap states.



First, I hypothesize that surface dangling bonds are a major source of trap states. An
inorganic shell layer comprised of cadmium sulfide (CdS) is introduced to PbS QDs to
passivate the surface states. Addition of CdS shell layers on PbS QDs yields an enhanced
stability and quantum yield (QY), which indicates decreased trap-assisted exciton quenching.
These PbS/CdS core/shell QDs have a potential for deep-tissue bio-imaging in short-
wavelength IR windows of 1550-1900 nm. However, the shell layer acts as a transport
barrier for carriers and results in a significant decrease in conductivity. This hinders the
incorporation of the core/shell QDs in electrical applications. An improved reaction
condition enables the synthesis of PbS/CdS QDs having a monolayer-thick CdS shell layer.
These QDs exhibit QY and stability comparable to thick-shell PbS/CdS QDs. Incorporation
of these thin-shell QDs improves external quantum efficiency of IR QD-LEDs by 80 times
compared to PbS core-only QDs.

In the second phase of my work, I explore capacitance-based measurement techniques for
better understanding of the electrical properties of PbS QD thin films. For in-depth analysis,
capacitance-based techniques are introduced, which give complementary information to
current-based measurements that are widely used for the characterization of QD devices.
Nyquist plots are used to determine the dielectric constant of QD films and impedance
analyzing models to be used for further analysis. Mott-Schottky measurements are
implemented to measure carrier concentration and mobility to compare PbS core-only and
PbS/CdS core/shell QD thin films. Drive-level capacitance profiling is employed to
characterize the density and energy level of trap states when QD films are oxidized.

Lastly, I investigate the chemical origin of trap states and use this knowledge to suppress the
trap states of PbS QD thin films. Photoluminescence spectroscopy and X-ray photoelectron
spectroscopy show that standard ligand exchange procedures for device fabrication lead to
the formation of sub-bandgap emission features and under-charged Pb atoms. Our
experimental results are corroborated by density functional theory simulation, which shows
that the presence of Pb atoms with a lower charge in QDs contributes to sub-bandgap states.
The trap states generated after ligand exchange were significantly reduced by oxidation of
under-charged Pb atoms using 1,4-benzoquinone. The density of trap states measured
electrically with drive-level capacitance profiling shows that this reduces the electrical trap
density by a factor of 40.

In this thesis, I characterized trap states and showed that by suppressing the trap states we
can modify the electrical properties of QD thin films, which influence the performance of
QD devices directly. This work is a starting point to fully analyze the trap states in QD thin
devices and thereby provides insight to design a rationale for fabricating better performing
QD devices.
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Title: Lester Wolfe Professor of Chemistry
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Chapter 1.

Introduction
Quantum Dots and Their Application in Optoelectronics

1.1 Quantum Confinement System

When the size of materials approaches to the magnitude of electron wave function, the
properties of the materials deviate significantly from those of bulk materials. For instance,
in semiconductor nanocrystals (NCs), known as quantum dots (QDs), three-dimensional
quantum confinement of excitons leads to their size-dependent electronic and optical
properties.!"! When the size of semiconductors becomes comparable to or smaller than their
exciton Bohr radius®, the electronic structure is modified to confine wave function of
electrons and holes inside the system. The exciton Bohr radii of lead chalcogenides
materials are 20 nm for lead sulfide (PbS), 46 nm for lead selenide (PbSe), and 104 nm for
lead telluride (PbTe).**! As a consequence, the electronic structure for a quantum confined

QD system is perturbed from its bulk structure. For instance, energies of electron-hole pair

‘ag = ¢ %ao, where ap is the exciton Bohr radius, ¢ is the dielectric constant of the

material, m, is the rest mass of electron, m* is reduced mass of exciton or electron-hole pair,
and ay is the Bohr radius of hydrogen atom
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(ehp) states is calculated in a particle-in-a-sphere model with effective mass approximation

as described in Equation 1.1.1

hZ arzlh,Lh a'rZ'L L .
Eehp(nthneLe) = Eg + 22 {mv + mce £t — EC (Equation 1.1)
eff eff
In this equation, E, is the band gap energy of bulk semiconductors, a is radius, 7, Ly, n., and
L. are quantum numbers for holes and electrons, o, is the n-th zero of /-th order spherical
Besel function, m’.g is effective mass for holes in valence band, m‘.y is effective mass for

electrons in conduction band, and E. is the first-order Coulomb correction term?.

1.2 Lead Sulfide QDs

PbS is a compound semiconductor having a rock-salt crystal structure (space group: Fm3m,
No.225) with a lattice parameter of 5.934 AP Bulk PbS has a band gap energy (Eg) of
0.29 eV at the L pomt,[6’7] and its effective mass for electrons and holes are 0.087 my and

0.083 my, respectively.™

Colloidal PbS QDs have been studied intensively in optoelectronic application because of
their following properties: First, PbS QDs have a wide range of the tunable band gap energy
from 0.6 eV to 1.8 eV, 2! which covers the ideal band gap energy for single- or multi-

junction photovoltaics, the short-wavelength infrared (SWIR) © window for optical

2
b E. =138 i—a, where e is a unit electron charge, a is the radius of a particle, and ¢ is
dielectric constant

¢ The definition of near-infrared (NIR) and SWIR in this thesis are based on the response of
various detectors: ['*®!

¢ NIR: from 0.7 to 1.0 um (from the approximate end of response of the human eye to that
of silicon)

¢ SWIR: from 1.0 to 3.0 pm (from the cut-off of silicon to that of the mid-wavelength IR
atmospheric window)
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communications and deep-tissue bio-imaging (Figure 1-1). Second, they have relative high
quantum yield (QY) in SWIR range longer than 1000 nm in wavelength compared to
organic fluorophores.!*™'* Lastly, colloidal-synthesized PbS QDs have great potential to
mass-production because they are composed of earth-abundant elements, eligible for large-
scale synthesis, compatible with conventional semiconductor fabrication technology and

promising to a large-area solution process such as roll-to-roll, ink-jet and spray casting.

Colloidal PbS QDs are synthesized in solution using a hot-injection method.!'>""""1 The
reaction is carried out with a high boiling point solvent at temperature between 50 °C and
200 °C under inert atmosphere. In general, the reaction solution contains lead (Pb) and
sulfur (S) precursors, surfactants and ligands. Both surfactants and ligands control reaction
kinetics, and provide the oleophilic moieties for solubility by binding to the QD surfaces.
Fatty amines or fatty acids such as carboxylic acid or phosphonic acids are commonly used
for ligands. A typical experimental set-up for the colloidal PbS QD synthesis is shown in
Figure 1-2. All procedures are performed under inert atmosphere to avoid oxidation of PbS
QDs and the impurity effect from moisture.”*?"! For instance, preparation of the precursor
solutions, hot injection of the precursors, and purification of the QD products are performed
in a nitrogen filled glovebox or using Schlenk line techniques (Figure 1-2). Commonly used
combinations of precursors and solvent/surfactant for PbS QD synthesis are summarized in
Table 1-1. The size of QDs is controlled by reaction temperature, reaction time, precursor
ratio, and ligand chemistry (different combinations or concentrations of ligands). To
produce mono-disperse QDs, intense efforts for developing reaction conditions and
precursors have been made to maintain the narrow size distribution during the growth. The

detailed procedures for PbS QD synthesis will be described in Chapter 2.
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Figure 1-1. Emission from different sizes of PbS QDs shows the wide range of band gap
tunability.

Table 1-1. Representative combinations of precursors and solvent/surfactant for PbS QD
synthesis.

Pb precursors S precursors Solvent/Surfactant Refs
hexamethyldisilathiane
lead (IT) oleate (Pb(OA),) (as known as 1-octadecene (ODE) 5
via PbO or lead (II) acetate | bis(trimethylsilyl)sulfide foleic acid (OA) =]
(TMS),S))
PbCl, elemental S Oleylamine (OAm) [17.22]
OAm/
PbCl 1 1
b clemental S tri-n-phosphine (TOP) | 23]
lead halide
Am
(PbX,, X = Cl, Br, and I) (TMS),8 © Bl
Pb(OA); vi
KA via Na;S / thiourea / thioacetamide | n-decane/OA [24]
lead (II) acetate
Pb(OA); (purifed®) Thiourea ODE/ OA [19]

4 They used purified oleic acid to avoid involving H,O in the reactions.
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Pb-precursor

Heating
source

Figure 1-2. A typical experimental set-up using Schlenk line for synthesis of colloidal PbS
QDs. The image is adopted from Refs: [25]

1.3 Applications of Colloidal PbS QDs

In addition to fundamental study of PbS QDs, interests in their application to optoelectronics
and biology have grown. Among various applications, colloidal PbS QDs have been
researched intensively for active layers (or absorbing layers) in photovoltaics during past

decades. The tunable range of band gap energy (E,) covering the ideal value for solar cells
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towards Shockley-Queisser limit*, their potential to low-cost solution-based fabrication,**!

and possibility of efficient carrier multiplication (CM) f27 make PbS QDs attractive
materials for photovoltaics. And the tunable band gap gives opportunity to multi-junction
solar cells by satisfying the ideal combination of band gaps for higher ideal efficiency—44 %

for double junction and 49 % triple junction.?®!

Applications in a photodetector are another field using their light-absorbing property. PbS
QDs are considered as promising candidates for IR-photon detecting materials used for
optical communication and night vision applications due to their band gap range covering
IR window of atmosphere. In addition to their optical properties, their process compatibility
with Si integration technology and low-cost solution techniques provides distinct advantages
over current technology based on III-V semiconductors such as InAs and In;xGayAs.*) In
addition, their high photoluminescence (PL) QY gives another photon detection opportunity
with combination of Si technology. Down-conversion dual band detectors increase
responsivity of UV range using PbS QDs by down-converting UV lights to more efficient

detecting range of Si detectors.” ol

Furthermore, as an NIR or SWIR emitting light source, colloidal PbS QDs are low-cost
alternatives for single crystalline inorganic semiconductors, which require expensive high
temperature growth process. In contrast to the visible regime, organic dyes cannot be a good
alternative any longer, because their poor QY in the IR regime longer than 1000 nm in
wavelength.!'*'® Thus, PbS QDs have been researched for the application in IR light

emitting diodes (LEDs)?®'3 and deep-tissue imaging in biology.!?****%!

‘Ideally, power conversion efficiency (PCE) is achievable up to 33.7 % assuming a single p-
n junction solar cell with a band gap of 1.34 eV under AM 1.5 solar spectrum.!'?”]

"The degree of CM in QDs is controversial. G. Nair and his coworkers reported that the CM
in QDs is not as strong as previous results, and they discussed thoroughly about
experimental results and their mechanism.["**!
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1.4 Trap States

In semiconductors, sub-bandgap states, referred as trap states, are localized electron states
inside band gap caused by material imperfections. Trap states are categorized into two states
depending on their energy levels: shallow-level states, known as doping states, and deep-
level states. Doping states have energy levels of a few tens of meV from the valance or
conduction band and are intentionally introduced by dopants® to control electrical properties
of semiconductors. Deep-level traps are undesirable states located deeper in energy and
directly interfere with the operation of semiconductor devices by providing intermediate
states to facilitate the recombination of holes and electrons and leakage current sources. The
well-known origins of deep-level trap states are surface states, most of impurities, and
crystallographic defects in lattice such as dislocations, stacking faults, vacancies, or

interstitials. Hereinafter, only deep-level states are referred as trap states.

Trap states, especially surface states, are also problematic in QDs.’*>* Because of a large
surface-to-volume ratio, surface trap states in QDs have great influence on electrical and
optical properties of QDs.** Surface states are thought to be participated in Auger
ionization process, broadening of emission peak width, shortening of the exciton lifetime,
and decreasing of QY. As a recombination center, for instance, trap states in QDs provide a

fast non-radiative decay pathway and yield a decrease of QY" and exciton lifetime.

Trap states are very effective in enhancing the generation and recombination rates in a

semiconductor. Trap-assisted generation and recombination process, described in Shockley-

& An important difference to other impurities is that dopants are foreign atoms that are fairly
similar to those of the host semiconductors, which create states very close to the band edges.

" PL QY is described as: ['**]

_ #of emitted photons o( k.,
~ #ofabsorbed photons ~ k, + k,,

QY

where k. is a rate constant of radiative decay and k., is a rate constant of non-radiative decay.
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Read-Hall (SRH) model, is the most pervasive generation and recombination mechanisms in
semiconductor devices. Figure 1-3 schematically illustrates the each capture and emission
process of electrons and holes in SRH model. For the generation and recombination of
carriers, through intermediate trap states, instead of requiring a single event with energy
larger than the band gap, two separate capture and emission events with substantially less
energy are sequentially needed. As a consequence, the trap-assisted generation and
recombination exhibit much faster rates than band-to-band generation and recombination.
Additionally, trap states help to satisfy the momentum requirements of the transitions. Trap-
assisted recombination shortens the carrier lifetime and diffusion length, which strongly
influence the behavior of microelectronic devices as well as the performance of QD-

optoelectronic devices such as LEDs, photodetectors, and photovoltaics.

electron

& E.

Cn €n

O @ -@- O E
E,

holes O

Figure 1-3. Schematic diagram of trap-assisted process—electron capture (c,), electron
emission (ey,), hole capture (cp), and hole emission (ep).
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1.5 Thesis Overview

This thesis focuses on reducing trap states by passivating surface dangling bonds and by
eliminating their chemical origins. The approaches are evaluated by showing the
improvement of device performance and characterizing QD thin films directly using

capacitance-based measurement techniques.

Chapter 2 first gives an overview of PbS QD synthesis and then explains the growth of CdS
as an inorganic shell layers. The surface states of PbS are passivated by CdS shell layers,
and the improvements are demonstrated by optical characterizations and performance

evaluation in optical and electrical applications.

Chapter 3 presents capacitance-based characterization techniques for QD thin films as
complementary methods to conventional current-based measurements. These techniques
provide reliable information for the density of carriers and enable analyzing trap states in

QD thin films.

Chapter 4 describes identification of the chemical origin of trap states using the combination
of chemical analysis using X-ray photoelectron spectroscopy (XPS) and theoretical studies
using density functional theory. This chemical origin is directly managed by chemical

treatments, which leads a rationale for control of trap states.

Chapter 5 summarizes the findings made from this thesis work and briefs the future work

that can be done to further understanding of the trap states in QD thin films.

Additionally, Appendix A demonstrates a possibility for designing a novel type of active
layer in QD-LEDs using Forster resonance energy transfer (FRET) in self-assembly binary

NCs superlattices (BNSLs).
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Chapter 2.

PbS/CdS Core/Shell QDs

Synthesis and their characterization for applications

In past decades, PbS QDs have been explored in opto-electric applications because of the
following properties of QDs: a high absorption coefficient, a high QY, a tunable band gap,
and compatibility with low-cost solution processing.?****! In particular, PbS QDs shows
great potentials to applications in IR optoelectronics such as photovoltaics, photodetectors,
and LEDs. However, current QD devices show inferior performance compared to
conventional bulk semiconductor devices.'>™*! This is mainly due to a high density of
surface traps, insufficient stability of QDs, and low conductivity of QD thin films. Inorganic
shells can passivate the dangling bonds of the core surface, which are thought to be a major
source of surface traps and provide both chemical and physical protection of the QD cores
from degradation by environmental exposures. In addition, inorganic shells will allow harsh
chemical treatment such as ligand exchange.!**™**! Therefore, core/shell QDs with PbS cores
are synthesized and characterized to adopt into QD devices. Our study shows that core/shell
QDs yield an improved the QY and stability of QDs but it decreases the conductivity of QD
thin films due to the hopping barrier. The low conductivity of core/shell QD thin films is
mitigated by synthesizing core/shell QDs with a monolayer of shell.
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2.1 Material System

The shell materials in core/shell QDs need to satisfy several conditions. First, shell materials
need to have good lattice compatibility with the cores to passivate surface dangling bonds
on the core with suppressing additional defect formation.!**! In order to suppress interfacial
defects between cores and shell materials, shell materials that can be grown epitaxially on
the core materials are preferred.[5 % The criteria of epitaxial growth are minimal mismatch of
lattice parameters and the same crystal structure of the core and the shell. For a very thin
shell layer, epitaxial growth requirements for shell materials are less strict; the lattice
constraint at the interface helps them grow epitaxially even if they have a different crystal
structure from the cores at the standard ambient temperature and pressure (SATP). 1%
However, beyond a critical thickness, which is determined by thermodynamics—
competition between phase change energy and interfacial energy, the shell materials’
thermodynamically stable structure evolves and strain is released by defect formations such
as interfacial dislocations.”>*") Another consideration for the shell materials is the band
alignment of the core- and the shell-materials. The band alignment strongly influences
charge separation and transport process. For instance, carriers (both electrons and holes) are
mainly confined in the core in the case of type-I heterojunction QDs, and therefore, type-I
QDs exhibit high excition recombination rates. In contrast, carriers are more separated in
type-1I heterojunction QDs and type-1I QDs exhibit relatively low exciton recombination

rates (Figure 2- 1).[%]

' Standard ambient temperature and pressure is defined as a temperature of 298.15 K (25 °C,
77 °F) and an absolute pressure of exactly 100 kPa (14.504 psi, 0.987 atm) by National
Bureau of Standards.!"*")
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Figure 2-1. Schematic diagram of band alignment for the type-1 (CdSe/ZnS) (left) and type—
IT (CdTe/CdSe) (right) heterojunction QDs, figure taken from Ref: [52]

As a partner for PbS cores, CdS is selected as a shell material because they share S ions and
have a small lattice mismatch of 1.7 %.°*) In SATP condition, thermodynamic equilibrium
phase is a rock-salt structure for PbS and a zincblende structure for CdS, and also a meta-
stable wurtzite phase and a high;pressure rock-salt structure are known for CdS. Both
zincblende and rock-salt structures have a common face-centered cubic (FCC) structure of S
ion. The difference between two structures is a location of cations: at the octahedral
interstitial sites of S ions in the rock-salt structures, and at the tetrahedral interstitial sites in
the zincblende structures. The common array of FCC-structured S ions is thought to satisfy
the interfacial continuity for the shell formation. In addition, rock-salt CdS shell is expected
on the PbS cores by lattice constraint at the interface in case of very thin shell layers. The
rock-salt CdS is reported under high pressure,** which means that rock-salt phase of CdS
has tolerable energy difference from wurtzite or zincblende especially under interfacial
strains. Inferring the band alignment at the PbS/CdS interface is intricate. Their junction is
expected to be a type-I heterojuction based on the bulk properties such as E; and electron
affinity. However, there is a report on the formation of a type-II heterojunction in an
alternating super-lattice thin film structure due to the lattice constraint.*"! According to this

result, the junction between PbS and CdS would be more likely to be a type-I1
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heterojunction rather than a type-I heterojunction, when a thin CdS shell layer is grown
epitaxially with the rock-salt structure on the PbS cores. In addition, the PbS/CdS system
has other advantageous characteristics such as negligible solubility of the metal ions in each
other. Figure 2-2 shows the vertical section of the ternary phase diagram of the Pb-Cd-S
system.”®*7) At 300 °C, the solubility of Cd in PbS is less than 2 atomic % (at.%), and
therefore, intermixing of Cd and Pb under the shell growth condition (80-120 °C) is
expected to be negligible.
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Figure 2-2. Vertical section at 50 at.% S of the Pb-Cd-S ternary phase diagram, images
taken from Refs: [56] and [57].
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2.2 Synthesis

2.2.1 PbS Core Synthesis

The synthesis of QDs requires controllability of size of nanoparticles, while maintaining a
narrow size distribution. The strategy to maintain a narrow size distribution is using reaction
kinetics with nucleation and growth mechanism suggested by LaMer et al.’® Figure 2-3

[58,59] and it shows the Ostwald ripening

shows the typical time line of QD synthesis,
followed by the nucleation and the growth stage. The Ostwald ripening starts when
precursors are depleted. The thermodynamic driving force for the Ostwald ripening can be
explained by the Gibbs-Thomson equation (Equation 2.1).""! As described in the Equation
2.1, the additional Gibbs free energy (AG,) due to interfaces is proportional to the curvature
(= 1/r). Thus, larger dots tend to have lower Gibbs free energy than smaller dots, and it
eventually drives the Ostwald ripening. Lifshitz, Slyozov and Wagner developed a model
(known as the LSW theory) predicting the ripening kinetics and the particle size distribution
function under the dilute condition assuming the zero volume fraction of coarsening phase,
which limit the validity of LSW theory (Equation 2.2).1% More realistic models were
proposed to explain the phenomena, however, a fully satisfactory approach has not yet been

found.'®” The Ostwald ripening broadens the size distribution of QDs, hence PbS QDs

synthesis procedures should be designed to avoid the Ostwald ripening.

2y
AG, = % (Equation 2.1)

where 4G, is increase of Gibbs free energy, y is surface energy, £2 is molar volume, and r is

radius of particles.

8YCeo 22D
9RT

73(t) — 73(0) = t (Equation 2.2)
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where T(t) is average radius of all particles as a function of time, t is time, y is surface
energy, C, 1s solubility of particle materials, £ is molar volume, D is diffusion coefficient

of particle materials, R is ideal gas constant, and T is temperature (in K).

Monodisperse Colloid Growth

- ©
© FS
® F®
o @
=3 . —5
b
£EEZ
— S e Nucieation Threshold
O P \ S
8 2F Me 3B
= aF9|l% o
CsEGle”
[ el \oE
EAN: .
§ Ostwald Ripening  Staturation
&

PV SN W S VY TIE S NV TN N S GO S WA TS S U NSV SR U N

-

0 200 400 600 800 1000
Time

Figure 2-3. Schematic diagram demonstrating the stages of nucleation and growth

for the QDs in the framework of the LaMer model. Image is taken from Refs: [59]
PbS QDs are commonly synthesized using several different precursors as mentioned in
Table 1-1. Those methods are categorized into two representative methods by Pb precursors,
and their modifications: 1) Pb(OA);-based (referred to as Hines method) and 2) PbCl,-based

synthesis route.

Hines method uses Pb(OA), as a Pb-precursor, (TMS),S as a S-precursor, OA as a
surfactant and ODE as a solvent. The temperature ranges for the synthesis is between 90 and
150 °C depending on the target size of QDs. The size of QDs is mainly determined by
concentration of surfactant and the reaction temperature. One of the advantages of this
method is scalability, because the final size of QDs is determined mainly by initial

conditions such as growth temperature, surfactant concentration. And this method offers
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synthesizing small PbS QDs in the range of 1** absorption peak from 500 nm to 1700 nm,"*
2l which covers the ideal band gap for solar cells. Recent researches show that residual H,O
while the preparation of Pb(OA); have an important role to passivating surface dangling
bonds,*® however, the removal of this H,O helps the precise control of QD synthesis

kinetics.!')

PbCl,-route is another representative preparation method for synthesizing monodispersed
PbS QDs.[”] The reaction condition of this method leads less nucleation events, and
eventually, leads narrower size distribution. In addition, chloride (Cl )ions from the Pb-
precursor passivate the surface effectively as a native ligand, which can provide better air-
stability and QY.**! However, synthesizing smaller size—bellow 1100 nm of 1% absorption
peak (corresponding 3.6 nm in diameter, approximately)—is not achievable with this

4.[17.18]

metho which is critical for photovoltaic applications. Several modified methods are

reported to improve size distribution, to extend synthesizable size range, and to limit

Ostwald ripening.['7*!

In this work, PbS QDs synthesized by the Hines method!'?) are mainly used. As an example,
4-nm PbS QDs are prepared by following steps: For Pb-precursors, lead (II) acetate
trihydrate (Pb(CH3CO,),-3H,0, 11.38 g) was dissolved in 150 mL of OA and 150 mL of
ODE, and heated for 100 °C under vacuum using Schlenk line to remove by-product, H,O.
The solution was degassed for overnight with stirring. S-precursor solution was prepared by
adding 3.15 mL of (TMS),S into 150 mL of ODE in a nitrogen-filled glovebox. Before
injection of the S-precursor solution, Pb-precursor solution was heated to 150 °C under
nitrogen, and reaction was triggered by rapid injection of the S-precursor solution into Pb-
precursor solution. Heating source was removed after a minute, and let the solution cool
down itself. The cooled solution was transferred into the glovebox without air-exposure and
purified by precipitation. Butanol and methanol were used to precipitation, and QDs were
dissolved again in hexane after the separation by centrifugation. The conditions for different
size of QDs are tabulated in Table 2-1. PbS QDs synthesized by other methods are used

occasionally for the purpose of comparison in properties.
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Table 2-1. Typical reaction conditions used for PbS QD synthesis. For S-precursors, 3.15
mL of (TMS),S in 150 mL of ODE solution is used for all the reactions.

i Pb-precursor solution C Heating .
1 t ak Injection T 1
(in‘;xc‘ Zn Izzximatel , | 0A T ODE | Pb(0Ac): 3H;0 ng;“g;l Duration r(r:l‘:t’h‘;’dg
T app Y| (inmL) | (in mL) (in g) (in sec)
water
950 21 300 11.38 120 0 N
1150 75 225 11.38 150 60 self-
cooling
1350 150 150 11.38 150 60 self-
cooling
1600 150 150 11.38 150 80 self-
cooling
1750 200 100 11.38 150 0 self-
cooling

2.2.2 PbS/CdS Core/Shell QD Synthesis

The formation of an inorganic shell material on the QD core is commonly achieved by three
synthetic routes:'*"** 1) injection method, 2) successive ion layer adsorption and reaction
(SILAR), and 3) cation exchange. Injection method is conducted with the simultaneous
injection of highly reactive positive and negative ion precursors at lower temperatures than
that of the QD core synthesis, in order to prevent the nucleation of the shell materials
instead of depositing on the cores. And SILAR is inspired by atomic layer deposition (ALD),
which uses less reactive precursors. The SILAR method utilizes alternating injection of
precursors followed by a high-temperature annealing step. The size of the cores remains the
same during those two synthetic methods, and only the shell layer thickness grows. Cation
exchange, an alternative method for shell formation, requires only a cation precursor to be
added into the QD core solution. In this method, the shell layer grows into the cores, i.e., the
overall size of the QDs remains the same and the core shrinks, as shown in Figure 2-4 and

Figure 2-5.
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Cd2+

Pb?*

Figure 2-4. Schematic diagram of the cation exchange reaction.

(a)

(b)

Figure 2-5. Transmission electron microscopy (TEM) images of (a) PbS core-only QDs and
(b) PbS/CdS core/shell QDs
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The CdS shell is not able to be grown directly on the PbS core surface so the cation
exchange method, reported by the Klimov group,'® is used for the CdS shell layer
formation. The CdS shell layer on the PbS QD-cores are grown by following steps: 6 mL of
toluene added to 5 mL of PbS QDs in hexane (75 mg/mL), and they were degassed and a
pre-synthesized Cd-precursor solution, 12 mL of cadmium oleate (Cd(OA);) in
diphenylether (0.33 M), was injected to the QD solution at 120 °C. The reaction is quenched
by injecting excess amount of room-temperature hexane. The shell thickness is controlled

by the growth time.

Pb2+(QDs) == Cd2*(soln)

o PbS QDs
| in toluene

Cd(Ole), soution
in phenyl ether
@120°C

Figure 2-6. A typical experimental set-up using Schlenk line for cation exchange reaction
with colloidal PbS QDs and Cd-precursors. The image is adopted from Refs: [25]
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2.3 Characterization of PbS/CdS Core/Shell QDs

2.3.1 Optical Characterization

The PLs from aliquots are measured to observe a time-dependent shell growth. As shown in
Figure 2-7 (a), the PL peak is blue-shifted, which indicates decreasing PbS core size. Since
the size of the QDs does not change after reaction, we can conclude that CdS shell is grown
towards the center via cation exchange and the shell thickness increases with time. Of note,
the shell thickness seems to be saturated after 24 hr due to the depletion of Cd-precursor

(Figure 2-7 (b)).

QY is a good measure for trap passivation. To confirm that the surface traps are passivated
with inorganic CdS shell layer, the QY is directly measured with a 452 nm diode laser and
integrating sphere. Figure 2-8 shows that the QY increases until 30 min, which corresponds
to ~2.5 monolayers (MLs). The same trend is reported in CdSe/ZnS core/shell QDs that the
QY increase is due to the surface passivation with a ZnS shell.[®’! However, after a certain
thickness, ~3 ML, the QY starts to decrease because the stress induced from lattice
mismatch becomes larger with increasing shell thickness, and this stress acts as an energy

source for defect formation.[®!
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Figure 2-7. PL results from aliquots collected during the cation exchange reaction of
PbS/CdS QDs. (a) shows shell growth rate decreased after 5 minutes, and (b) shows the
shell thickness seemed to be saturated after 24 hr.
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Figure 2-8. QY of PbS and PbS/CdS QDs depending on the reaction time

The air-stability of core/shell QDs is examined to show the protection ability of the shell
layer from environmental exposures. PbS QDs are known to be oxidation-prone materials.
The surface of PbS QDs, for instance, is oxidized to PbSOs;, PbSO,4, and PbO by air-
exposure at the room temperature.”'**%%4 Ag a result, the emission from QDs is blue-
shifted because effective size of QDs decreases as shown in Figure 2-9 (a). However, the
emission from PbS/CdS QDs is stable in air (Figure 2-9 (b)). After a week air-exposure, the
emission from core/shell QDs does not show any shift, while PbS QDs shows a blue-shift.
This result suggests that core/shell QDs suppress environmental degradation of the optical

properties, which will be beneficial in device applications.
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Figure 2-9. Spectral shifts of air-exposed (a) PbS core-only QDs and (b) PbS/CdS core/shell
QDs. Emission peak of PbS core-only QDs shows blue shift after air-exposures, while that
of PbS/CdS core/shell QDs remains same.
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PL lifetime is compared for thin films of PbS core-only and PbS/CdS core/shell QDs with
5 min of cation exchange on glass substrates. As shown in Figure 2-10, PL lifetime
increases with shell formation, which can be interpreted as decrease of the fast trap-assisted

non-radiative exciton decay paths due to the reduction of trap states.

The optical characterization of QDs confirms that the CdS shell grows into the PbS core by
cation-exchanges and this shell layer effectively passivates the surface states and protects

the PbS core from degradation.
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Figure 2-10. Time-resolved PL (tPL) results for PbS core-only (red) and PbS/CdS core/shell
QDs (black) measured on glass substrates.

2.3.2 Shell Thickness

To calculate the shell thickness of CdS layer, the overall composition of Cd versus (vs.) Pb
is measured for PbS/CdS QDs. For this calculation, two assumptions are required. First,
there is no intermixing between PbS and CdS. This assumption is based on the abrupt
core/shell boundary observed with anomalous small angle X-ray scattering (ASAXS) near
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the Pb-absorption edge,'®*! and the phase diagram (Figure 2-2). Second, PbS and CdS have
the same unit cell volumes. At the interface, both Cd-S and Pb-S are strained because of
lattice constraint and expected to have the same length. With these assumptions, the shell
thickness is determined once the size of the QDs and the ratio of Pb-to-Cd are specified.
Figure 2-11 (a) shows the composition analysis results using wavelength dispersion
spectroscopy (WDS), and Figure 2-11 (b) shows the shell thickness as a function of the
reaction time. The bond length of Cd—S calculated from the lattice constant is 253 pm.) The
calculated numbers of MLs are 2, 2.5, 3, and 3.5 for PbS/CdS QDs that are cation
exchanged for 5 min, 30 min, 2 hr, and 24 hr, respectively. During the initial 5 min, 2 ML of
CdS shell is formed very rapidly. Then, these first two MLs act as a diffusion barrier, and
slow down reaction rates for further reaction.!®! For electrical application of these core-shell
QDs, PbS/CdS QDs with a thinner layer of the shell is required. However, our results show
that first two layers of CdS form rapidly and it is challenging to grow a thin CdS shell that is

less than 0.5 nm. Further discussion is presented in section 2.5.

J Further details of the crystal structure investigation(s) may be obtained from the
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen (Germany), on
quoting the depository number ICSD-81925 for CdS at https://icsd.fiz-
karlsruhe.de/search/basic.xhtml
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Figure 2-11. (a) Atomic composition of PbS/CdS QDs measured by WDS. (b) Calculated
radial distribution of PbS/CdS.

2.4 SWIR in vivo Deep-Tissue Imaging

In vivo fluorescence imaging in the SWIR has several advantages in deep-tissue observation
compared to visible and NIR. A mouse can be translucent in this range due to a long
penetration depth and low scattering cross-section. Light attenuation due to absorption from
blood and other tissue is limited in two spectral windows (1100-1400 nm and 1550—
1900 nm) in SWIR (Figure 2-12),2** and also low autofluorescence of tissue in this range
leads to an increased sensitivity. However, SWIR imaging has been challenging due to the
lack of proper emitters in this wavelengths. Currently, there is no organic dye emitting at
these wavelength and exhibiting decent QY and photostability.!"> '®! Carbon nanotube is
another alternative to be used, however, it suffers from a large size, low QY, and poor
solubility in water.®”) PbS/CdS core/shell QDs exhibit great potential as a SWIR emitter for
deep-tissue imaging with their relative high QY in > 1550 nm, high photostability, and
compact size. These QDs contain CdS shell and therefore, ligand/conjugation chemistry

used in visible QDs can be adapted to synthesize SWIR QD-bio-molecular conjugates.!**¢”!
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Figure 2-12. Tissue transmission in NIR and SWIR. Image reproduced from [34]

As a preliminary study, we observed the blood circulation of an awaken mouse while they
are in motion (Figure 2-13). This is achieved using 1630 nm emitting PbS/CdS QDs. To
solubilize PbS/CdS QDs in water, the QDs are encapsulated with 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] ammonium salt (PEG-Lipids)
(25 mg/mL in chloroform from Avanti Polar Lipids).["")
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Figure 2-13. Still images captured from the fluorescent deep-tissue imaging video of an
awaken mouse to which 1630 nm emitting PbS/CdS QDs were injected.
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Figure 2-14. Images of brain vasculature through the skull of an anesthetized mouse in the
SWIR (a) with 1250-long-pass (LP) filter and (b) 1500-nm LP filter.
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For comparative study, we collected grayscale images of a brain vasculature in vivo after
intravenous injection of 1300-nm emitting InAs and 1630-nm emitting PbS/CdS QDs
(Figure 2-14). Figure 2-14 (a) shows emission from both InAs and PbS/CdS QDs with
1250-nm long-pass (LP) filter up to the detector cut-off (1650 nm), and Figure 2-14 (b)
shows the emission only from PbS/CdS QDs with 1500-nm LP filter. Figure 2-14 (b) has
excellent contrast between vasculature and other tissues because of a small scattering cross-

section at these wavelengths.

2.5 Light Emitting Diodes Applications

Conventional SWIR technology is based on epitaxially grown III-V crystalline inorganic
semiconductors, which requires high-cost process—high vacuum and high temperature.
Unlike in visible, organic dyes have extremely low QY in SWIR and they cannot be used as
low-cost alternatives.”*) However, demand has grown to develop SWIR emitters, which can
be deposited on any substrate and produced at low cost for their applications. QDs are one
of the promising candidates to satisfy these requirements because of their tunable band gap
ranges and relative high QY. Among SWIR QD-LEDs, the device exhibiting the highest
peak external quantum efficiency (EQE) is PbS QD-LEDs, which is 2.0 %.'*% This value
is nearly 7 times higher than EQE of organic light emitting diodes (OLEDs) in SWIR,
however, it is still inferior to that of III-V semiconductor devices.!'**!*27" Ope strategy to
improve the performance of SWIR QD-LED is using core/shell QDs than core only QDs. In
visible, the peak EQEs up to 18 % was achieved core/shell QDs (QD vision). **! High QY
of core/shell QDs is thought to contribute to the improved EQE of the device.

47



2.5.1 Electrical Conductivity of PbS/CdS QD Thin Films

The electrical conductivity is examined for PbS/CdS core/shell QD thin films before
incorporation into devices. The thin films even with the thinnest shell QDs synthesized in
previous section (2.3.2), which corresponds with 2-monolayers, are not sufficiently
conductive as shown in Figure 2-15. (More detailed analysis on carrier density and mobility
are presented in Chapter 3. See Figure 3-5 and 3-6.) The reason for this large degradation in
electrical conductivity of PbS/CdS QD thin films, a factor of 50, is CdS shell layers playing
a role as an additional barrier. To enhance the conductivity of films, this barrier for carrier
transports must be reduced. The variable-range hopping (VRH) model®®’? describes the
carrier transport between QDs in films (Equation 2.3). The barrier height—band gap of CdS
in this case—is determined by the material selection; however, the barrier width—shell
layer thickness in this case—can be modulated to enhance conductivity. Therefore, the

synthesis of thinner shell PbS/CdS QDs is required for electrical applications.

I;; = Tyexp(—=C (B-d)+ - (%)4) (Equation 2.3)

where I';; is a hopping rate between site i and j, 'y is a jump attempt frequency, £ is a
tunneling decay constant, which represents barrier height*, d is a barrier width, and W is

polydispersity.

¥ The tunneling decay constant, f is expressed as B =/ (2m* Eparrier/h?) from the
Wentzel-Kramers-Brillouin (WKB) approximation.'’?! E, , ;e is a barrier height.
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Figure 2-15. Conductivity of QD thin films made with 1,2-ethanedithiol
(EDT)-treated PbS core-only QDs and PbS/CdS core/shell QDs.

2.5.2 Monolayer Shell Growth

As discussed in section 2.3.2, it is difficult to grow thin CdS shells with less than 2-ML
thickness on the PbS QDs with the current synthesis condition, because of their rapid initial
reaction rate. Currently, the reaction at 100 °C yields ca. 0.55 nm of shell thickness in 5 min,
which corresponds to 2 MLs. As shown in Figure 2-16, the emission of these QDs exhibits a
shoulder peak near 1400 nm, which suggests the presence of thinner shell QDs. To

synthesize PbS/CdS QDs with a thinner shell, a new reaction condition is required for

slowing down the reaction rate.
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Figure 2-16. Emission of Pbs and PbS/CdS QDs with different reaction conditions. An extra
emission peak is observed when cation exchange was performed at lower temperature
(80 °C) or for a short time (less than 5 min). The QDs colored in green is PbS/CdS QDs
with 2 MLs of CdS. Therefore, we speculate that the shoulder peaks near 1400 nm (arrow)
are from PbS/CdS QDs with 1 ML of CdS.

To slow down the grow rate of CdS shell, we attempted to decrease the reaction temperature
and Cd-precursor concentration, and search for alternative less-reactive Cd-precursors. The
reaction rate decreases as the reaction temperature decreases following Arrhenius equation.
The limited concentration of the Cd-precursor is expected to hinder the diffusion of Cd in
the cation exchange process./®® Figure 2-17 shows the emission of core-shell QDs that are
cation-exchanged at different temperatures, with different concentration of Pb precursors
and with a less reactive precursor. Figure 2-17 (a) shows that performing cation exchange at
a lower temperature is effective to create a thinner shell layer. With a lower concentration
of the Cd-precursor, a longer reaction time (5 min) still yields the thinner shell layer. WDS
measurement confirms that this layer corresponds to 0.21 nm (~1 ML). The reactivity of
cadmium tetradecylphosphonate (Cd-TDPA) is too low to create CdS shell layers at 60 °C
as shown in Figure 2-17 (b).
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Figure 2-17. (a) When cation exchange of PbS QDs is performed at a lower temperature
(60 °C), single emission peak is observed at higher wavelength than PbS/CdS with 2 MLs of
CdS shell (red). (b) Emission of PbS/CdS QDs that are cation exchanged with different Cd-
precursors — Cd-TDPA and Cd(OA),.
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The QY of PbS QDs are measured before and after growth of the shell. QY is a good
measure of the passivation of surface states as it is influenced by the rate of non-radiative
decay. As shown in Figure 2-18, QY increases dramatically after the first-shell layer is
formed. QY starts to decrease after growing the 2.5 MLs of shells, which is consistent with
other core/shell QD systems.”’! A monolayer CdS shell synthesized at the lower
temperature shows sufficient passivation of the PbS surface and yields increase of QY by >
60 %. These monolayer-shell QDs are incorporated into LEDs to examine their potential for
electrical applications. The electrical properties of the monolayer-shell QDs such as carrier
concentration and mobility are characterized using Mott-Schottky analysis and will be

presented in Chapter 3.
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Figure 2-18. QY measurements show that QDs with a monolayer shell have a QY that is
comparable to that of the other thicker shell QDs.
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2.5.3 Device Characterization

We examined the performance of SWIR LEDs in ‘type-IV’ QD-LED structures' as shown in
Figure 2-19.5%! These devices incorporate PbS/CdS core/shell QDs as an electrically-driven
emitter. QD-LEDs are prepared with three different QD samples: PbS core-only QDs,
PbS/CdS core/shell QDs with a monolayer CdS shell (0.2 nm), and PbS/CdS core/shell QDs
with highest QY (0.7-nm shell), and each sample is referred as core-only LEDs, thin-shell
LEDs, thick-shell LEDs, respectively. The devices are fabricated as follows: 50-nm-thick
sol-gel ZnO film was deposited on a pre-patterned indium-doped tin oxide (ITO)/glass
substrate by spin-casting and annealed at 300 °C for 5 min under humidity-controlled (10—
20 %) environments. QDs with native OA ligands were spin-casted on the ZnO film to yield
a 10-nm-thick layer. On the QD layer, a 150-nm-thick 4,4-bis(9H-carbazol-9-yl)biphenyl
(CBP) layer, a 10-nm-thick molybdenum oxide (MoOy) layer and a 100-nm-thick Au layers
are successively deposited by thermal evaporation using shadow masks. These layers are

used as a hole transport layer (HTL), a hole-injection layer, and a top electrode respectively.

QDs (10 nm)

Figure 2-19. Schematic diagram of the ‘type-IV’ QD-LED structure used for this study.

' Using hybrid organic-inorganic charge transport layers (CTLs). In particular, inorganic n-
type semiconductor (ZnO) is used for ETLs, and organic semiconductor (CBP) is used for
HTLs in this study.
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Figure 2-20. Average EQE at near 1300 nm vs. current density of IR QD-LEDs with
PbS/CdS core/shell QDs and PbS core-only. The EQE of devices depends on current density
(as known as efficiency droop) and the highest EQE value is referred as peak-EQE.
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Figure 2-21. Average peak EQEs for all devices and the champion device with PbS core-
only QDs and thin-shell and thick shell (highest QY) PbS/CdS QDs. Blue bars represent the
average of the peak-EQEs from devices on all chips, and red bars represent the average
among the devices on the best-performing chip (1 chip contains 10 devices).
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By replacing core only QDs with core/shell QDs, EQE of the devices are improved. The
average peak-EQE for core-only LED is 0.05 %. In the same device architecture, the
average peak-EQE of thin-shell LED is 4.3 %. This is the best reported value in SWIR QD-
LEDs (Figure 2-22). Of note, this highest EQE is achieved without ligand treatments.
Considering that Sun et al. fabricated the best performing LED by introducing shorter
ligands,m] we speculate that higher peak-EQE can be achieved is by exchanging the native
ligands with shorter ligands. The EQE enhancement by using core/shell QDs cannot be
solely explained by the increase of PL QY after the shell growth. After growing a
monolayer of CdS on PbS, the QY increases from 30.8 % to 51.3 %. However, EQE of
device increases 80-fold, from 0.05 % to 4.3 %. Thick-shell LED exhibits EQE of 3.1 %,
which is slightly less than that of the thin-shell LED. The lower EQE of the thick-shell LED
may be due to the hindered charge injection by a thick shell™.
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Figure 2-22. Peak EQE progression of visible and IR QD-LED performance over time.
Image adopted from Refs: [32,33]

" Electrical characterization for mobility and carrier concentration is performed by Mott-
Schottky analysis in Chapter 3 (Figure 3-5 and 3-6).
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To examine the origin of EQE enhancements, we measured PL intensity of core/shell QD
thin films in the sandwich structure of CBP/QDs/Zn0Q, which resembles the structure in the
devices. Relative device QYs are defined by dividing these values with the PL intensity of
PbS core-only QD thin films in the same structure. As shown in Figure 2-23, relative device
QY increases 32-fold with 0.2-nm shell and 29-fold with 0.7-nm shell. The generally good
agreement between relative device QY and EQE indicates that the increase in relative device
QY mostly explains the EQE enhancement. Time-resolved PL measurements provide
further insight to shell dependent PL intensity in the device. Compared with QDs on a glass
substrate, PL lifetimes are reduced for both core-only and core/shell QDs in the presence of
CTLs (Figure 2-24). The longer PL lifetimes of core/shell vs. core-only QDs with CTLs
indicate that CdS shell layer mitigates exciton quenching induced by CTLs (Figure 2-24 (b)).
The EQE enhancement by introducing CdS shell layers is mainly from the protection of

exciton quenching induced by CTLs.
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Figure 2-23. Average peak EQE and relative in situ PL intensity of QDs with different shell
thickness.
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Figure 2-24. PL decay curves for PbS core-only (red) and PbS/CdS core/shell QDs (black)
(a) on the glass substrates and (b) with CTLs (in situ).

2.6 Summary

In this chapter, PbS/CdS core/shell QDs are synthesized by cation-exchanges, characterized
for their optical and electrical properties, and examined their performance in potential SWIR
applications. Our results show that growing CdS shell layers effectively passivate the
surface states and protect excitons from non-radiative decay by separating them from
environments. Therefore, core/shell QDs show an enhanced QY and stability in air and in
devices. The potential of PbS/CdS QDs for deep-tissue imaging in SWIR is tested using
1630-nm emitting QDs. For the electrical applications, thinner shell layer is required
because thick CdS shell hinders the transport of electrical carriers. After modifying the
reaction conditions, we are able to synthesize PbS/CdS QDs with a monolayer of CdS.
These QDs also show an improved stability and QY up to 90% compared to those of thick
shells. SWIR QD-LEDs made with PbS/CdS QDs with a monolayer-shell exhibit twice
higher EQE than any previously reported SWIR QD-LEDs.
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Chapter 3.

Electrical Characterization of QD Thin Films

Capacitance-Based measurement Techniques

Previous studies to improve the performance of QD devices lack direct measurements on the
electrical properties of QD thin films or trap states. In most cases, researchers report the
influence of specific chemical treatments to the efficiency of QD devices instead of
unveiling how those chemical treatments change the electrical properties of QD thin films.
The surface trap states play an important role in the electronic structure of QD thin films,
thereby determines the electrical properties. Even though most of the chemical treatments
focus on passivating the trap states, techniques to characterize the density and energy of trap
states in QDs are not well developed. Capacitance-based techniques are effectively used to
characterize trap states in bulk semiconductors; therefore, we expect that they can also be

used for characterizing traps in QDs.

Most of previous electrical characterization of QD thin films relies on current-based
measurements such as thin-film field effect transistor (FET) characterization and charge
extraction by linearly increasing voltage (CELIV).[63’73’74] These techniques are used to
characterize the mobility and the carrier density of thin films, however, they provide
extremely limited information on trap states. Capacitance measurements yield the density

and energy of trap states and carrier density.m‘m However, incorrect measurement
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procedures used in the characterization of QD thin films or inappropriate analysis of
dielectric constants leads to misinterpretation of data.’*! In this chapter, proper procedure
for impedance analysis and capacitance-based technique for QD thin films and their

interpretation will be discussed.

3.1 Capacitance

Capacitance is a measure of ability to store electric charges. A simple structure that can
store charges is a parallel plate capacitor, and its capacitance is determined by its geometry
and the dielectric properties of materials inside (Equation 3.1).

C=2 = g2 Equation 3.1
=—= - ation 3.
av <0y (Equ )
where C is capacitance, Q is charge, V is applied bias (or voltage), &, is relative permittivity
or dielectric constant of materials between the plates, g, is the permittivity of vacuum, A is

area of plates, and d is distance between the plates (or electrodes)

The dielectric property of materials arises from the polarizability of materials under electric
field. The polarization mechanisms contributing to the dielectric constant are atomic (or
electronic), ionic (or vibrational), dipolar (or orientational), and interfacial (or space charge)
polarizations. Figure 3-1 shows dependence of the dielectric constant of a material on the
frequency of an applied electric field. Dielectric constants measured at extremely low
frequency (f—0 Hz) is referred as static dielectric constant, while that measured at
extremely high frequency (f—) is called as optical dielectric constant. Static dielectric
constant arises from dipolar, ionic and atomic polarization mechanisms, and optical
dielectric constant arises only from atomic polarization, which is closely related to refractive

index of materials”.

" A relation between complex dielectric constant and refractive index is given by
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Figure 3-1. Dielectric constant (¢') and dielectric loss (£") vs. frequency showing frequency
dependence of polarization mechanism. Image taken from Ref: [77]

3.2 Measuring Dielectric Constant

Dielectric constant (g;) is an essential constant for characterizing materials with capacitance-
based techniques. The dielectric constant of PbS QD thin films is much different from that
of PbS bulk materials, because PbS QD thin films consists of PbS and substantial amount of
organic ligands, which exhibit far smaller dielectric constant than inorganic materials.
Accurate estimation of the dielectric constant of PbS QD thin film is challenging because

the value depends on the type of ligands, the length of ligands, the packing density of QDs,

&=, +i&" = n?=(n+ik)?

Where &, is complex dielectric constant, €' is a real part of dielectric constant and €" is an
imaginary part, n is complex refractive index, n is a real part of refractive index, and « is the
distinction coefficient of materials.
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and the size of QDs.'’® Hence, careful measurement of the dielectric constant of PbS QD
thin films should be the first step for the further electrical characterizations such as Mott-

Schottky or any other capacitance-based trap analysis.

In general, the dielectric constant of a material is measured by a simple capacitance-voltage
(C-V) measurement using an impedance analyzer. However, the simplified Cp or Cs models
offered by impedance analyzers cannot be used to measure the dielectric constant of QD
thin films. Instead, capacitance should be calculated by including both contact resistance
and parallel resistance. Bozyigit er al. pointed out that dielectric constants measured with

. . . 4
inadequate procedures are used in previous works. 74

The metal-QDs-metal capacitor (Figure 3-2 (a)) can be simplified to an equivalent circuit as
shown in Figure 3-2 (b). The impedance analyzer measures the real part (Z') and the
imaginary part (Z") of impedance (Z), and fits them to a model to calculate the capacitance
(O). In the equivalent circuit model (Figure 3-2 (b)), we have three unknown variables (C,
Rs, Rp), while having two measured parameters (Z', Z"). This is not a solvable model. Thus,
impedance analyzers generally offer two simplified models, Cp and Cs, all of which consist
of two unknown variables (Figure 3-2 (c) and (d)). Cp model is valid when Rg from contact
resistance is negligible. Cs model is valid when leakage current is negligible (Rp— ). For
QD thin films, the validity of each model is not yet confirmed. The major factor determining
the validity of models is the level of leakage currents. Grinolds et al. solved this problem by
inserting additional insulating layers between electrodes and QD films to prevent leakage

currents.!”® This strategy requires extraneous sample preparation.
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Top electrode
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Impedance
Analyzer

(c) C

R

Figure 3-2. (a) Typical C-V measurement scheme for a MIM capacitor, (b) an equivalent
circuit model with both contact resistance (R;) and leakage currents (R,), (c) a simplified
equivalent circuit when R, is dominant and (d) when R, is dominant.

Another strategy to solve the model in Figure 3-2 (b) is performing additional measurements
at different frequencies. The real parts, Rs and Rp are independent with frequency, however,
the imaginary part, the capacitive reactance (X ¢ =1/iwC ), depends on frequency.
Therefore, after measuring Z at two different frequencies, we have 4 measured parameters—

two pairs of Z' and Z" from two different frequencies— and 4 unknown variables—X

Xc,a, Rs and Rp.

P
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Nyquist plot is a parametric plot of a frequency response and illustrate the capacitance
measurements (Z' and Z") at different frequencies. It gives both dielectric constant and
information about the validity of two simple models. The schematic diagrams of Nyquist
plots for previously discussed equivalent circuit models illustrated in Figure 3-3. The shape
of plots indicates which models can be used for the capacitance measurements. When both
Cp and Cs models are not applicable, the dielectric constants can be extracted from the
Nyquist plots at resonant frequency (f. = 2mw,). The results from PbS QDs with native OA
ligands and 1,2-ethanedithiol (EDT) ligands are shown in Figure 3-4. The calculated
dielectric constants are 5 for PbS QD films with native OA ligands, and 17 for PbS QDs
with EDT ligands.

(a) ®)
C
—AAA
Rs
A Rp
lw=20
) ) S
£ E E
5 5 5
I\l'l RS f\ll RP I=\IJ
Z'or Re (2) Z' or Re (Z)

Figure 3-3. Schematic diagram of Nyquist plots for each corresponding equivalent circuit
model. (a) Cp model, (b) C; model, and (c) model considering both R;, and R;.
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Figure 3-4. Capacitance vs. frequency sweep measurement at 0 V with 20 mV modulation
results illustrated by Nyquist plots for (a) EDT-treated PbS QD thin films and (b) PbS QD
thin films with native OA ligands.

3.3 Junction Capacitance

In semiconductor junctions, capacitance associated with depletion region provides extensive
information on the characteristics of electrically active states. Analysis on the capacitance
variation (AC) vs. applied bias (V,) is the basis of several techniques used for determining
the properties of carriers and impurities such as their concentrations, profile and energy
levels. Depletion capacitance measurements are particularly useful for estimating the depth
distribution of states or impurities without physical removal of the materials. Despite their
extensive capabilities to characterize semiconductor junctions, capacitance measurement

techniques are not widely utilized for the QD thin films.

The depletion capacitance is associated with the capacitance in the band bending region of
Schottky or p-n junction. The depletion capacitance mainly depends on the depletion width
inside the junction as shown in Equation 3.2. The depletion width, given by Equation 3.3, is

determined by applied bias and several parameters of materials such as ionized donors and
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acceptors, and dielectric constant. Assuming uniform doping profile throughout the n- or p-
type region, the depletion width for p-n junction and Schottky junction is given by Equation
3.3.

_ _di _ &rgA .
C= AdVa i (Equation 3.2)

In this equation, A is area of devices, Q is stored charge, V, is applied bias, &, is relative
dielectric constant of materials, gy is permittivity of vacuum, and x4 is depletion width.

26,89 Nag+Npo,\1/2 .
X4 = (xn + xp) = (fo (W)V) (For p-n junction)

287«80 1/2 M
= (B2.y) (For Schottky junction) (Equation 3.3)
d

In this equation, X, is the depletion width for n-side, x, is the depletion width for p-side, ¢ is
an elementary charge, N4 is acceptor concentration, Np is donor concentration, V is sum of
applied bias and built-in potential (V = V, + V), and Ny is doping concentration (either

donor or acceptor).

3.3.1 Mott-Schottky Analysis

The doping concentration for uniform doping or the doping profile for non-uniform doping
can be measured using Mott-Schottky analysis from the C-V measurements. The change of
depletion capacitance (AC) is measured as the applied reverse bias (V) is slowly increased.
The depletion width (x4) increases with increasing reverse bias. The amount of changes is
related to the doping (or impurity) concentration. When the reverse bias is increased by a
step AVR, the depletion width increases by Axgy, and the capacitance decreases by AC. If Axy

<< X4, the relation between AVy and Axq4 can be calculated as:
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AVR = S:;SONd (xd) . dixd (Equation 3.4)

where Ny (xq4) is a doping level or impurity level at x=x4.
From the Equation 3.2 and 3.4, the ratio of AC and AV is expressed using Ny(x4) and x4 as:

AC _ AC Axg _ ErE9A Er&p

AVg Axg AVy (Axg)? xgeNg(xg)

(Equation 3.5)

Using Equation 3.2 and 3.5, the doping concentration at x4 can be derived as:

-3 Ac\71 .
N(xy) = P (A—V;) (Equation 3.6)

And it can be modified to a different form:

a —2\—1
N(x;) = z_. (AC 2) (Equation 3.7)

e&,ggA? AVp

In this equation, the small step size can be understood as derivatives, hence, local slopes in
the plot of C? vs. V give doping concentration inside depletion region at the corresponding

x4 In addition, the x-intercept gives a built-in potential (Vy,).
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Figure 3-5. Results of Mott-Schottky analysis for thin films of (a) PbS core-only QDs and
PbS/CdS QDs with a thin ML CdS shell layer and (b) with a thick CdS shell layer used in
Chapter 2.

[ measured the carrier concentration of PbS core-only and PbS/CdS core/shell QD thin films,
which were used for LED applications in Chapter 2. The slope is extracted from the reverse
bias regime as shown in Figure 3-5. Carrier concentration is calculated using Equation 3.7
and mobility is calculated using the carrier concentration and conductivity results from
Figure 2-15. As shown in Figure 3-6, the carrier mobility decreases considerably after the
shell formation, but carrier concentration in thin shell (0.2 nm) QDs is comparable to core-
only QDs. In Figure 2-21 and 2-23, thick-shell LED exhibits lower EQE than thin-shell
LED even though they have similar device QY. The dramatic decrease of carrier
concentration in the thick-shell QD thin films can be a reason for the lower EQE of thick-

shell LED compared to thin-shell LED (Figure 3-6 (a)).
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Figure 3-6. (a) Carrier concentration from Mott-Schottky analysis and (b) extracted mobility
combining with conductivity measurements for PbS core-only and PbS/CdS core/shell QDs
used in Chapter 2.

3.3.2 Drive-Level Capacitance Profiling

Drive-level capacitance profiling (DLCP) is an advanced junction capacitance analyzing
technique for the characterization of the density, energy and position of electronic states
inside band gap. This technique is originally developed for materials possessing a large
number of defects, such as amorphous silicon and poly-crystalline Culn,Ga,Se,."”*” To
characterize traps in QD thin films, DLCP is more appropriate than commonly-used deep-
level transient spectroscopy (DLTS) because conventional DLTS can be only used for
materials with sufficiently low defect concentrations to ensure the exponential decay of

capacitance,!’*%!-#

and QD films are known to have a larger density of traps than the
density of free carriers.*”>*!" [n DLCP, the density of trap states is measured by analyzing
the capacitance response—which depends on the depletion width in Schottky diodes—at
different modulation amplitudes and frequencies. Another advantage of this technique is that
the only a priori knowledge required for the technique is the dielectric constant, ¢, of the

semiconductors.
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As shown Figure 3-7, the energy difference between trap states and band edge (conduction
band minima or valence band maxima) determines the characteristic time constant for

capturing rate and emission rate of trap states, and this relation is given by

E, = —kT ln( ° ) (Equation 3.8)

2mvT?

where E, is trap energy from the band edge, o is angular frequency, vy is jump attempting

frequency of electrons in materials®.

Free carriers in a conduction or valence band and carriers in trap states can be distinguished
by their frequency responses. Under high-frequency modulation, only free carriers in
conductive states contribute to the capacitance, because carriers do not have enough time to
interact significantly with trap states. By contrast, in the low-frequency regime, carriers do
have enough time to occupy and de-trap from sub-bandgap states, so both conductive and
trap states contribute to the capacitance. The threshold frequency where carriers start
interacting with trap states is determined by the characteristic energy level of the trap states

and the temperature as described in Equation 3.8.""

° In case of hole traps, v = v4T? = N,(T) < v > 0, is the thermal emission prefactor,
where N,(T) is effective density of states in valence band, <v> is average thermal velocity,
and oy, is capture cross-section of states.
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Figure 3-7. Schematic diagram showing trap response at <x> to the AC modulation. Image
adopted from Ref: [79]

The measurement scheme for DLCP technique is different from that of the standard C-V
measurements. While varying the amplitude of the AC modulation (V.), the DC bias (V)
is simultaneously adjusted so that the maximum applied voltage, V=V ,+V4., stays constant
(Figure 3-8), thus, the measurement position <x> remains same. The capacitance is
measured in a range of frequencies to identify different states by analyzing the frequency
response of states. Typical measurement results (C vs. V,.) from different frequencies are

shown in Figure 3-9.
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Figure 3-8. Schematic illustration of the description of applying bias. DC bias and AC

amplitude must be adjusted together to keep the position <x> same throughout the DLCP
measurement. Image reproduced from: [79]
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Figure 3-9. Results of DLCP measurement: Raw data (point) and quadratic fitting (line) to
extract coefficient Cy and C;. Each color represents different measurement frequencies.
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In DLCP, the charge response to voltage is not linear, and Equation 3.1 is no longer valid.
The non-linear component of charge response becomes significant because the AC
amplitude used in DLCP is not negligible compared to the DC bias. In contrast, the
amplitude of AC modulation is much smaller for the standard C-V measurements. The non-

linear charge (Q)—voltage (V) relation can be expressed by Equation 3.9.

d

-‘-1% = Co+ CidV + C,(dV)? + -- (Equation 3.9)

The change of depletion width (8x) induced by the bias modulation (dV or §V) can be
derived by applying the Gauss’ law to a Schottky junction (Equation 3.10)."") The Taylor’s

series for Equation 3.10 is expressed as Equation 3.11.

— (&80 _ _ 2peEr€g OV .
Ox = ( e Fg xd) [1 \/1 + (ErfoFE—Pexd)z] (Equation 3.10)

2
- Eré . pe(€,£0) 2 . .
ox = CrtoFa—pors) oV 2 o Fe—pora)’ ove + (Equation 3.11)

In these equations, Fg is electric field and p. is charge density at <x>.
Using Equation 3.11, 8Q/3V can be written as:

S_Q: Apebx — Apetrgy _ Ap(ergg)® SV 2 + .
v v (er&0FE—pexa) 2(er&oFg—pexq)’

(Equation 3.12)

By comparing Equation 3.9 and 3.12, we determine Cy and C; as following:

- Alpelereg
0 (er&gFe+1pelxq)

(Equation 3.13)

_ Apd(£,.£0)°
(eregFetlpelxa)®

C; = (Equation 3.14)

Drive-level density of states (Np;) can now be expressed using Cp and C).
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_ lpel _ s .
NDL = q - 2qu2C1 (Equatlon 315)

The position <x> in junction depth is determined by the maximum applied voltage (V,+Vyc,
the dashed line in Figure 3-8). Of note, <x> is different from the depletion width x4, and is

defined as:

_ fooox Sp(x)dx

< = ion 3.1
x> fooo 3p(0)dx (Equation 3.16)

From Equation 3.2 and 3.13, <x> is expressed as following:

A

< x>= grcg" (Equation 3.17)
o]

Therefore, the depth profile of trap densities can be created from Cy obtained from different

the maximum applied voltage.

The DLCP technique is demonstrated in QD thin films. The density and characteristic
energy of trap states in 1,3-benzenedithiol (BDT)-treated PbS QD thin films are measured
before and after air-annealing at 100 °C for 30 min. Air-annealing causes oxidation of PbS

QDs. Calcium (Ca) and gold (Au) are used as top- and bottom-electrodes, respectively.

These samples have similar density of states, 1x10"" em?, and free carrier densities, 3x10"

cm®, as shown in Figure 3-10. The frequency dependence of Npy, however, is different for
two samples. In the oxidized sample, Np. starts to decrease at the lower frequency than in
the regular sample. This result indicates that the energy of trap states is shallower for the
oxidized sample (Equation 3.8). The DLCP measurements from different temperatures and
frequencies yield jump attempting coefficient, vy, which was introduced in Equation 3.8.
The extracted value for vy is 6.3 X 10* and this value is consistent with the previously
reported value using transient admittance spectroscopy (TAS).®Y The characteristic energy

(density-weighted average of energy of each trap states) for traps is calculated using v, and
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Equation 3.8 (Figure 3-11). As expected in the frequency response, trap energy becomes

shallower after oxidation.
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Figure 3-10. Density of drive-level states (Npy) vs. frequency for BDT treated PbS QDs
before and after oxidation by annealing at 80 °C in air.
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Figure 3-11. Energy of trap states in BDT-treated PbS QD thin films before and after
oxidation.

3.4 Summary

In this chapter, 1 show that the capacitance-based techniques can be used to characterize
fundamental electrical properties of QD thin films as they do in conventional
semiconductors. I also reviewed the equations for calculating the density of carriers and
traps, and their energy distribution inside the band gap from the capacitance measurements.
With these techniques, the carrier density and mobility of PbS core-only and PbS/CdS
core/shell QD thin films are further analyzed. These results lead to a better understanding of
the QD-LED results discussed in Chapter 2. I also introduce DLCP techniques enabling the

analysis trap states in QD thin films.
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Chapter 4

Chemical Origin of Trap States

Identifying and Elimination of Trap states induced by ligand exchanges

4.1 Motivation

QDs have been actively explored for applications as light emitting diodes,***

(3044841 an  d photovoltaics.24*33%] However, further improvements in

photodetectors,
device performance are required to make them competitive.”>7*3%1 One well-known
factor that presently limits the device performance of QD thin films is sub-bandgap states,
also referred to as trap states.’***°!I These states, for instance, are thought to give rise to

92 .
92931 and cause a drastic

the open-circuit voltage deficit in photovoltaic applications,
decrease of charge carrier lifetimes and diffusion lengths.®’%*! A common view is that
trap states are sub-bandgap surface states caused by dangling bonds or unpassivated surface
atoms.!7>#89095961 Thyg, previous approaches to reduce the density of traps have included

[85,88.96]

attempts to exchange the binding groups of passivating ligands, increase the ligand

(8897) or balance the stoichiometry at the dot surfaces.”®! Recently, Carey et al.

coverage,
demonstrated that sub-bandgap emission from PbS QD films treated with 3-
mercaptopropionic acid (MPA) can be removed by further treatment with acidic solutions,

especially pyruvic acid.”"’  Even though these treatments led to improved device
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performance, the lack of a fundamental understanding of the mechanism impaired efforts to

control trap states in general and, thereby, improve device performance.

In this chapter, chemically reduced (or under-charged) Pb atoms is identified as a chemical
origin of trap states in ligand-exchanged PbS QD thin films using X-ray photoelectron
spectroscopy (XPS) and density functional theory (DFT) calculations. We then use chemical
oxidation to achieve a 40-fold reduction in the density of trap states by controlling the
oxidation states of Pb atoms. Our discovery of a chemical origin for the trap states in PbS
films offers an opportunity to rationally control their density, and thereby to fabricate

improved devices.

4.2 Experiments

Synthesis and fabrication procedures are performed under nitrogen atmosphere using
Schlenk line techniques and gloveboxes. OA-capped PbS QDs are synthesized using a
method described in Chapter 2, and purified three times by precipitation in a mixture of
ethanol and 1-butanol, followed by centrifugation and re-suspension in hexane. OA-capped
QD and n-butylamine (nBA) treated QDs are drop-cast to form a film. Solution-phase ligand
exchange of nBA is performed by the following steps: After a further precipitation, PbS
QDs are dissolved into nBA with a concentration of 25 mg/mL and the solution is stirred
overnight. Films are fabricated by drop-casting. QD solutions at a concentration of
50 mg/mL in octane are used for spin-casting. EDT, tetrabutylammonium iodide (TBAI),
and MPA treated QD films are prepared by sequential spin-casting. For each layer, 20 pL of
QD solution is spin-cast at 1500 rpm for 30 s on a Si substrate. Roughly 0.1 mL of ligand
solution is then dispensed onto the substrate, allowed to sit for 30 s, and spun dry. The
substrate is then washed with the excess solvent used for ligand exchange and spun dry
three times to remove unbound ligands, and the entire process is repeated; each complete

iteration results in the deposition of ~20 nm of QDs. The ligand concentrations and solvents
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used in this study are EDT 0.02 % (v/v) in acetonitrile, TBAI 10 mg/mL in methanol, and
MPA 1 % (v/v) in methanol. For the selected films, the oxidation process is performed
between layer depositions. Roughly 0.1 mL of 10 mg/mL 1,4-benzoquinone (BQ) solution
in methanol is dispensed onto the ligand-exchanged films, allowed to sit for 30 s, and spun

dry followed by three sequential washes with methanol.

PL measurements were conducted at a room temperature with 532nm diode laser excitation.
[3.0 mW into a ~135um spot (1/¢® diameter) for an irradiance of ~150mW/cm?®] The
photoluminescence was collected using reflective optics, passed through a long-pass filter
(3mm Schott RG780) to remove pump scatter, spectrally dispersed using an Acton 300i
spectrometer, and measured using an InGaAs array detector (Roper Scientific). XPS
measurements were performed using a PHI Versaprobe II X-ray Photoelectron Spectrometer,
and the spectra were analyzed using CasaXPS software. WDS measurements were
performed using a JEOL JXA-8200 SuperProbe. DLCP measurement was performed as

described in Chapter 3 in a nitrogen-filled glove box.

4.3 Sub-Bandgap Emission and Its Origin

As-synthesized QDs have bulky organic ligands, so it is generally necessary to exchange
these with smaller molecules to facilitate charge transport.[*485-88.9°1 Typical ligands used
for the fabrication of QD devices include: EDT, MPA, TBAI, and nBA. EDT-, MPA-, and
TBAI-treated PbS films were prepared by conventional solid-state ligand exchange

[26.73.85-88.96,100] Additionally, nBA-treated samples were prepared by an

[101]

procedures.
established solution-phase ligand exchange procedure. As seen in Figure 4-1,
photoluminescence (PL) measurements show that additional sub-bandgap emission is
observed following every ligand exchange process—independent of the binding group of
the ligands. In detail, PbS QDs with native OA ligands (black) show only band edge

emission at ca. 1050 nm. By contrast, EDT- (blue), TBAI- (green), and nBA- (red) treated
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samples show broad, but distinct emission peaks near 1500 nm, 1600 nm, and 1400 nm
respectively, and the MPA-treated sample (orange) shows a long red tail. All these
additional emissive features reside at lower energies than the band edge emission, which
indicates that the newly formed emissive states are located inside the band gap. For the
nBA-treated sample, we note that band edge emission near 1100 nm is considerably weaker
than the trap emission, while the band edge emission for all ligand-exchanged samples are
slightly red-shifted due to the increased dielectric environments and altered diffusion of

photoexcitations induced by the shorter dot-to-dot distance.!'** %%
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Figure 4-1. PL from PbS QD thin films with different ligands — OA (black), TBAI (green),
EDT (blue), MPA (orange), and nBA (red).
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To identify whether a chemical species is associated with this trap emission, high-resolution
XPS was performed on each film, focusing on the Pb 4f spectral feature to obtain
information on the bonding character of the Pb atoms (Figure 4-2) The expected spectral

positions for three species!'™

are highlighted with colored bands: metallic Pb as tan, Pb-S
as blue, and Pb-carboxylate as grey. Peak locations for Pb bonded to other ligands are not
explicitly marked since these features are not prominent in our data, and are covered under
the tails of Pb-S peaks. Before ligand exchange, the OA-coated film shows a single,
relatively broad feature due to the overlap between the two peaks from Pb-S and Pb-
carboxylates. The deconvoluted spectrum of the OA-coated QD film is shown in Figure 4-3.
PbS QDs ligand-exchanged with different length of dithiol ligands and TBAI-treated PbS
QDs from different batch of synthesis by Hines method and PbCl,-method are examined by

XPS, and every samples exhibit metallic Pb features in Pb 4f regime as shown in Figure 4-4

and 4-5.

1.0  a Ry
> X ——TBAI
< 0.8} ——EDT
MPA
%? / nBA
£ 0.6 metallic Pb
= 9 Pb-S
— o B COO:Pb
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Binding E nergy [eV]
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Figure 4-2. XPS on the Pb 4f feature for PbS QD thin films with different ligands — OA
(black), TBAI (green), EDT (blue), MPA (orange), and nBA (red). The binding energies of
metallic Pb, Pb-S, and COO:Pb are highlighted.
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Figure 4-3. The deconvoluted spectrum of PbS QD thin films with native OA ligands. The
spectrum is well fitted with the sum of the peaks from Pb-S and Pb-carboxylates.!'"”!
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Figure 4-4. The XPS results of PbS QD thin films with different length of dithiol ligands are
compared with oleic acid (OA) ligand : 1,2-ethanedithiol (EDT), 1,4-butanedithiol(BuDT),
1,8-octanedithiol(ODT), and 1,3-benzendithiol (BDT). Under-charged Pb atoms exist
regardless of the length of dithiol ligands.
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Figure 4-5. XPS results show the under-charged Pb atoms in TBAI-treated PbS QDs result
from four different synthetic batches of Hines method and Cl-synthesis.

After ligand exchange, the Pb-carboxylate features are diminished for all samples, and an
additional peak is evolved with a lower binding energy than either Pb-S or Pb-carboxylate
bonds. The new peak corresponds to the binding energy of metallic Pb,!'! which indicates
that a few Pb°" atoms in Pb-S bonds have been chemically reduced to have less charge than
regular Pb-S bonds. The consistent trend in our XPS results for each ligand implies that the

origin of these additional emissive trap states is reduced or ‘under-charged’ Pb atoms.

To verify whether the formation of under-charged Pb atoms contributes to the emissive sub-
bandgap states, we oxidized the ligand exchanged films with a mild oxidizing agent, BQ. As
shown in Figure 4-6, the XPS measurements confirm that the BQ treatment successfully
removes the under-charged Pb atoms. Further, after oxidation, all ligand-exchanged PbS QD
films exhibit only band edge emission, as shown in Figure 4-7. Additional XPS results
shown in Figure 4-8 demonstrate that this effect can be achieved with other oxidation

methods, such as pyruvic acid treatment and annealing in air. Of note, after air-annealing
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additional oxidation feature of Pb arises at higher binding energy than the Pb-S feature.
These results all support a causal relationship between under-charged Pb and emissive trap

states.
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Figure 4-6. XPS measurements of ligand-exchanged PbS QD thin films following oxidation

with BQ — OA (black), TBAI (green), EDT (blue), MPA (orange), and nBA (red). The

binding energies of Pb-S are highlighted.
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Figure 4-7. PL measurements of ligand-exchanged PbS QD thin films following oxidation
with BQ— OA (black), TBAI (green), EDT (blue), MPA (orange), and nBA (red).
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Figure 4-8. (a) The XPS results of TBAI-treated PbS QD thin films with different oxidation
methods: TBAI-treated films as a reference (black), TBAI-treated films followed by 0.8 %
(v/v) pyruvic acid treatment”" (blue), which is a well-known oxidant in metabolic pathways
in muscles,'”” TBAI-treated films followed by annealing at 80°C in air for 30min (red).
Under-charged Pb features at the shoulder of Pb-S peak are disappeared with pyruvic acid
treatment and air-annealing. (b) The PL shows that the emission from sub-bandgap states
removed after the treatment.
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It is important to ensure that the removal of the emissive sub-bandgap states by BQ
treatment is not due to an additional ligand exchange or a change in the ligand coverage.
Compared to sulfur- and nitrogen-bearing ligands, TBAI-treated PbS QDs have the
convenient property that the elemental signature of iodine (I) is readily distinguishable in
XPS experiments. As shown in Table 4-1, XPS measurements on TBAI-treated PbS QDs
confirm that the I-to-Pb ratio stayed constant after the BQ treatment, which verifies that the
ligand binding on QDs is still intact after the BQ treatment. Moreover, benzene-1,4-diol as
known as hydaroquinone (HQ), which a product from the reduction of BQ, is tested as
ligands. As shown in Figure 4-9, HQ treatments on TBAl-treated QDs has no effects on Pb
4f peak in XPS, and only leads slight increase of O contents in the QD thin films. Thus,
these results demonstrate that the changes after BQ treatments are induced by the oxidation

not by additional ligands effects.

Table 4-1. The atomic ratios of PbS QDs used in this work. Experimental data for the Pb-to-
S ratio is obtained using WDS, and the I-to-Pb in TBAI-treated PbS QD thin films is
measured using XPS. The ratios for the simulated QD used in DFT calculations is included
for comparison.

Samples [/Pb ratio Pb/S ratio
PbS:0A n.a. 1.58+0.08
PbS:TBAI 0.336 £0.010 1.51+0.14
PbS:TBAI/BQ 0.353%0.016 1.45+0.04
Simulated PbS QDs 0.302 1.47
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Figure 4-9. XPS results of TBAI-treated samples with and without 1,4-hydroquinone (HQ)
treatment. HQ is a product from the reduction of BQ. Minimal change in the spectral
features of (a) Pb 4f and (b) O Is is observed before and after the HQ treatment. This result
indicates limited binding of HQ on the QD surface. O-to-Pb ratio with background
correction increases 9% after the HQ treatment. We suspect that oxygen in the samples is
originated from residual OA ligands or air-exposures during the sample transfer to XPS
chamber.
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4.4 Theoretical Study

To test the possibility that under-charged Pb atoms can form under these conditions, and
give rise to sub-bandgap states, we calculate the electronic structure of a PbS QD using DFT.
DFT calculations were performed using the Vienna Ab initio Simulation Packages
(VASP)!'") with the generalized gradient approximation of Perdew—Burke-Ernzerhof
(PBE)!'"! for the exchange and correlation functional. The projector-augmented-wave
method was adopted to describe the core electrons. An energy cutoff of 400 eV and a
Monkhorst—Pack k—point sampling of 1 X 1 X 1 were used. A large vacuum spacing of
> 15 A was used to prevent spurious inter-QD interactions. PbS QDs bearing iodine ligand
were fully relaxed using the conjugate gradient method until the structure satisfied the
following relaxation criteria: (i) the energy difference between two consecutive ionic steps
is less than 10™* eV, and (ii) the maximum Hellmann-Feynman forces acting on each atom
are less than 0.01 eV-A'. Bader charge analysis was post-performed on charge density
results obtained from DFT in order to calculate local charge that each atom in a QD

possess.!?%]

For the study, we construct a model QD based on the elemental composition of TBAI-
treated QDs, which is measured by WDS and XPS (Table 4-1). The Pb-to-S ratio determines
the proportion between stoichiometric (100) facets and Pb-terminated (111) facets in a
truncated octahedron shape. The final QD used for simulations is 1.95 nm in diameter and
consists of 116 Pb atoms, 79 S atoms, and 35 I atoms (Figure 4-10). We focus on QDs with
iodide (I') ligands as they are used in modern, high-performance photovoltaic devices,®!

and the simple structure reduces the computational burden, allowing the simulation of larger

QD:s.
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Figure 4-10. The truncated octahedron shape of the model PbS QD used for the DFT
calculations.

Using this model QD, a Bader charge analysis on the DFT calculation shows the existence
of the under-charged Pb atoms. Bader charge analysis is a post-processing method which
can partition the continuous charge density along the whole system obtained from DFT so
that local charges of individual atoms can be determined.!'"”! Figure 4-11 shows the charge
distribution—i.e. the atom population density vs. local charge—of each atomic species in
the constructed NC. For Pb atoms, a major peak in population density is observed at +0.90
(in units of electron charge) with weaker, broader features at lower levels of charge (+0.4—
0.75). These broad features in lower ranges indicate the existence of stable, under-charged
Pb atoms, which is consistent with our experimental observations using XPS. In comparison,
the S atoms and I atoms have single, narrow peaks at —0.90 and at —0.5 electron charges,
respectively. We note that these values are less than the formal valence charge because the
bonds have mixed covalent/ionic nature. For example, as shown in Figure 4-12, Pb and S

atoms in PbS bulk possess a local charge of about +0.95 and —0.95, respectively.
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Figure 4-11. Bader charge analysis gives the charge distribution for each element—Pb
(blue), S(red) and I (green).
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Figure 4-12. The simulated charge distribution of different Pb-to-S ratio samples to show
that the level of charge threshold for under-charged Pb species is 0.8.
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Figure 4-13 (a) and (b) show the density of states (DoS) for our model QD calculated using
DFT. The total DoS (black) reflects all available electronic states, and is broken down into a
projected density of states (PDoS) for each atomic species, S (orange), I (purple), and Pb
(blue). The PDoS of Pb atoms is further subdivided into contributions from regular-charged
(green) and under-charged Pb atoms (red). We define under-charged Pb atoms as those
having a charge less than 0.8 electron charges. This threshold value was suggested by the
profile of the atomic population density for Pb in Figure 4-11, and supported by additional
Bader charge calculations that showed that neither bulk PbS, nor stoichiometric and sulfur-
rich QDs have features in this region (Figure 4-12). Returning the PDoS in Figure 4-13 (b),
it is clear that the density of states inside the bandgap arises overwhelmingly from under-
charged Pb atoms (< 0.8), which is in good agreement with our conclusions from the PL and
XPS results shown in the previous section. This is an important refinement over a simple
‘dangling bond’ picture. Additional calculations (Figure 4-14) on ‘bare’ QDs—where all
surface Pb atoms have dangling bonds—show that only Pb atoms on (111) surfaces are
under-charged and contribute to sub-bandgap states, while Pb atoms on (100) surface are not

under-charged and do not contribute to sub-bandgap states.
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Figure 4-13. (a) The DoS (total, black) from DFT, broken into PDoS for each chemical
species—S (orange), I (purple), all Pb (blue). The PDoS of Pb further subdivided—
contributions from under-charged Pb atoms (<0.8, red), and Pb atoms with a charge greater
than 0.8 (green). (b) An enlarged view of (a) highlighting the DoS near the band gap.
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Figure 4-14. The DFT results shows that under-charged Pb species are located on the (111)
facet, and induce sub-bandgap states.

Our calculations allow us to investigate the effect of ligands on the electronic structure of
off-stoichiometric (lead-rich) PbS QDs, and provide a fundamental explanation of previous
approaches to control trap states with ligand treatments.[®** ***%1%0] A5 we (Table 4-1) and
others”®®! have shown, as-synthesized PbS QDs tend to be lead-rich. The excess Pb atoms
are located on the off-stoichiometric (111) surface, and calculations on bare (ligand-free)

QDs show that overall charge balance is maintained by the under-charged Pb atoms.
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However, as shown in Figure 4-15, the addition of I ligands decreases the number of under-
charged Pb atoms by contributing partial negative charge. This is consistent with a previous
theoretical study that indicates that the level of the suppression depends on ligand
coverage.m] However, we note that this cancellation is not expected to be exact under most
conditions used in device fabrications.®**"9%% Instead, because the electronegativity of the
binding groups determines the amount of partial charge that can be donated, different types
of ligands are expected to yield different levels of suppression (Figure 4-16 (a)) and a
different profile of sub-bandgap states (Figure 4-16 (b)). This provides a rationale for the
many studies showing that ligands affect the electronic structure and Fermi level of QD thin

films [97,100,110-113]
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Figure 4-15. (a) DoS and (b) Bader analysis for the comparison of bare QDs and iodine

passivated QDs. I” ligands suppress under-charged Pb species, and sub-bandgap states in
off-stoichiometric PbS QDs. As a reference, calculations on stoichiometric QDs show no
sub-bandgap states and no reduced Pb atoms.
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Figure 4-16. DFT results show that I and fluoride (F") ligands induce different suppression
of under-charged Pb species and a different profile of sub-bandgap states.
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4.5 Effect of Oxidation

Density of trap states are electrically measured by DLCP to demonstrate that BQ treatment
effectively removes electrically-active trap states, and does not simply suppress the
spectroscopically-observed trap emission by causing the trap states to become wholly non-
radiative.>">#!) As described in Chapter 3, conductive and trap states can be distinguished

by their frequency responses in DLCP.

The structure of Schottky diodes used in the DLCP measurement is shown in Figure 4-17.
We compare density of trap states of EDT-treated PbS QD films with and without BQ
treatment, and present our results in Figure 4-18. Prior to BQ treatment, we observe that
there is a much greater density of available states at low modulation frequencies compared
to the high-frequency regime, which is consistent with the presence of trap states. We find
that the absolute density of trap states is 4.8x10'® cm™ (~2.7x107/dot), which is in
agreement with values measured using other methods.>®') After oxidation, we observe that
the low-frequency feature is strongly diminished, and our analysis shows a 40-fold decrease
of trap density to 1.2x10"° cm °—a level of suppression that is expected to yield a 6-fold
improvement in the carrier diffusion length.®” Therefore, we conclude not only that
oxidation by BQ effectively reduces the density of trap states, but also that the emissive sub-
bandgap states induced by ligand exchange are electrically active. Further, we rule out the
alternative explanation that oxidation by BQ only suppresses trap emission by rendering the
states totally non-radiative—the DLCP results show that the sub-bandgap states have been

removed.
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Figure 4-18. DLCP measurement of the density of states of EDT-treated PbS films with and
without the BQ treatment. The low frequency regime (red box) includes contributions from

carriers interacting with conductive and trap states, while the high frequency regime (green

box) gives the density of conductive states only.
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4.6 Summary

In this chapter, we have identified the chemical origin of sub-bandgap states in ligand
exchanged PbS QD thin films using a combined experimental/theoretical approach. We
show experimentally that under-charged Pb atoms result from ligand exchange, and are
associated with sub-bandgap states that are both optically and electrically active. Theoretical
calculations using DFT and Bader charge analysis confirm that under-charged Pb atoms
give rise to sub-bandgap states. We discover that treatment with BQ re-oxidizes these under-
charged Pb atoms and suppresses trap emission, and then use DLCP to show quantitatively
that it achieves 40-fold decrease in the density of trap states. We expect that insights
developed in this paper on the fundamental origin of trap formation will provide directionfor
controlling the density of trap states in thin films of QDs, and thereby improve the

performance of QD devices.
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Chapter 5

Conclusion and Future Outlook

Colloidal PbS QDs have potentials for optical and electrical applications, because of their
unique properties such as the tunable band gap and relative high QY in NIR and SWIR,
low-cost synthesis, and process-compatibility to Si technology. Their development is mainly
driven by the interest in QD photovoltaics, while their high QY in IR makes them still
attractive in other applications such as optical communications and bio-imaging. However,
PbS QD devices suffers inferior device performance due to the surface trap states in QDs.
The trap states impair the device performance as well as optical properties. The researches
described in this thesis pursue to design rationales for passivating trap states on the QD

surfaces.

The first approach is passivating the dangling bonds on PbS QD surfaces with inorganic
CdS shell layers. This method helps to improve QY and protect QDs from external
environmetns, but CdS shell layers degrade the electrical conductivity severely by
decreasing both carrier concentration and moblity. The potential as a bright SWIR
fluorophore is investigated in fluorescent deep-tissue bio-imaging. To minimize the
degradation of electrical conductivity, the shell growth condition is modified to enable a
monolayer-thickness control. The QDs with a monolayer-thick CdS shell exhibit still
improved optical properties and environmental stability comparable to thicker shell QDs

and better electrical conductivity due to higher carrier concentration. The IR QD-LEDs
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using a thin-shell PbS/CdS QDs demonstrate the twice higher EQE in SWIR than any
previous reported devices because the CdS shell provide excellent protection from the

degradation of QD surfaces during device fabrications.

To find another solution without degrading the electrical properties of QD thin films,
specific chemical origins of trap states need to be identified, and proper electrical
characterization for traps in QD thin films is required. Capacitance-based techniques are
introduced as complementary techniques with charge transport-based techniques. Using
Nyquist plots, dielectric constants and an impedance analyzing model for further analysis
can be easily determined. Mott-Schottky measurement provides information about carrier
concentration, and the mobility also can be calculated by combining this result with
conductivity measurements. DLCP is a key technique to analyze traps in QD thin films
electrically. DCLP provides fundamental information about traps, such as their density,

characteristic energy, and depth-profile in the junction.

Then, the origin of trap states is identified to design a rationale to suppress trap states with
combination of electrical, optical, chemical and theoretical techniques. Optical and electrical
characterization reveal the formation of trap states in QD thin films after ligand exchanges
for device fabrication. XPS demonstrates the presence of under-charged Pb atoms in ligand-
exchanged QD thin films, which is predicted by DFT. Moreover, the DFT calculation
illustrates the contribution of under-charged Pb atoms to the trap states. The density of trap

states is reduced by a factor of 40 with removing under-charged Pb atoms by oxidation.

During the past decades, the development of PbS QD synthesis and post-treatment methods
has been driven for improving efficiency of photovoltaics. Over 9 % of power conversion
efficiency (PCE) is achieved by several advances such as improving the size distribution in
synthesis and discovering the role of halides for surface passivation.!'**'***) However,
further improvements requires for utilizing knowledge from device physics to design a

rationale such as engineering band alignment.*®!

100



Device physics can model the behavior of devices when the electrical properties of materials
are well characterized. However, the influence of chemical treatment to electrical properties
of QDs is not predictable. The black box between chemical treatments and electrical
properties of QD thin films could be revealed through more thorough electrical and
chemical characterization of QD thin films. Theoretical calculation also provides insight to

connect chemical treatment and electrical properties of QDs.

A detailed understanding of electrical properties of QD thin films increases predictability of
QD device behavior, and eventually allows us to design a rational model to customize the

QD properties for each application.
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Appendix A

Self-Assembly Binary Nanocrystal Superlattice

A.1 Motivation

Self-assembly process is of great interest as a key process for bottom-up fabrication in
nanotechnology.[''*'"®! A well-designed periodic pattern from nano-scale self-assembly has
potential as a mask in nanolithography.[m] Here, we attempt to utilize self-assembly binary
nanocrystal superlattice (BNSL) of QDs as an active layer in QD-LEDs and use these
devices for EQE drooping studies.

We speculate that a major reason for EQE drooping in QD-LEDs is Auger
recombination.!"'® This problem can be avoided by separating light-emitting QDs and the
materials for charge injection and transport in the active layer. We adopt this concept into
QD-LEDs using BNSL of QDs as an active layer. In our design, charges are not directly
injected into light-emitting QDs; instead, energy for emission is delivered by Forster
resonance energy transfer (FRET). We choose PbS/CdS core/shell QDs for light-emitting
QDs because CdS shell is expected to be a barrier for charge injection and Auger ionization.
The second component of BNSL is CdSe/CdZnS core/shell QDs, which are used for charge
transport because they have high QY. High QY indicates a minimal non-radiative decay,
which prevents efficient FRET to PbS/CdS QDs. Metal NCs cannot be used as a charge

transport component, because they quench the exciton of adjacent QDs.
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A.2 Preparation

8-nm CdSe/CdZnS QDs (C-QDs) and 4-nm PbS/CdS QDs (P-QDs) are prepared. Including
the ligand length, their size ratio (y) is estimated to be 0.55-0.60. Helmholtz free energy, a
driving force for self-assembly BNSLs, is minimized when the space filling ratio is
maximized.!'"*"?" As shown in F igure A-1 (a), when y is near 0.56, the space filling ratio is
maximized for AlB;, ico-NaZn,3, and cub-NaZn,s. Figure A-1 (b) shows a calculated phase
diagram using hard-sphere model at y=0.558, and highlights a suitable composition between
two NCs to form a self-assembly structure. These thermodynamic predictions show that the
possible BNSL structures at y=0.558 are AB,, ico-AB,3, and cub-AB;; (Figure A-2). In
nature, AlB;, ico-NaZn;;, and cub-NaZn;; have these structures. AB, structure is
constructed from alternating hexagonal planes made with nanocrystal A (NC-A) and B (NC-
B). ico-AB,; is constructed with a primitive cubic unit cell with NC-A and icosahedron-
shaped 13 NC-Bs located at the center of the cube. cub-AB 3 has cuboctahedron-shaped 13
NC-Bs instead of icosahedron shape at the center of the cube. Among those possible
structures, AB; is thought to be the most appropriate structure for QD-LEDs. In the AB,
structure, C-QDs are neighboring each other with a hexagon-shape, which ensures efficient

charge transport, and P-QDs, FRET acceptors, are located at the tetrahedral interstitial sites.

The solution of C-QDs and P-QDs are prepared in tetrachloroethene (TCE). To prepare
BNSLs, the mixed solution is dried slowly to deposit BNSL thin films on different
substrates as illustrated in Figure A-3. Films are deposited on Cu grids for TEM, on Si and

Si0,/8Si for characterization, and ZnO/ITO/glass for device fabrication.
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Figure A-1. (a) Space filling factor, p vs. radius ration between two spheres, y showing the
criteria for various binary ordered structures. Image adopted from Refs:[114,122,123] (b)
Calculated phase diagram at y=0.558 showing possible phases. Image adopted from

Refs:[119]
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Figure A-2. AB; structure illustrating with (a) space filling model, (b) ball-and-stick model,
and (c) (001) projection. Same illustration for ico-AB3 structure (d), (e), and (f) and for
cub-AB; structure (g), (h), and (i). Images adopted from Refs: [123—125]
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Figure A-3. Schematic diagram for BNSL preparation steps: Two different QDs are
dissolved in TCE. The solution is slowly dried in tilted vial under controlled environments
to deposit BNSL films on substrates.
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A.3 Characterization

The BNSL films are imaged using TEM as shown in Figure A-4. Samples are prepared with
different composition of C-QDs and P-QDs to find a condition yielding the largest domain
size of AB; structures. Unexpectedly, in most cases a cub-AB; structure is observed instead
of a desired AB, structure. As described earlier, three self-assembly structures have the
maximum p at y=0.56, AB,, ico-AB,3, and cub-AB;;. Throughout the various composition
ranges, AB; is barely observed. Even in the composition of 1:2 (x.:xp), which is expected to
be most favorable to AB; (Figure A-1 (b)), the area of cub-AB 3 is larger than that of AB,.
In lower concentrations of P-QD (x.:x, down to 1:1), no BNSL is observed, instead,
separated domains of P-QDs and C-QDs are observed. C-QD only domains are frequently
observed in a wide range of x.:X, up to 1:10. In any tested condition, the area of AB, is not
large enough for further characterization using other techniques rather than TEM. Thus, we

use cub-AB;3 instead of AB; throughout this section.

We examine whether we can deposit large-area BNSLs on various substrates for fabrication
of devices. We deposited BNSLs of cub-AB,; structure on various substrates such as Si,
thermally grown SiO, on Si, and sol-gel ZnO on patterend-ITO/glass. After making the
surface hydrophobic with (3-Mercaptopropyl)trimethoxysilane (MPTS) treatment, BNSL
layers are successfully deposited on those substrates. These BNSL layers are inspected with
scanning electron microscopy (SEM) and fluorescent optical microscopy as shown in Figure
A-5. They exhibit domain size up to 3.2 um and well-ordered structures in each domain. In
all samples, the micron-size domains are adjacent to each other forming a large continuous
area (Figure A-5 (b) and (d)). Due to this morphology, BNSL can be used as an active layer
in QD-LEDs.
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Figure A-4. (a) High-resolution (HR) TEM image and (b) false color image of cub-AB;
structure deposited on TEM grid. (¢) Dark-field scanning transmission electron microscopy
(DF-STEM) image and (d) (100) view of cub-AB; structure, image taken from Refs:[114]
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Figure A-5. SEM image of cub-AB,; BNSL thin fi
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band-pass filter.
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The optical characterization of BNLS thin films demonstrates that FRET is more efficient in
BNSLs than in spin-casted films. The spin-casted films are created with the same
composition of QDs and exhibit a disordered structure. PL from C-QDs are efficiently
quenched after incorporating P-QDs regardless of their structures. In contrast, PL from P-
QDs increases only when the QDs have ordered AB,; structures. This is because in ordered
BNSL structure, C-QDs are always neighboring with evenly distributed P-QDs, but in
disordered structure, C-QDs are not always neighboring with P-QDs. Another evidence of

energy transfer from C-QDs to P-QDs is a PL increase right after the excitation pulse.

G5

(a) | CdSe -
4 ——CdSe Excitation @405nm
‘mg:il. (x30) T | |=mpPis | )\ Homaized by abs. @405
—— Disordered j | |——BNSL | 3 _—
51 mixture (x30)/ 8, o Disonaared] a8, Decay lifetime
= misture >t , ~144 ns
S, £ 1l mbim | Fd
> St g o
= : £ 5] Rising time
£ =20 | = ~3ns
E B 8
- N - o
o @ i
2 | £ || ——BNSL, 414nm excitaion
5 Zo —— fitted line
Z
. L 1 L ‘ ) i i ol | N i :
575 600 625 650 1000 1100 1200 1300 1400 1500 0 10 20 30
Wavelength [nm] Wavelength [nm] Time [ns]

Figure A-6. Optical characterization showing (a) energy donation from C-QDs and (b)
energy acceptance by P-QDs. (c) tPL demonstrating a rising time at the beginning by FRET.

A.4 Device Applications

BNSL QD-LEDs are fabricated using this large area cub-AB;3 BNSLs. We test whether the
quality of BNSLs is sufficient to be used as an active layer in QD-LEDs. We use a ‘type-IV’
structure for BNSL QD-LED as demonstrated in section 2.5. N,N'-Bis(3-methylphenyl)-
N,N'-bis(phenyl)-9,9-spirobifluorene (spiro-NPB) is used as HTL and ZnO is used as ETL
(Figure A-7). The electrical characterizations of these devices are presented in Figure A-8.
The performance of device is not impressive as a turn-on voltage is near 1.2 V and a peak

EQE is 0.5 %. One possible reason for this low performance is the low conductivity of
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BNSL films due to their large thickness. The thickness of BNSL QD films is 80-100 nm,
which is much thicker than the QD layers in SWIR QD-LEDs, 10nm, from section 2.5.

Due to a failure to produce large area AB; structure, EQE drooping phenomena is not
studied. In the cub-ABy; structure, C-QDs are surrounded by P-QDs in as seen in Figure A-
2, thus, charge cannot be transported through C-QDs. Therefore, P-QDs will be participated

in both charge transports and light emission.

In this appendix, we demonstrate the formation of BNSLs with different semiconductor—
semiconductor NCs on various substrates. The structure of BNSL is confirmed with TEM
and their domain size is observed with SEM and optical microscopy. By fabricating and
characterizing the BNSL QD-LEDs, we demonstrate that BNSL thin films with core/shell
QDs have sufficient quality to be used as an active layer in devices. To use BNSLs in

devices, fine control of their self-assembly is required.

NI o

MoO,
spiro-NPB

BNSL

Zn0

Glass \‘ ITo.
Figure A-7. Schematic illustration for a structure of BNSL LEDs.
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