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ABSTRACT

Quantum dots (QDs) are semiconductor nanocrystals with optical and electronic properties
that can be manipulated through subtle changes to their size, shape, and composition. This
remarkable tunability—coupled with their ease of manufacturing and low cost—makes them
promising building blocks for emerging and next-generation semiconductor, optoelectronics, and
energy conversion devices. QDs are already proving their utility and commercial viability in
modern television displays, which use QDs to expand their color gamut beyond that of traditional
technologies. However, many impactful applications (e.g., solar cells, cameras, machine vision,
guantum information systems, illumination systems) of QD thin films are precluded by their poor
charge transport properties. This thesis is broadly focused on improving charge transport in QD
thin films. Towards achieving this goal, we focused on the development and characterization of
an epitaxially-fused QD superlattice (epi-SL), which is a periodic assembly of QDs in which the
constituent QDs are crystallographically aligned and epitaxially connected to form a porous single-
crystal. Epi-SLs are exciting because of their predicted ability to combine the electronic and optical
tunability of individual QDs with the efficient charge transport of bulk semiconductors through

the emergence of collective, delocalized electronic states.

This thesis details the conversion of colloidal QDs into electronic devices composed of
individual epi-SL grains, establishing foundational insight into key aspects of epi-SL synthesis,
chemistry, structure, and electronic behavior. The first chapter provides a broad introduction to
QDs and QD-based devices. In the second chapter, multi-modal structural analysis reveals how

colloidal PbSe QDs assemble into a 3-D epi-SL. The structural metamorphosis occurs with the

XV



help of a critical intermediate parent superlattice (SL) phase, which converts into the epi-SL
through an impressive choreography of QD translation and rotation. Chemical analysis of parent
and epi-SL phases reveals the underlying chemical processes that initiate the SL phase
transformation. In the third chapter, these insights are leveraged to make epi-SLs using UV light
(rather than injection of a chemical) to trigger the SL phase transformation. The final chapter of
this work contains a demonstration of, for the first time, single-grain epi-SL field-effect transistors.
Individual epi-SL grains are deterministically integrated into optoelectronic devices of arbitrary
geometry and architecture (although here we focus on field-effect transistors) by way of a novel
nanofabrication process. Single-grain epi-SL transistors show hole mobilities approaching 10
cm?/Vs, which represents a ~10x improvement in charge carrier mobility over previously reported
PbX QD solids. Variable-temperature transistor measurements reveal several interesting electronic

phenomena that warrant future study.

XVi



CHAPTER 1

INTRODUCTION AND BACKGROUND

Integration of semiconductors into next-generation commercial optoelectronics is limited by their
hard-to-tune band gaps, high manufacturing costs, and appreciable processing challenges. Each
compound (e.g., Si, GaAs, HgCdTe) is a world unto itself, requiring unique processing facilities
and material-specific expertise. High-performance, versatile, low-cost, and easily manufactured

semiconductors with tunable band gaps are a holy grail of materials science.

Quantum dots (QDs) are semiconductor nanocrystals that feature size-tunable band gaps, low
processing costs, and scalable synthesis. QD band gaps are readily tuned during synthesis, making
them useful building blocks for semiconductor materials-by-design, and for integration into thin
films and optoelectronic devices. By virtue of their band gap tunability and sharp color resolution,
QDs have found success as phosphors in modern television displays. The ubiquity of QDs within
the display market attests to their viability in real-world applications. However, widespread use of
QDs beyond photoemission applications is limited by inefficient hopping transport characteristic
of traditional random-packed QD assemblies. The work in this thesis aims to dramatically improve
charge transport in QD solids through the formation of spatially-ordered QD assemblies that
exhibit delocalization of electronic wavefunctions and formation of bulk-like electronic bands

(“mini-bands”).

To these ends, we focus on a remarkable and emerging class of materials called epitaxially-fused
superlattices (epi-SLs). Epi-SLs are thin films comprised of monocrystalline QDs that are

epitaxially connected (i.e., the atomic lattices of each QD are aligned and attached to one-another)



to form a porous single-crystal. Epi-SLs are predicted to combine the size-tunable photophysics of
QDs with the high-performance electronic properties of bulk semiconductors. Intimate and
atomically precise inter-QD epitaxy is expected to result in the strong and homogeneous electronic
coupling needed for mini-band formation, improved charge transport, and attainment of holy grail
status. Realization of mini-band transport in epi-SLs has thus far been hampered by the presence

of structural and chemical defects that conspire to suppress miniband formation.

This chapter provides a broad overview of concepts relevant to the formation and study of

epitaxially-fused superlattices.

1.1. Quantum Dots

Figure 1.1. Photoluminescence from quantum dot suspensions. Each vial contains a solution of colloidal
guantum dots, increasing in size from left to right. (Figure adapted from Antipoff, 2012. CC BY-SA 3.0.
Wikimedia Commons).

QDs are semiconductor nanocrystals with size-tunable band gaps, meaning they can absorb or
emit light at wavelengths determined by their size. Figure 1.1 shows photoluminescence from QD

suspensions in which the constituent QDs are composed of the same crystalline material, but have



different average diameters. The simple relationship between QD size and band gap has motivated

interest in their use as building blocks for novel, solution-processable semiconductor materials.

1.1.1. A Brief History

In 1982, A. I. EKimov and A.A. Onushchenko reported on the first observation of size-dependent
exciton absorption energies in 0-dimensional semiconductor islands (i.e., QDs) embedded in a
metal oxide matrix.? In 1988, the first colloidal CdSe QD synthesis was reported?, followed in
1993 by the first colloidal CdSe QD synthesis using the “hot-injection” method (discussed later in
the text).* These two CdSe synthesis papers are remarkable because they demonstrated bottom-up
fabrication of 0-dimensional nanostructures—rather than the top-down approach of Ekimov and
Onushchenko—enabling all the versatility, accessibility, and cost-savings of solution processing

over traditional semiconductor processing.

The use of QDs as building blocks rather than isolated entities soon followed (in 1995) with the
first demonstration of QD superlattice (SL) self-assembly.®> This work showed that nearly
monodisperse QDs could assemble into 3D super crystals that mimicked structural aspects of
atomic solids. These QD SLs were electrically insulating due to the long, insulating QD capping
ligands QD that enabled their self-assembly. Another major milestone was the fabrication of
electronically coupled QD solids, through which an electrical current could pass.®’ Since then, a
multitude of QD compositions, sizes and shapes have been prepared and assembled into novel,
interesting, and useful QD solids, including QD-based photovoltaic devices.® Reported in 2011,
metal oxide infilling of QD films (via atomic layer deposition) to produce a QD/metal oxide
composite represented a completely bottom-up reproduction of Ekimov’s embedded-QD

structures.®



1.1.2. Anatomy of Quantum Dots

QDs are clusters of atoms typically spanning 1-20 nm in all directions. They are often made of
11-VI1, 11-V, or IV-VI semiconductors and can exhibit optical band gaps that range from the far
infrared to deep ultraviolet. Monocrystalline (as opposed to polycrystalline) QDs are routinely
synthesized. Due to their high surface area and the need for colloidal and charge stabilization,
colloidal QDs are capped with ligands. Because the surface area to volume scales as 1/r (where r
is the QD radius) surface atoms make up a significant portion of atoms within the QD. Thus, the
surface composition has a massive impact on all properties relevant to QD-based optoelectronic
devices. Furthermore, QD stoichiometries are sometimes ill-defined and depend heavily on the

synthesis, ligand capping, solvent, and other chemical interactions.

QD shape is dynamic and a priori adopts the lowest surface energy configuration.'® The Wulff
construction is the primary approach for describing the shape of a nanoparticle or QD. Control of
QD shape can be exerted during synthesis'!? or via post-hoc chemical treatments.'®* A wide
variety of simple and complex shapes have been realized through rational control of precursor

reactivity and facet-dependent growth rates.'4

Added functionality and complexity are attainable through heterostructured QDs.'® The most
common example is the core-shell structure in which differing core and shell materials work
synergistically to tune carrier dynamics or some other property of the QD. Some core-shell QDs
are optimized to suppress non-radiative recombination and increase photoluminescence quantum
yield. In this scenario, the core provides the band gap for radiative recombination of excitons and
the shell removes deleterious mid gap states (induced by surface defects and/or ligands) that

quench photoluminescence.*®



1.1.3. Electronic Structure of Quantum Dots

The relation between QD size and band gap originates from the quantum confinement effect.
Quantum confinement occurs when the QD size is smaller than the exciton Bohr radius, a material
property that depends on the QD’s electron and hole effective masses and dielectric properties.
One consequence of quantum confinement is the discretization of allowed electronic states, akin
to those derived for a simple “particle-in-a-box” model. In this way, QDs have electronic structures
more like atoms and molecules than bulk semiconductors. The position and spacing of electronic
states, and behavior of carriers within the allowed electronic states, depend on structural aspects
of the QD besides size, including compositional and interface effects. The energies of quantized
states that comprise the electronic structure of a spherical QD are expressed as:

hZ 2
EnL _ d)n,L

= 11
’ Zme_hRZ ’ ( )

where ¢n is the n'" root of the spherical Bessel function of the L™ order, me is the effective mass
of the electron or hole (for conduction or valence states, respectively), R is the QD radius, and 7
is Planck’s constant. The band gap energy Eq4 of a spherical QD can be approximated as:

h2m? 1.8e2
2mR?2 €R '

Eg = Ego + (1.2)

where Egpo is the bulk band gap, men is the reduced effective mass of electrons and holes. The
second term arises from boundary conditions applied by the spherical potential well (i.e., the QD).
The third term arises from Coulombic attraction between the electron-hole pair (exciton) and is
modulated by the high frequency dielectric constant €,,. Equations (1.1) and (1.2) reveal that an

increase in QD radius R will reduce the spacing of quantized states and eventually result in a band



gap equal to that of the bulk semiconductor. The above picture is somewhat simplified, and
perturbations to the positions and degeneracy of the quantized states depend on interband coupling,
crystal field effects, QD shape asymmetry effects, crystal strain and electron-hole exchange
effects.” For a more comprehensive discussion of the electronic structure of QDs, the reader is

referred to Ref. 18.

1.1.4. Optical Properties of Quantum Dots

QDs exhibit optical band gaps that depend on their composition and size (Figure 1.2), which
motivates their use in photoemission applications such as solid state lighting,’® television
displays,? security inks,?* continuous wave lasers,?? luminescent solar concentrators,?® medical
and biological imaging,?* single photon emitters,? and light-emitting diodes.?® The emission and
absorption properties of QDs are relevant for QD-based device engineering and as diagnostic tools

for a variety of QD properties.
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Figure 1.2. Spectral range of different QDs. The range covered by a particular QD composition is tuned
with the QD diameter. PbSe QDs inhabit the region from >2500 nm to ~1240 nm. (Reprinted with
permission from Ref. 2. Copyright 2018 American Chemical Society.)

Time- and frequency-dependent photoemission properties provide insight into QD electronic
structure and defect states.?® Photoluminescence quantum yield (PLQY) is an important metric of
a fluorophore’s efficiency and utility. Ultra-high PLQY (>99%) has been reported in a variety of
surface passivated and core-shell QDs.?® Non-unity PLQY is caused by non-radiative
recombination and Auger recombination. QDs can also exhibit intermittent photoluminescence
(known as “blinking”) that fluctuates with a time scale of seconds and precludes their use in
applications requiring steady photoemission. Blinking has been attributed to 1) intermittently
populated surface traps that quench hot or band edge carriers through nonradiative recombination;
2) intermittent QD charging (formation of trion) that leads to enhanced Auger recombination.3%3!
Blinking can be suppressed and PLQY can be increased by eliminating surface traps through QD

shelling and ligand selection. Photoemission linewidth is another critically important QD metric



and depends on QD inhomogeneity (size, shape) as well as electron-phonon interactions and other

thermal effects.3?

Understanding and control of QD optical absorption properties are important for their practical
application and diagnostic purposes. The propagation of light through a QD film/device can be
exactly modeled using the complex dielectric response of the film(s).>* QD shape, size,
composition, ligation, and the dielectric properties of the surrounding medium dictate the
frequency-dependent absorption spectrum of a QD.3* Maxwell-Garnett effective medium theory
can be used to accurately model the absorption of a dilute solution of QDs.3* This approach has
been used to generate empirical relationships between the concentration and optical absorptance
of a “dilute” QD suspension.>>%® The situation for QD thin films is more complex due to
heterogeneity in the dielectric environment surrounding each QD. An appropriate framework for
describing the dielectric response of a QD film depends on the local environment of the QDs (e.g.,
ligand-capped or ligand-free) and the degree of electronic coupling between QDs.*” Effects like
crystal strain can also modulate QD oscillator strengths.?? Several groups have used spectroscopic
ellipsometry to evaluate the dielectric function of QD thin films for device engineering.333"-3
Bawendi et al. measured the dielectric constant of QD thin films using AC-capacitance
measurements®®, finding an increasing dielectric constant with QD volume fraction and poor
agreement with a structure-based effective-medium theory. Poor agreement was attributed to a
size-dependent dielectric constant of the individual QDs, which is thought to originate from
surface induced effects. There is no unifying structure-based model for the dielectric function of
a QD thin film, likely due to several important unknowns about their internal structure. While
monolayers can be assessed unambiguously, it is more difficult to obtain insight into the internal

structure of 3D QD assemblies.*



The optical properties of QDs are sensitive to their composition, size, shape, local environment,
and interfacial effects; this sensitivity offers tunability but necessitates fine processing control to

make QD ensembles with a well-defined optical response.
1.2. PbSe: From Bulk to the Nanoscale

1.2.1. Crystal Structure

PbSe is a crystalline semiconductor that adopts the cubic rocksalt structure (a = 6.12 A). Figure
1.3 shows the PbSe unit cell (Figure 1.3a) and coordination polyhedra of Se (Figure 1.3b). Se
adopts an FCC lattice, with Pb forming an FCC sub-lattice offset by (a/Z,O,O). Each element is
octahedrally coordinated by the other. Figure 1.3 shows the edge-sharing Se coordination
octahedra. PbSe QDs are circumscribed by {100}, {110} and {111} facets. Single layer slices of
these planes are shown in Figure 1.3c-e. The {100} and {110} facets are stoichiometric, whereas

{111} consist of alternating planes of Se and Pb (Figure 1.3f).
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Figure 1.3. Structure of PbSe. a) Complete unit cell of rock salt PbSe, b) Polyhedral depiction showing the
six-fold octahedral coordination of Pb to Se, ¢) Stoichiometric {100} surface of PbSe, d) Stoichiometric
{110} surface of PbSe, e) {111} surface of PbSe which consists of alternating layers of Pb and Se atoms,
e) Side-view of the {111} surface of PbSe, highlighting the alternating layers of Pb and Se.

1.2.2. Electronic Structure

Pb is an s?p? column-1V element, yet it behaves like a pseudo-divalent p? atom because of the
high atomic number of Pb leading to localization of the valence 6s orbital.** Thus, PbSe (along
with PbS and PbTe) are considered quasi-11-VI semiconductors. Figure 1.4 shows the calculated
band diagram of bulk PbSe, with valence band maxima annotated by red circles. The band gaps of
Pb-chalcogenides are direct and occur at the L-point of the Brillouin zone, whereas traditional I1-
VI semiconductors have theirs at the I'-point. This distinction leads to important differences in the
electronic properties and photophysics of Pb-chalcogenides and 11-VI compounds (e.g., CdSe,

ZnSe), such as differences in state degeneracy of the VBM and CBM.

10



AN

/

r A X W L r =z KUX K

Figure 1.4. Band diagram of bulk PbSe. Calculated by the empirical pseudopotential method. The bulk band
gap occurs at the L-point as is annotated in the graph. Reprinted with permission from Ref. 41. Copyright
2006 American Chemical Society.
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PbSe has small electron and hole effective masses (< 0.1m,) and a static dielectric constant e,
of ~250 (high frequency dielectric constant €, = 23). Together, these lead to a Bohr exciton
radius of ~46 nm, as given by:

€,€oh?
an =
0 92[1

(1.3)

A large exciton radius leads to strong quantum confinement at synthetically accessible QD sizes,
a sparse density of states, and band gap tunability from 0.28 eV up to ~ 1.1 eV (see Equation (1.2)).
PbSe QDs are therefore an excellent material platform for investigating QDs in the strong-
confinement limit. The relationship between optical band gap and QD size varies roughly with 1/d

and was determined empirically by Moreels et al.>
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1
0.016d2 + 0.209d + 0.45

Eo(d) = 0.278 + (1.4)

They also determined the molar extinction coefficient at 3.1 eV, which is far enough above the

band gap that the absorptivity is size independent:

€310y = (0.0277 £ 0.005)d3 [cm~1uM~1] (1.5)

These two formulae are often used to spectroscopically determine the average QD size and molar

concentration of a PbSe QD suspension.

Colloidal PbSe QDs often suffer from poor PLQY, which decreases with increasing QD size.*
4 Sub-3 nm oleate-capped PbSe QDs can exhibit >50% PLQY, whereas larger QDs are often
closer to 1%. This trend has been attributed to a dependence on the QD band gap, which leads to
differences in non-radiative relaxation into trap states and ligand vibrational modes.*® Surface

chemistry also plays a pivotal role and will be discussed more later in the text.284546
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Figure 1.5. Optical spectra of PbSe QDs. Different colors represent different average QD sizes. Reprinted
with permission from Ref 36. Copyright 2007 American Chemical Society.

Figure 1.5 shows a series of absorption spectra from suspensions of PbSe QDs. The first low-

energy peak is the 1Sp-1Se transition, the second is the 1Px-1Pe transition, and the third is the 1Dn-
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1D.. 44748 At high enough energy, the manifold of electronic states becomes semi-continuous and

the spectrum becomes bulk-like.

After a QD absorbs a photon of some energy, excited electrons and holes undergo a variety of
relaxation pathways. Quantum confinement in QDs enhances carrier-carrier interactions and leads
to transition (relaxation) rates that differ from their bulk counterpart. One exciting and useful

difference in PbSe QDs is the prominence of carrier multiplication (CM).

1.2.3. Carrier Multiplication

PbSe QDs show promise for boosting photovoltaic power conversion efficiencies through CM,
which is the generation of multiple electron-hole pairs from a single high energy photon.*
Generation of two excitons from a single photon of energy twice that of the band gap enables a
theoretical solar cell efficiency of 42%, compared to 33% for a traditional single-junction
semiconductor PV.%° For solar cells that exploit CM, the ideal band gap is reduced from 1.34 eV
to 0.7 eV, which is nearly ideal for PbSe QDs.>! The photon energy onset for CM is lower in QDs
than bulk semiconductors due to relaxed momentum conservation constraints in dispersion-less
(i.e., no E vs k relation) QDs and occurs at ~3E4 in PhSe.*® The cooling rates and pathways of hot-
carriers and multi-excitons ultimately determine the efficiency of CM and free multiple carrier

generation in PbSe QDs and have been studied in detail 335154

PbSe has a unique electronic structure that enables strong quantum confinement in
experimentally accessible QD sizes. Enhanced CM efficiency in PbSe QDs theoretically boosts

photovoltaic efficiency above the Shockley-Quiesser limit.
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1.3. Quantum Dot Synthesis

QDs are typically synthesized in non-aqueous, high boiling point solvents at temperatures
between 100 to 350 °C. The synthetic protocols are designed to exploit thermodynamic and kinetic
aspects of particle nucleation and growth in order to produce monodisperse and colloidally stable
particles. There are two primary solution-phase QD synthetic approaches: the “hot-injection
method” and the “heat up method”. Both methods can be approximately described by the LaMer
particle growth model (see Figure 1.6) developed in 1950.%%°¢ Key to this particle growth model
is the temporal separation of particle nucleation and growth steps. The basic concept is as follow:
the concentration of monomers (molecular building blocks of the QD) in a solution is increased
until the solution becomes supersaturated and a “burst of nucleation” occurs, followed by sub-
supersaturation conditions that allow dynamic growth of the freshly produced QD nuclei. In zone
1 of the LaMer model, the monomer concentration increases, eventually reaching a supersaturation
limit where crystal embryos consisting of n monomers homogeneously nucleate (i.e., precipitate).
The free monomer concentration is thus reduced below the supersaturation point, and nucleation
is gquenched. In zone 3, monomers join with the previously nucleated n-mers (heterogeneous
growth) to form larger colloids, until eventually the monomer concentration approaches
equilibrium. In 1990s, the pioneering work of LaMer and Dinegar inspired development of a hot-
injection CdSe QD synthesis protocol by Murray, Norris and Bawendi.* The concept of “burst
nucleation” was applied by rapidly mixing metal and chalcogenide precursors such that the Cd and
Se monomer concentrations increased above the supersaturation threshold, resulting in
homogeneous nucleation, then heterogeneous growth of CdSe nanocrystals. This basic approach
has been adopted and modified for synthesis of several compound semiconductor QDs (and

nanocrystals, more generally).
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Figure 1.6. Schematic of LaMer growth model. Reprinted with permission from Ref 6. Copyright 2013
American Chemical Society.

Supersaturation of the reaction solution results in precipitation of crystal nuclei. For any set of
reaction conditions, there is some critical nuclei size above which the crystal embryo can begin to
grow and below which the nuclei will dissolve back into monomers. This size-dependent solubility
is described by the Thomson-Gibbs relation and arises because of curvature-induced surface
tension.>” The critical nucleus radius re is the radius at which the surface free energy equals that of
the crystal volume free energy, and can be expressed as:

2y  2yVn
AG, RTIn(S)’

= -

(1.6)

where v is the surface energy per unit area of the QD, AGy is the change in free energy required to
form a unit volume of the QD crystal from monomers, Vr is the molar volume of the QD crystal,
and S is the ratio of monomer concentration to the saturation concentration. The hot-injection

method works by quickly and significantly increasing S, thereby lowering the critical nuclei radius
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needed to sustain particle growth. The growth rate of a QD, including monomer diffusion, reaction

rate kinetics and Thomson-Gibbs dissolution effects is expressed:

2yVm
dr S(t) — erRT
= = VD Cy | —5—rr (1.7)

a
v +-s-e" TRT
k

o]

where S(t) = CC— is the supersaturation of monomers in solution, k is the rate constant for
b

precipitation in the limit r = oo, and « is a transfer coefficient for precipitation. A comprehensive
derivation can be found in Ref. 58. Ref 59 provides useful insights into the impact of each variable

in Equation (1.7) on the overall particle growth rate and resultant polydispersity.

1.3.1. PbSe Quantum Dot Synthesis

In 2001, the initial synthesis of colloidal PbSe QDs was reported by Murray et al.%’ They used a
hot-injection approach that starts with the formation of a solution of lead oleate, using lead acetate
and oleic acid as precursors. The formation of lead oleate occurs at temperatures > 60 °C via
coordination to Pb by two oleate molecules. This reaction results in the formation of acetic acid as
a byproduct. Oleic acid—a commonly used carboxylate binding ligand—enables good solubility
in non-polar solvents and prevents QD aggregation. With the lead oleate solution at elevated
temperature (180 °C), they injected technical grade (90%) n-trioctylphosphine selenide (TOPSe)
to first nucleate, then grow the oleate-capped PbSe QDs. A schematic depicting modern hot-

injection syntheses of PbSe QDs is shown in Figure 1.7.
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Figure 1.7. Schematic of a hot-injection QD synthesis. A solution of Pb(oleate), in 1-octadecene (ODE) is
formed via heating under dynamic vacuum. The solution temperature is measured via thermocouple and
heated using a heating mantle. A solution of TOPSe and DPP is injected at 180 °C to initiate growth of
PbSe QDs.

Several important insights and modifications have been made since this initial synthesis protocol,
but major elements remain in use today. Some modern syntheses use PbO instead of Pb acetate—
leading to the formation of water rather than acetic acid as a reaction byproduct—as residual acetic
acid was found to disturb QD growth.%* More environmentally benign reaction solvents such as 1-

octadecene have replaced ethers.

Two major efforts revealed several unexpected and important insights about the mechanism by
which precursors convert into QD nuclei. TOPSe was originally thought to react directly with
Pb(oleate). to form the PbSe monomeric unit, as is the case in CdSe synthesis. However, it was
shown that pure TOPSe, when mixed with Pb(oleate), at typical reaction temperature, fails to
nucleate QDs.%? Secondary phosphines—a known impurity in technical grade TOP—were shown

to be essential for nucleation of PbSe QDs. Thus, the addition of sub-stoichiometric amounts of
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secondary phosphines was implemented to increase QD vyields and improve batch-to-batch
reproducibility that was lacking as a result of variations in TOP impurities. The general reaction

scheme for PbSe QD nucleation is presented in Figure 1.8.
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Figure 1.8. Proposed mechanism of PbSe monomer formation. Beginning with complexation of
diphenylphosphine selenide and lead oleate, eventually resulting in PbSe monomer formation. (Reprinted
with permission from Ref 10. Copyright 2010 American Chemical Society.)

The critical role of diphenylphosphine selenide (DPPSe) is to displace oleate from Pb(oleate),,
thereby forming an initial PbSe unit (1 in Figure 1.8). DPP is not consumed in this reaction scheme
and will once again convert into DPPSe by reacting with the large excess of TOPSe. It is important
to note that these experiments were done below 200 °C and that different mechanisms may be
operative at higher temperatures. For example, TOPSe was found to thermally decompose at 250
°C, generating reactive H,Se, another potential Se source for monomer nucleation.®® It is not clear
whether this can occur at the temperatures used in most PbSe syntheses (<210 °C). The exact PbSe

monomer species (as it is described in LaMer-type growth) is still not clear.®*
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Several limitations of the hot-injection approach prohibit simple scale-up, including reagent
mixing times, reaction cooling times, impracticality of the required injection solution volume, and
batch-to-batch ~ reproducibility. Reaction flask  underpressure,®® increased precursor
concentrations,®® novel precursors,®” and more sophisticated injection methods have been explored

as means of improving the quality of large-scale hot-injection syntheses.

The “heat-up method” circumvents kinetic limitations of the hot-injection approach and offers a
scalable and controllable route for the synthesis of large, uniform batches of QDs. In this approach,
heat is used to drive the formation of monomers until supersaturation and QD nucleation occurs.
Because supersaturation, nucleation, and growth are driven by chemical reactivity of precursors
rather than simple mixing of reagents, the selection of precursors is critical. Owens et al. developed
a library of selenourea precursors with tailored reactivities to generate monodisperse PbSe QDs of
various sizes using the heat-up method.®® An excellent review of heat-up synthesis can be found
in Ref. 69. There are several examples of PbSe QD synthesis using the heat-up method.*% Cation
exchange synthesis have garnered interest in recent years as a means of producing PbSe QDs with

novel heterostructures, air-stability, and the ability to exploit advantages of other QD syntheses.”®

72

The hot-injection protocol used for making PbSe QDs has not changed significantly since its
development. In the intervening years, researchers have developed mechanistic insights and

clarified the role of various reagents used in the synthesis.

1.4. Quantum Dot Self-Assembly

QD solids (e.g., 2D and 3D QD assemblies) are the foundation of QD-based solid-state

optoelectronic devices and are formed during colloidal destabilization of QDs induced by solvent
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evaporation, ligand stripping/exchange, or anti-solvent mixing. Through controlled destabilization
of low polydispersity QDs, ordered QD superlattice (SL) structures can be formed. We first discuss
the mechanics of QD self-assembly: namely, free energy constraints that dictate the morphology

of a QD solid, followed by some kinetic aspects of self-assembly.

1.4.1. Quantum Dot Superlattices

The structure of a QD SL is determined by a complex interplay of QD size, shape, ligand
coverage, solvent effects, and deposition methodology. QDs do not behave solely as prototypical
hard or soft objects, but instead exist at some intermediate point determined by details of the
QD/ligand structure. Thus, QD SLs inhabit a rich phase space.”® We start first with a conceptual
understanding of self-assembly of prototypical hard spheres and polyhedra, then incorporate

effects from ligands.

Non-interacting hard spheres and polyhedra adopt close-packed structures that maximize their
volumetric density. Spheres adopt fcc and hcp lattices, which have the highest volume filling
fraction (0.74). The impetus for close packing arises from entropic driving forces. As the density
of a solution of spheres slowly increases (for instance, through solvent evaporation) there is a
critical density at which the translational and rotational entropy of each sphere is increased—at the
cost of configurational entropy—by maximizing the volume available to each sphere.”® Thus, at a
certain density, the free energy of the system splits, resulting in a lower energy ordered state and

higher energy disordered state.

However, QDs are not truly spherical and instead adopt an energy minimizing Wulff
polyhedron.” Maximum entropy SL structures have been determined for many types of hard

polyhedra.” Orientational alignment of hard polyhedra (particularly those with large, flat facets)
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emerges as a result of entropy maximization and directional entropy forces.”®"8 In other words,
there is an entropy-induced pseudo-force that directs orientational registry of neighboring QDs.

Thus, the effective QD shape provides a design template for specific QD SL structures.

QDs have ligand coronas that may account for a substantial portion of their overall volume. Thus,
QDs do not behave as ideal hard polyhedra, leading to adoption of non-close packed structures.”
This deviation from close-packing has been rationalized on the basis of SL internal area
minimization. In this case, internal area refers to the overall surface area of the Wigner-Seitz (W-
S) cell (i.e., Voronoi decomposition) of each lattice site within the SL. The W-S cell is the
fundamental domain occupied by a QD and is constructed from points in space that are closer to a
particular lattice point than to any other. The more spherical the W-S cell, the lower the internal
surface area and the more uniformly ligands can fill the interstitial space.”® The bcc structure has
a more spherical Voronoi cell than the fcc structure. Thus, the bcc structure is entropically
favorable for packing of soft spheres. As the ratio of ligand length to QD radius increases, QD
assembly is dictated to an increasing extent by ligand-ligand interactions rather than the hard
cores.® Additional deviations from a hard-sphere model include ligand-ligand and QD-QD van

der Waals interactions, facet-dependent ligand coverage, and solvent-ligand interactions.”8!

The use of small ligands (e.g., SCN") rather than sterically bulky ligands leads to glassy (i.e.,
order-free) QD solids upon destabilization because attractive van der Waals attractive forces
between QD cores dominate, leading to premature QD aggregation. In other words, QDs with short
ligands “stick” to one another and therefore cannot sample enough sites to achieve the entropically
favored SL structure. To achieve weak pairwise attraction, even in the limit of low solvent

concentration (high QD concentration), long, sterically bulky ligands are nearly a requirement.
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1.4.2. Quantum Dot Film Fabrication

While there are numerous approaches for QD film formation, dip-, spin-, and drop-casting are
most common. Layer-by-layer dip-coating results in densely packed amorphous QD films, but
requires a ligand exchange between sequential QD depositions to insolubilize the QDs.® Spin-
coating of oleate-capped QDs produces films with good short-range order and tunable thickness.
Ligand exchange of spin-cast films with short ligands leads to significant nanoscale tearing and
amorphization. SL unit cell volume contraction that occurs upon ligand exchange cannot be
accommodated by the solid substrate, which provides a significant friction force that prevents
smooth QD motion. In contrast to the rapid solvent evaporation and substrate-induced pinning
typical of dip- and spin-coating processes, drop-casting onto a liquid surface (such as ethylene
glycol) and using long solvent evaporation times results in highly ordered oleate-capped
superlattice films. The spatial order of these films is better than spin-cast films because of longer
solvent evaporation times and weaker QD/solvent-substrate interactions that disrupt self-assembly.
An exciting and useful aspect of this liquid-interfacial assembly is the ability to perform an in-situ

ligand exchange.®

This in-situ approach is vital for preparation of epitaxially-fused superlattices. Injection of
a chemical trigger or ligand into the liquid sub-phase leads to intercalation and the
exchange/removal of ligands bound to the QD surface. Most importantly, the liquid surface
accommodates SL volume contraction and therefore the formation of closely-packed or epi-SLs
without significant cracking or amorphization. The formation pathway and chemical evolution of

QD SL films fabricated on a liquid surface are a primary focus of this work.

22



In the limit of slow solvent removal, QDs will adopt their energy-minimized structure, which
varies depending on QD shape, ligation, and solvent. Self-assembly and ligand exchange on a

liquid surface is the premier approach for fabrication high-quality epi-SLs.

1.5. Quantum Dot Surface Chemistry

QDs have a large surface area to volume ratio and so their interfaces play a dramatic role in
shaping their optical, chemical, and electronic properties. Variable surface termination (i.e.,
faceting), dynamic surface reconstruction, and highly tunable ligand chemistry lead to differences
in doping, electronic state energies, charge carrier dynamics, solvent solubility, and self-assembly
phenomena.l Particle facets have facet-specific surface energies, stoichiometries,
growth/dissolution rates, binding affinities for ligands, and localized electronic states. These facet-
specific properties can be exploited to grow anisotropic particles with exotic shapes,***? control
oriented attachment between QDs,® tune ligand coverage density,” and alter carrier dynamics.®*
The reconstruction and atomic-scale details of QD surfaces can also lead to changes in QD optical

and electronic properties, although insights into these effects are relatively limited.

Besides QD composition and shape, ligand chemistry (or surface termination, more broadly) is
the most significant determinant of the behavior of QD solids. Ligand chemistry can be
programmed during QD synthesis and altered thereafter via “ligand exchange”. A ligand has two
primary regions: the head group, which binds to the QD surface, and the tail group, which interacts
with the solvent or other ligands on adjacent particles. The head group can be ionic (i.e. a
carboxylate anion) or neutral with lone pairs of electrons available for bonding to metal ions on
the QD surface. Using the terminology of Green’s bonding classification method, these are X-type

and L-type ligands, respectively. In both cases, electron-deficient metal ions at the QD surface
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bind with nucleophilic ligand head groups.®> To maintain charge neutrality, QDs with X-type
ligands (anions) are typically metal-rich (excess cations), whereas L-type ligands lead to more
stoichiometric QDs. The use of a third type of “Z-type” neutral ligand—for example, a metal cation
bound to halide or chalcogenide anions—has been demonstrated in a variety of QD systems. Small,
adventitious anions such as OH™ or CI- have been observed on QD surfaces and may result from
byproducts formed during QD synthesis or environmental/solvent contaminants.®® The head group
has been shown to affect QD energy levels and charge carrier dynamics, such as
photoluminescence quantum yield.* The tail group often determines the solubility and stability of
QD colloids in solution. Commonly used ligands include oleylamine and oleic acid, which offer
solubility in nonpolar solvents. Long-chain hydrocarbon ligands such as oleic acid interact through
weak Van der Waals interactions and are sterically bulky, both of which serve to prevent QD

agglomeration.

1.5.1. PbSe Quantum Dot Surface Chemistry

The ligand composition of as-synthesized oleate-capped PbSe QDs (via the Murray method or a
slight modification®) has been characterized in detail using nuclear magnetic resonance (NMR)
and infrared spectroscopy, among other techniques (see review article, Ref 85). Oleic acid is the
primary native ligand and binds as oleate (RCOO) to surface Pb.”® Oleate is anionic and
therefore necessitates a Pb-rich surface to preserve overall charge neutrality. The amount of oleate
on the surface has been quantified®’, the distribution across different facets has been calculated’
using density functional theory, and different binding modes have been identified.*® The binding
affinity of oleate to different PbSe facets increases as Egiooy < Eq110p < Equ113, a trend that has
important implications for facet-dependent ligand coverage, QD shape, QD surface reactivity, and

QD-QD oriented attachment.” The facet-dependent binding strength of oleate decreases with
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increasing coverage due to steric repulsion effects, leading to sub-maximal oleate packing densities
(based on the density of allowable surface Pb). For example, PbSe {111} facets have a Pb area
density of 6.16 nm, which is higher than the maximum lateral density of 4.0-4.6 nm™ for pure,
semi-crystalline oleic acid.®® Thus, one would expect dangling bonds and other surface sites that

are highly reactive but inaccessible to complete passivation by oleate.

Co-adsorbates passivate these hard-to-reach surface sites and can have a significant impact on
the photophysics and chemical reactivity of PbSe QDs. Yet, their identity and relative abundance
are challenging to quantify. Synthesis reactants/byproducts, ambient contaminants (e.g., water or
oxygen), and halides have been found to co-adsorb with oleate on PbSe QDs. Selenium bound n-
trioctylphosphine and diphenylphosphine—both reactants in modern PbSe QD syntheses—have
been observed via NMR and were shown to impact PbSe QD photophysics.*® It has been suggested
that small adventitious anions such as OH" co-adsorb to the surface to provide QD charge
neutrality, however they are challenging to observe and quantify.®® Perhaps the most serious and
omnipresent co-adsorbate on PbSe QDs is oxygen. The optical properties of oleate-capped PbSe
QDs are immediately affected upon exposure to air, yet reversible if the air exposure is brief.%
This reversibility is attributed to physisorption of Oz. Longer air exposure generates numerous
surface oxidation products, eventually resulting in destruction of the PbSe QD.° Several ligand
co-passivation strategies have been used to increase ligand coverage, prevent oxidation, and bind
surface sites inaccessible to bulky oleate. Halides in particular have shown utility in binding and
chemically stabilizing the QD surface, leading to enhanced air stability, improved photoemission

and charge transport behavior,5488-90-92

Chemicals used during purification can also influence QD surface chemistry.®® QDs are typically

separated from reaction byproducts through sequential rounds of precipitation and resuspension
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using a solvent/anti-solvent mixture. For example, ethanol can be added to an octadecene-based
QD reaction mixture to precipitate the QDs, allowing the solvent and reaction byproducts to be
separated. Combinations of hexane and ethanol/methanol are commonly used in further
purification steps. However, the Hens group found that alcohols can protonate and strip oleate
from the QD surface, thereby reducing the colloidal stability of the particles and quenching PL.%*
Stripping of oleate also impacts QD self-assembly. Despite alcohols being extremely weak acids,
the large excess used to precipitate the QDs—in combination with metastable QD surfaces and a
subset of weakly bound oleate molecules—enable exchange of oleate for the alcohol. The use of

acetonitrile as the anti-solvent eliminates oleate stripping.®*

1.5.2. Ligand Exchange

It is often useful to replace the oleate ligands with new ligands that have different functionality.
The new ligands can modify charge carrier properties of a QD or QD ensemble, including
relaxation dynamics, doping, and charge transport.% Here we focus primarily on ligand exchange
intended to decrease inter-QD distances as a means of increasing electronic coupling (more on this

later).

Ligand exchange can either be performed on QDs in suspension®-%° or after a QD film is cast on
solid substrate (termed “solid-state exchange”). A modification of the latter approach involves
ligand exchange of a floating QD film on a liquid surface. This technique is referred to as in-situ

exchange.

Solution-phase ligand exchange is a priori more homogenous and complete than solid-state

exchange but has the tendency to colloidally de-stabilize the QDs, resulting in aggregation. QDs
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exchanged with a variety of short, inorganic ligands®” and functionalized cinnamate ligands® are

two examples of solution-phase Pb(S,Se) QD ligand exchange.

Solid state ligand exchange is the most used approach and can be applied on films deposited by
layer-by-layer dip coating, spin coating, drop casting and doctor-blading. Thick films can be
generated by sequential rounds of deposition and exchange, with each ligand exchange step

insolubilizing the QDs to their native solvent (e.g., octane).

In-situ exchange is the least common approach and is used in the work described here.® A dried,
floating QD film can be chemically modified (i.e., ligand exchanged) through introduction of
additives into the sub-phase upon which the film sits. This ligand can penetrate the floating film
and proceed to exchange with the native oleate ligands. Details of film wetting, ligand diffusion
through the QD film, and the QD film/sub-phase interface are not well understood. Some recent
work from the Hanrath group discusses dynamics of PbSe QD self-assembly at the liquid

interface.100

1.5.3. Relation Between Surface Chemistry and QD Doping

QD surface composition is a significant determinant of QD doping. Stoichiometric control of
PbSe QDs can lead to quantitative shifts in majority carrier concentration and type.'%* Excess Pb
and Se generate electron-rich and hole-rich free carrier populations, respectively.’%21%% This
observation can be mapped onto early studies of Pb- and Se-rich bulk PbSe films.1% Treatment of
PbSe QDs with halides (Cl, Br, 1) leads to n-type doping.*®® Hydrazine leads to n-type doping,
whereas other amines lead to mixed p- and n-type doping.%®1%” Oxygen exposure leads to unipolar
p-type behavior and high conductivity.® Thiols and thiocyanate lead primarily to p-type

conductivity, which has been rationalized in the context of increasing the surface anion
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(chalcogenide) concentration. Several papers have demonstrated that ligand dipoles lead to shifts
in PbS QD band positions of up to ~2 eV.%1% |n general, the doping effect of a certain ligand is

determined empirically, although some universal frameworks have been developed.*

1.5.4. Matrix Engineering with Atomic Layer Deposition

QD solids are porous and often metastable. Law et al. first demonstrated atomic layer deposition
(ALD) as an effective method for stabilizing and “solidifying” QD solids.® ALD is a layer-by-
layer chemical vapor deposition technique uniquely suited to uniformly coating high aspect ratio,
nanoscale structures and nanoscopic void spaces in 3D solids.'® Wide band gap metal oxides such
alumina (Al2.Oz) and zinc oxide are examples of commonly used ALD materials. Low-temperature
ALD processing is achievable using reactive precursors such as trimethyl aluminum, making the
process amenable to thermally unstable QDs.!*® Researchers have extended the concept of gas-
phase ALD to colloidal-ALD, which relies on solution phase chemistry to grow protective shells

around QDs. 111112

ALD infilling and overcoating prevents oxidation of QD solids and enhances their photothermal
stability.**® Pb-chalcogenide QDs are highly sensitive to oxidation and can sinter at temperatures
less than 100 °C. ALD infilling with alumina enables short and long term environmental/thermal

stability.

ALD infilling impacts charge transport, photophysics and optical properties of QDs.>}114115 For
one, ALD can alter QD surface chemistry, which in turn leads to changes in the density, energy,
and dynamics of surface charge traps.®*1411 Infilling with ALD also changes the dielectric
environment of the QDs. This can lead to changes in the charging energy of QDs and doping

efficiency of surface dopants.'” Changing the dielectric constant of the pore network is expected
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to impact the effective dielectric constant of the QD film as well as the oscillator strengths of QD

optical transitions.>*

QD surface chemistry is a major determinant of carrier dynamics, transport, and doping.

1.6. Charge Transport in QD Solids

The use of QD active layers in photovoltaics, photodetectors, LEDs, and other optoelectronic
devices requires efficient charge transport.®® QDs capped with long aliphatic ligands like oleate
generate insulating films with low carrier mobilities and so ligand removal or exchange with short

ligands is needed to electronically couple QDs and form conductive QD solids.

There are three primary types of charge transport possible in QD solids. Hopping transport—the
most common QD charge transport mechanism—dominates in the limit of relatively weak inter-
QD coupling and a high degree of energetic disorder.''® Delocalized (i.e., metallic) transport is a
more efficient charge transport mechanism and dominates in disordered QD solids with strong
inter-QD coupling and relatively low energetic disorder.*'**?° Finally, mini-band transport, which
is predicted to emerge in QD SLs with strong inter-QD coupling and exceptionally low energetic
disorder.*?*123 Mini-band transport has not yet been experimentally demonstrated in colloidal QD

solids.

1.6.1. Hopping Transport

Phonon-assisted tunneling is a sequential electron tunneling process between unequal energy
states, such as those of 1Se states in neighboring QDs of slightly different size. Charge transport

in the phonon-assisted tunneling regime is commonly described using the Miller-Abrahams (M-
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A) expression for the hopping rate I3; between discrete electronic states of neighboring QDs i and
j:118’124

mmkgéﬂ(@>m

1 (E < E)

[;j = Iy exp(—pBd) (1.8)

I, is an attempt frequency, d is the width of the tunneling barrier, and Ejand E; are the energies of

the initial and final states, respectively. f = 2,/2mVg/h? and represents the attenuation of the
wavefunction across a tunneling barrier of height Vz with a local effective mass m. The second
exponential term is included when the final state is of higher energy because this transition is
thermally activated and therefore slower than an energetically downhill transition. Relevant
material properties of the QD (such as Bohr radii of electrons and holes) are included in the I}, pre-
factor. Some have incorporated a T dependence when calculating mobility, because Einstein’s
diffusion equation contains such a term (in 3D):1%°

ed?

_ 1.9
6TkT (1.9)

U

Here we can see that the carrier mobility is directly proportional to the electron hopping rate. In
the limit of insufficient thermal energy for charge hopping between QDs with different site
energies, variable-range hopping (VRH) dominates. VRH is a process whereby charges tunnel

between non-neighboring QDs that have more similar site energies (i.e., where Ej-E; < kT).1%

One limitation of the simple M-A model is that it does not incorporate a “reorganization energy”
that is explicitly included in the Marcus model of polaronic hopping.t?51?7:12 |n the context of

carrier hopping, reorganization energy refers to an energy penalty induced by electron-phonon
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coupling during an electron tunneling event. One significant difference between the Miller-

Abrahams and polaronic hopping models is the difference in temperature dependence. In the

polaronic hopping picture it is possible for the mobility to decrease as the temperature increases.?
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Figure 1.9. Carrier mobility in PbSe QD solids with different ligands. Dependence on ligand length of
electron and hole mobilities in PbSe QD thin films treated with bidentate alkylthiol ligands. Reprinted with
permission From Ref 118. Copyright 2010 American Chemical Society.

Figure 1.9 presents seminal work by Law et al. which shows that room-temperature electron

mobility in films of alkanedithiol-capped PbSe QDs is inversely proportional to the ligand length,

in excellent agreement with Equation (1.8).1!® These results highlight that the M-A model can

effectively capture the behavior of QD solids in the “weak coupling limit” where hopping transport

dominates. To further increase mobilities (beyond 5 cm?/Vs) in PbSe QD films, d was further

decreased by using SZ, and HS"as ligands.'4'?° Decreasing £ is another approach used to increase

carrier mobilities in QD solids, and has been achieved using molecules with conjugated pi bond

systems coupled to head groups that can bind to surface Pb.1%0-1%
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While transport in weakly-coupled QD films is well captured by nearest-neighbor or variable-
range hopping models (within the Miller Abrahams framework), there is serious debate about
transport mechanisms in films with mobilities greater than 1 cm?/Vs.'?® Recently, electron

mobilities of ~24 cm?/Vs have been reported in 2D PbSe epi-SLs.*

1.6.2. Band-like Charge Transport

First, some clarity on the definition of “band-like transport”, a term that has been used widely in
QD literature. Phenomenologically, band-like transport refers to delocalization of carriers (i.e.,
metallic charge transport) across multiple QDs. However, the term “band-like transport” has been
used primarily to describe the observation of electron or hole mobility that decreases with
increasing temperature (6u/S6T < 0). While this temperature-dependence has been taken as a
signature of carrier delocalization, there are other possible explanations (such as the previously-
discussed polaronic hopping model). We further distinguish here between “band-like” transport
and “mini-band” transport, where the latter requires periodicity in the QD lattice (i.e., a
superlattice) to generate a band dispersion. For clarity, I will use the term “band-like transport™ for
transport that has decreasing mobility with increasing temperature. The term “delocalization” is
used to discuss the phenomenon of carrier delocalization across multiple QDs. Several relevant

perspectives discussing delocalized transport in QD solids are available in the literature, 9125134135

There is a growing body of literature in which the authors have demonstrated band-like transport
in QD solids (i.e., 5u/8T < 0), 119120.136-138 1yt skepticism persists over whether this is truly due
to carrier delocalization.!1%120:15.127 There are several alternative explanations for this observation,
including polaronic hopping,*?’ changes in QD packing with temperature,”° or interfacial

effects.’3” Researchers also cite a mobility beyond the hopping limit as proof of carrier
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delocalization.®® However, there is weak consensus on that upper limit.**® Another consideration
for systems exhibiting band-like transport is whether the QD structure is so perturbed (for example,
through annealing) that the film is closer to a bulk semiconductor rather than a QD solid. It is
therefore unclear how one might provide conclusive evidence for carrier delocalization in QD

solids, although it has been done for 1-D epitaxial superlattices. 40142
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Figure 1.10. Temperature-dependent mobility of disordered HgTe QD films. These data were fitted with a
mixed hopping and diffusive (band-like) transport model. Reprinted with permission from Springer Nature,
Nature Materials. Ref 119, Copyright 2020.

We now turn to a recent report of band-like transport and carrier delocalization in QD solids by
the groups of Guyot-Sionnest and Talapin. This paper provides insight into contemporary
understanding of charge transport in highly-coupled, random-packed QD thin films.''° Figure 1.10
shows temperature-dependent mobilities extracted from FET measurements of HgTe QD films.
Of note is the mobility approaching 10 cm?/Vs and the region with Su/8T < 0. The inset in Figure

1.10 is a schematic diagram of their proposed transport model. This model consists of
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delocalization of carriers within small clusters of QDs, with hopping in between those clusters. To

correctly fit the mobility data, they invoked a heterogeneous conductor model with components of

1

delocalized (o~ o AT3/2) and Efros-Shklovskii VRH (¢~ ! « Bexp l(%)zl) transport. The

former term originates from the classic model of impurity scattering in bulk semiconductors.

Others have explored an insulator-to-metal transition (IMT) through controlled doping and
sintering of ZnO and Si nanocrystals.'*143 These authors predict that an IMT occurs at n.p = 0.3
in films of touching (i.e., connected) nanocrystals with facet overlap area of p and free carrier
concentration nc. The authors show a close approach to the IMT, but are apparently unable to dope
the films to a sufficient degree to cross the threshold. The fact that these films require extremely
high doping densities renders them less-than-useful for most applications requiring light

absorption by the nanocrystal or QD layer.

At the present time there is no definitive understanding of charge transport in relatively high
mobility (u> 1 cm?/Vs) QD solids. The picture is even less clear when discussing the emergence

of mini-band transport.

1.6.3. Mini-band Transport

Mini-band transport is a form of delocalized charge transport occurring in dispersive bands that
are formed through strong electronic coupling and spatial ordering of constituent elements of a 1-
3D periodic potential (in this case, QDs). Arrangement of QDs into a 3D lattice results in a
periodically varying potential that acts on conduction electrons and holes to create a Brillouin zone
and miniature energy bands (i.e., mini-bands) that are superimposed on the electronic states of the

individual QDs.'?214 Theorists have shown that minibands can form in ideal QD SLs composed
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of a variety of semiconductor QDs, including PbSe.1?:123145-147 The mini-band energy width can
be approximated using a tight-binding model and is directly proportional to the strength of
electronic coupling between QDs. As the mini-band width increases, the curvature necessarily

increases, which leads to a decrease in the effective mass of charge carriers:

hZ

MobsL = 725 (1.10)
()

The mobility of carriers in a QD SL miniband is inversely proportional to their effective mass:

et

u= , (1.11)

*
MopsL

where t is the mean-free scattering time and e is the fundamental charge constant. Thus, the
emergence of mini-bands in strongly coupled QD SLs is expected to significantly boost carrier

mobilities up to and above 100 cm?/V/s, 99100123

Balandin et al. and Green et al. calculated the band structures of InAs and Si QD SLs,
demonstrating the effects of dot size, interdot distances, barrier height, and dielectric effective
mass on band structure.*?1%> This simple theoretical model serves as a starting point for
investigating the electronic structure of QD SLs. Green and Balandin showed that smaller interdot
distances and barrier heights led to wider band dispersions with more curvature, smaller effective

masses, and higher mobility.

Signatures of mini-band transport such as Bloch oscillations!*®14? and negative differential
conductivity*4®5° have been observed in QD superlattices grown via molecular beam epitaxy. QD

SLs made from colloidal QDs have not yet demonstrated unambiguous mini-band transport.146
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Energetic disorder that localizes carriers (i.e., reduces their mean-free scattering times) and leads

to inhomogeneity in the QD SL energy landscape appear to prevent miniband formation.#’

PbSe QDs are perhaps the best candidate (among common QDs) for making QD SLs that exhibit
mini-band transport.**’ From a practical standpoint, there are synthetic methods for making low-
polydispersity PbSe QD suspensions which are stable and well understood. From a materials
standpoint, their degenerate 1S state, large exciton Bohr radius, and low bulk effective mass (see
Section 1.1.4) are expected to generate very large miniband widths and high mobilities.**’ To our
knowledge, however, there are no reports of band-like transport in PbSe QD films (superlattice or
otherwise). Epitaxially-fused QD SLs composed of PbSe QDs show promise for mini-band
transport because they combine excellent spatial order with strong electronic coupling necessary

for mini-band formation.
1.7. Epitaxially-fused Quantum Dot Superlattices

Epitaxially-fused superlattices (epi-SLs) are spatially ordered QD films with atomically coherent
bridges that connect neighboring QDs. They can be either 2D (one QD thick) or multi-layered.
Epi-SLs are typically assembled on a liquid surface (e.g., ethylene glycol) in a two-step process.
First, a parent SL is formed on the liquid surface through controlled evaporation of a carrier
solvent. QDs in this parent SL have a ligand capping layer (such as oleate) that facilitates self-
assembly and prevents premature QD fusion. Next, a trigger (usually a chemical, but sometimes
heat) is introduced to the system that causes desorption or exchange of oleate. By removing oleate,
the QDs can interact more strongly, leading to a decrease in the inter-QD distance, rotational

alignment of the QDs, and eventually epitaxial fusion.
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Figure 1.11. 2D epitaxially-fused PbSe QD superlattices. a,b) Annular dark-field scanning transmission
electron microscopy shows superlattice structure (a) and atomic structure (b). Reprinted with permission
from Springer Nature, Nature Materials. From Ref 146. Copyright 2016.

Epi-SLs are commonly formed from oleate-capped PbSe QDs. Figure 1.11 shows transmission
electron microscope of 2D PbSe QD epi-SLs from the Hanrath group that were among the first
reported.’ Previously (in 2013), the Van Maekelbergh group demonstrated the assembly of PbSe
QDs into 2D sheets with honeycomb and square symmetry.2? Inspiration for epi-SLs comes from
the concept of oriented attachment, which describes the attachment of two discrete crystallites that
are oriented in such a way to form a single crystallite that is free of crystal defects.83>3 To better
understand the formation and properties of epi-SLs, we start with a brief discussion of oriented

attachment.

1.7.1. Oriented Attachment

Oriented attachment describes a crystal growth mechanism whereby crystallites coalesce to form
larger crystals. In the moments leading up to crystallite attachment, short-range forces cause

alignment of the crystal lattices, resulting in formation of a new, defect-free crystal. This work was

i Surprisingly, the first report of PbSe QD synthesis appears to show (Figure 1, Ref 151) unintentional formation of
an epi-SL, which to my knowledge has not been noted in any publication.
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pioneered by Banfield and De Yoreo (among others) in the late 1990s and is an area of active

research.83154-156

Initial insight into oriented attachment of PbSe QDs was provided by Murray et al. in 2005.%7
Their method differs significantly from the one described in this thesis, but their results are
illuminating. They prepared PbSe nanowires with a variety of morphologies by altering reaction
conditions of the hot-injection synthesis. They found that all nanowires spontaneously grow along
<100>, which was attributed to dipole moments induced by non-equivalent {111} facet
termination (Pb or Se). Assuming a binarized Pb or Se termination of {111}, they calculated the
dipole moment for all permutations of {111} faceting, with the restriction that the overall QD
stoichiometry is held at 1:1. While it is now established that PbSe QDs capped with oleate are non-
stoichiometric, some truth may still apply to Murray’s dipole argument.® They also showed that
pairwise attachment of two QDs is likely the rate-limiting step, as only monomers or long

nanowires were observed ex-situ.

In 2013, the Hanrath group showed that small 1 or 2D assemblies of “confined-but-connected”
PbSe QDs could be formed through careful ligand deprotection of oleate-capped QDs deposited
on a solid substrate. It was noted that the degree of epitaxial fusion (epi-fusion) was dictated by
the type and concentration of ligand/reagent to which they exposed the QDs. This work was the

precursor (no pun intended) for their 2016 Nature Materials report (see Figure 1.11).

1.7.2. Structural Analysis of epi-SLs

The structure and assembly of epi-SLs has been studied using a variety of X-ray
scattering/diffraction and electron imaging techniques.*%:146:158-170 NMost of the work has focused

on 2D epi-SLs, in part because the synthesis and analysis of 3D epi-SLs is more technically
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challenging. The most common epi-SL consists of PbSe QDs arranged in a distorted cubic lattice

with epitaxial fusion along {100} crystal facets.

Some researchers have investigated epi-SL assembly using in-situ methods. Van Maekelbergh
and coworkers performed in-situ X-ray scattering experiments that showed the gradual conversion
of an oleate-capped SL into the epi-SL.1%* They found that as the QD carrier solvent (toluene)
evaporates, QDs assemble into a hexagonal 2D SL rotator phase. As this hexagonal phase sits on
a subphase liquid (ethylene glycol), ligands desorb and the QDs begin to align, their spacing
decreases, the SL symmetry converts from hexagonal to square, and eventually the QDs fuse
together. Schreiber et al. also investigated the assembly of epi-SLs using X-ray scattering

methods,168

Several techniques have been used to evaluate the SL structure of epi-SLs—in particular,
researchers have focused on understanding and quantifying various forms of structural disorder.
Understanding structural disorder in epi-SLs is important because disorder obstructs mini-band
formation. Hanrath and coworkers analyzed the connectivity and neck width of 2D epi-SLs,
finding an average neck width of 2.9 nm (using ~6.5 nm PbSe QDs) and a standard deviation of
0.68 nm, which is approximately 1 unit cell of PbSe. Neck width is an important determinant of
coupling strength in these systems. Therefore, it follows that variation in neck width leads to spatial
variations in coupling strength and results in more energetic disorder within the system, 23135146171
The propagation of translational disorder in 2D and 3D epi-SLs has been evaluated using a
paracrystal framework.%® In particular, researchers found that missing bonds between neighboring
QDs leads to significant translational SL disorder. These findings show that all forms of structural
disorder are inter-related: misalignment of QDs leads to loss of connectivity (necking), which in

turn leads to propagating translational disorder.
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Rotational misalignment of QDs within the epi-SL generates atomic lattice defects (dislocations)
and has been studied using electron microscopy and X-ray diffraction.!331%9172 These insights have
prompted discussion of design principles for making more perfect epi-SLs.!”® Edge or screw
dislocations!’*17 can act as scattering centers for charge carriers and so eliminating them should
improve charge transport properties. To eliminate these QD rotational misalignments and
dislocations, researchers have begun exploring thermal annealing treatments, although there are
ongoing concerns about over-sintering of the QDs.*%%172 |t seems that gentle heating can indeed

anneal out various structural imperfections within 2D epi-SLs.

Another critical aspect of epi-SL assembly is the role of the chemical trigger. Most groups rely
upon amines (particularly, ethylenediamine) injected into the subphase to initiate conversion from
the parent SL to the epi-SL, although others have used mild heating to achieve similar results.®’
Researchers have produced basic insight into the relationship between the chemical trigger and
structural properties (such as neck width and SL unit cell) of the epi-SL.4%1331521%6 Some have

used post-hoc treatments of the epi-SL to try and modify neck widths/distributions.t’”

Some of the work in this thesis focuses on aspects of epi-SL formation and structural disorder
(translational and rotational) in the epi-SL. Whereas other groups focus primarily on 2D epi-SLs,
we have chosen to work with 3D films because they offer greater potential for integration in
optoelectronic devices. We have published four papers on the assembly and structure of epi-SLs

or “confined-but-connected” QD solids. 69170178170 Mych of this work is described in this thesis.

1.7.3. Electronic Properties of Epi-SLs

Strong electronic coupling in highly-uniform epi-SLs is predicted to generate high carrier

mobilities through mini-band transport*?2146.180 and the emergence of exotic electronic structures
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including topological states and Dirac cones.'?® The electronic coupling between epitaxially
connected QDs is expected to be much higher than QDs with ligands between them, as one would
predict using a tight-binding model. One outstanding question is whether strong enough coupling

can be produced while retaining the tunable band gap of the QD building blocks.

Researchers have studied various aspects of charge transport in epi-SLs. Non-contact AC
measurements of charge transport in highly-fused epi-SLs showed electron mobilities up to 260
cm?/Vs, although DC transport measurements showed mobilities of ~13 cm?/Vs.'® The disparity
in these mobility values arises from the distance that carriers travel during the time of the
measurement—for AC measurements the carriers only sample a few nanometers, whereas for DC
measurements the carriers must transit a ~1 um long film. Researchers commonly study charge
transport using gated (either solid dielectric or electrolytic gating) DC measurements, such as field-
effect transistors (FETs). Seminal work by the Hanrath group used variable-temperature FET
measurements to show that carrier transport through 2D epi-SLs (see Figure 1.11) occurs through
hopping, rather than mini-band transport.**¢ They used band structure calculations to evaluate the
impact of several sources of structural disorder, including neck width variation are QD size
disorder. These calculations showed that improved structural order is a pre-requisite for mini-band
formation. More recent FET measurements on 2D epi-SLs with electrolytic gating show carrier
mobilities as high as 18 and 24 cm?/V/s, a remarkable number that is difficult to attribute to hopping
conduction (see Section 1.6).133182 The mechanism of charge transport in these systems is an active
area of research, and efforts to understand carrier mobility as a function of state-filling are

underway.'*®

Understanding the dielectric properties of epi-SLs is also of interest for next-generation epi-SL-

based optoelectronic The dielectric constant of epitaxially-fused SLs has been calculated and

41



shows deviation (towards the dielectric constant of the QD) from Maxwell-Garnet theory when
the center-to-center distance of QDs is less than the nominal QD diameter.’* This should increase
absorptivity of the epi-SL, making thinner films viable for solar absorbing devices. Highly-fused
epi-SLs have been shown to exhibit optical features reminiscent of 2D PbSe sheets.'®® State-filling
measurements have been performed using electrolytic gating—these measurements give insight

into the electronic structure and occupation of states within the epi-SL.1%182

Ultimately, the question for researchers to answer is whether epi-SLs can exhibit high carrier
mobilities and reasonably low carrier densities while preserving the optical band gap of the
constituent QDs. The work in this thesis is aimed at helping to answer this question. Strong
coupling and excellent spatial order in epi-SLs should lead to mini-band formation, delocalized
charge transport, and carrier mobilities as high as 100 cm?/Vs, a 10-100-fold increase over current
state-of-the-art QD films. At their best, epitaxially-fused superlattices represent a platform for
inexpensive “materials-by-design” with readily tunable band gap energies and high-performance
change transport. While the tunability is already attainable, significant improvements in charge
transport remain elusive. There are several practical challenges to fabricating high quality epi-SLs

that exhibit mini-bands and highly efficient charge transport.

1.8. Overview of Work

The work in this thesis focuses on the study and development of epi-SLs, with an overarching
goal of achieving enhanced charge transport through the emergence of mini-bands. We reasoned
that a thorough understanding of epi-SL structuro-chemical formation (starting from individual
colloidal QDs) should enable us to make epi-SLs with a sufficient degree of structural and

chemical perfection to exhibit mini-band transport.
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We answer several important questions about epi-SLs. We show that high-quality 3D epi-SLs are
synthetically accessible, and provide unprecedented insight into their three dimensional structures.
Through these studies, we discover the full transformation pathway from colloidal QDs to 3D films
of epitaxially-fused QDs. We also elucidate how the QD surface composition changes throughout
this process, and the chemical mechanisms that drive structural transformations. We use these
structuro-chemical insights to solve a practical synthetic challenge, and design a new methodology
for epi-SL fabrication. Finally, we make electronic devices from individual epi-SL grains and
provide basic results from variable-temperature electronic measurements. While there are
tantalizing signatures of delocalized carrier transport, it is difficult to say whether that is the

dominant charge transport mechanism in state-of-the-art epi-SLs.

The following chapter describes key structural and chemical changes that occur during epi-SL
formation. We demonstrate the synthesis of 3D epi-SLs with controlled thickness, then use a
powerful combination of analytical techniques to determine the surface chemistry and structure of
the epi-SL. We use these insights to determine the complete structural and chemical epi-SL
formation pathway. Electronic and optical studies show that these nascent 3D epi-SLs are highly

doped but have reasonable charge transport properties.

In Chapter 3 we demonstrate the concept and realization of light-initiated epi-SLs formation. In
this schema, UV light activates photoreactive chemicals which proceed to trigger epi-SL
formation. Our findings should enable more sophisticated epi-SL fabrication and patterning

methods, easier scale-up, and higher quality films.

Chapter 4 focuses on the study of intrinsic charge transport phenomena in epi-SLs. We introduce

a novel microfabrication process that allows for deterministic integration of individual epi-SL
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grains into micron-scale transistors or other optoelectronic devices. Variable-temperature field-
effect transistor measurements show that charge transport occurs through a process that, while
difficult to rationalize using a thermally-activated hopping model, is not conclusively attributable

to mini-band transport.
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CHAPTER 2

EPITAXIALLY-FUSED QUANTUM DOT SUPERLATTICES

A grand challenge in mesoscience is to achieve the delocalization of electronic wavefunctions
and formation of bulk-like electronic bands (“mini-bands”) in assemblies of nanoscale building
blocks. Colloidal semiconductor quantum dots (QDs) are well-defined, novel, and versatile
building blocks whose interactions in self-assembled solids are highly tunable, making QD solids
an exciting playground for mesoscale science.” Theoretical calculations predict that mini-band
formation in highly-ordered, highly-coupled QD superlattices (crystals of QDs) can boost charge
carrier mobility and diffusion length,1?4122146.147 \which might enable a new class of designer QD
solids that combines bulk-like electronic performance with the unique photophysics and solution
processability of colloidal QDs. However, the relatively high energetic and spatial disorder of all
colloidal QD solids studied to date has inhibited the emergence of new collective mesoscale
behavior, resulting instead in  weakly-coupled QD films with unremarkable

properties 95,114,125,146,181

Several groups have recently pioneered the fabrication of highly-ordered PbX (X = S, Se) QD
superlattices in which the QDs are epitaxially interconnected to form porous single crystals. %176
Typically made by self-assembly on a liquid surface,®!8 these “confined-but-connected”
epitaxially-fused QD SLs (epi-SLs) feature exceptional coupling and spatial order and are
promising systems for mini-band formation. Most reports have focused on 2D epi-SLs (QD
monolayers) due to their anticipated exotic band structures and relatively simple fabrication and

characterization,40:100.133.146,159,160,163-165.167,172, 176,181,184 315 gpj-SLs have received much less
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attention.1°8163176.185 Transport measurements of 2D epi-SLs show that multiple sources of
disorder (such as variations in the number, width, and atomic perfection of epitaxial connections)
prevent significant carrier delocalization despite strong inter-QD coupling.'33146.181.182 Tq provide
a basis for rationally improving the spatial and energetic order of epi-SLs, it is essential to establish
the mechanism(s) by which epi-SLs form. Researchers have studied the formation of 2D epi-SLs
by in situ X-ray scattering'®3'%* and presented a conceptual formation mechanism for 3D epi-
SLs,®3 put a basic structuro-chemical understanding of the phase transition is far from complete,

particularly for 3D films.

Here, we establish the formation mechanism of a 3D PbSe QD epi-SL based on a thorough
understanding of the structures of the parent and product phases. We show that the epi-SL forms
from a rhombohedrally-distorted body-centered cubic unit cell in which each QD is surrounded by
six nearest neighbors rotationally aligned with cofacial {100} facets. The phase transition occurs
by nearly-pure translational motion of the QDs (10° rotation), followed by epitaxial fusion of their
{100} facets in three dimensions. This phase transition combines collective 3D epitaxy with
atomic topotaxy, meaning that the atomic lattices of the two SLs have a specific 3D
crystallographic relationship.'® Formation of the epi-SL is a collective topotactic transformation

of an entire ensemble of crystals (10%-10° QDs per SL grain).

This content in this chapter encompasses two years of study on the synthesis and characterization
of 3D epi-SLs. The ultimate goal of this work was to make epi-SLs with sufficient structural order
to elicit mini-band formation. Towards achieving this goal, we performed myriad experiments
across several technical disciplines to understand how epi-SLs are formed, and the variables that
control their structure, surface chemistry, and optoelectronic behavior. Further studies on

electronic properties of epi-SLs are provided in subsequent chapters. The work here is—by its
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nature—interdisciplinary, drawing on aspects of synthetic, physical, and surface chemistry,

materials science, solid-state physics, electronics, thermodynamics, and fluid dynamics.

We begin by describing the composition, shape, and ligand coverage of the quantum dot building
blocks used to make epi-SLs. Next, we present the QD self-assembly process and various structural
and chemical aspects of the parent SL phase (a SL precursor to the epi-SL). We determine the SL
unit cells for the parent and epi-SL structures. The chemical mechanism that facilitates epi-SL
formation is discussed and placed into context with previous studies. Next, we detail the complete
SL unit cells of parent and epi-SL phases, determined using a dual-space approach. We discuss
the impact of ligand coverage and QD faceting on the parent SL and epi-SL structures. From the
complete SL unit cells, we deduce the epi-SL transformation pathway and determine that it is the
first known example of collective topo-epitaxy. The effects of alumina infilling of the epi-SL using
atomic layer deposition on optical and electronic properties are then presented and discussed. We

finish by summarizing our findings and highlighting possibilities for future work.

2.1. Quantum Dot Building Blocks

PbSe quantum dots (QDs) were used as building blocks for the superlattices studied in this work.
To better understand self-assembly and ensemble properties of these superlattices, we first
investigated the size, shape, and surface composition of PbSe QDs. Oleate-capped colloidal PbSe
QDs have a ~20 year history, so their properties—and methods for characterizing them—are

relatively well understood.®
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Figure 2.1. HAADF-STEM single-particle reconstruction of PbSe QDs. a) HAADF-STEM images of three
different nanocrystals before oriented attachment. Zone axes are labeled. b) Corresponding atomic models
of the three nanocrystals. Labels indicate the number of Pb layers along the <100> (orange), <110> (blue),
and <111> (green) directions. c) Histograms of the number of Pb layers along these three directions as
obtained from analysis of 32 nanocrystals. d) Reconstructed 3D model of the average nanocrystal. Blue
spheres, Pb; pink spheres, Se. Facets are labeled. Scale bars are 2 nm. From Reference 178. Reprinted with
permission from AAAS. A complete description of the methods are provided in that paper.

We investigated both the inorganic PbSe core as well as the organic capping layer. The inorganic
core (e.g., Pb and Se) was evaluated using electron microscopy, X-ray scattering, and optical
measurements. From these measurements we determined the size, shape, stoichiometry, and
faceting of the as-made QDs, all of which influence the structural, optical, and electronic properties
of the resultant superlattices. Next, we analyzed the organic capping layer to quantify the number

of oleate ligands on the surface, and to look for co-adsorbates or other impurities.

The shape and surface structure (i.e., faceting) of oleate-capped PbSe QDs was determined using
high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM).!

Through analysis of 32 HAADF-STEM images, Wang et al. produced a single-particle

i This work was performed in collaboration with the Zheng group at Lawrence Berkeley National Laboratory and is
discussed more thoroughly in Ref 178.
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reconstruction which represents an averaged, atomic-scale model of our PbSe QDs.'"8 Figure 2.1a
shows representative QD images aligned along different zone axes. The QDs are nearly spherical
and uniform in size. Atomic models of the images shown in Figure 2.1b reveal the QD surface
faceting. These imaging data were compiled to produce a single-particle reconstruction (Figure
2.1d) which represents the average QD shape: nonuniform truncated cuboctahedra with six {100},
twelve {110}, and eight {111} facets (accounting for 33%, 27%, and 40%, respectively, of the

total QD surface area of 145 nm?).
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Figure 2.2. Size analysis of PbSe QDs. a) High-resolution TEM image of a single PbSe QD aligned to the
(100)AL zone axis (ZA). A circle with a diameter of 6.5 nm provides a visual aid. The scale bar is 2 nm. b)
Optical extinction spectrum of the QDs dispersed in tetrachloroethylene (TCE). The first exciton absorption
(1Sh-1Se) peak energy is 0.675 eV. The grey trace is a spline baseline fit. ¢) Estimate of the first exciton
peak width after baseline subtraction. The ratio of the standard deviation of the diameter distribution over
the average QD diameter (o/davg) provides an estimate of the size polydispersity as calculated using the
empirical relationship of Moreels et al.®® d) 2D transmission small-angle X-ray scattering (SAXS) pattern
of the QDs dispersed in octane. e) Azimuthally-integrated SAXS data with overlaid model fit. f) QD size
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distribution extracted from SAXS data using a spherical form factor and Gaussian size distribution. 8”188
o/davg is an estimate of the size polydispersity from the SAXS data. From Ref 169.

UV-vis spectroscopy and X-ray scattering experiments were performed to complement the
single-particle reconstruction model and better relate our experiments with previously published
work. Methods for these measurements are described in Sections 2.7.3 and 2.7.4. Whereas high-
resolution TEM experiments are time-intensive and incorporate only several tens of QDs in the
analysis, SAXS and optical measurements are fast ensemble measurements of >>10!2 QDs. An
average QD diameter of 6.58 + 0.39 nm was extracted from UV-vis spectra (Figure 2.2b-c) using
the empirical relationship established by Moreels et al.*® Small-angle X-ray scattering patterns
(Figure 2.2d) were collected, azimuthally integrated (Figure 2.2¢), and fit to a normally-distributed
spherical form factor scattering model (Figure 2.2f) with an average particle diameter of 6.54 +
0.36 nm. Results from the QD size and shape analysis are summarized in Table 1. Having firmly

established the size and shape of our QDs, we turned to understanding their surface chemistry.
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Figure 2.3. 1H NMR spectrum of a PbSe QD suspension. The QDs were dispersed in toluene-d8. The QDs
were synthesized and washed according to Section 2.7.1. Ferrocene was added at a known concentration as
an internal standard.

The composition, distribution, and binding strength of QD surface ligands strongly influence
superlattice self-assembly, optoelectronic properties, and chemical reactivity.'%8176:18 We first
quantified oleate coverage using a combination of nuclear magnetic resonance spectroscopy
(NMR) and surface isotherm calculations. NMR is a useful tool for probing the composition and
configuration (e.g., bound vs. unbound) of organic ligands on QD surfaces!® and has been
previously used to quantify oleate coverage,®®°! show that alcohols strip oleic acid and bind as
alkoxides,* while amines can chelate and strip Pb(OA)2,'%2 and detect the presence of lead oleate

clusters/oligomers in poorly-washed PbX QD samples.®®

Quantitative NMR experiments reveal surface coverage of 505 + 28 oleate ligands per QD (3.48
oleate/nm?). Figure 2.3 shows a representative NMR spectrum of oleate-capped PbSe QDs, notably

with a broad peak at ~5.8 ppm produced by the vinylic (HC=HC) protons of oleate, which was
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used for oleate quantification. The NMR resonances from surface-bound ligands are broadened
due to their reduced rotation speeds (homogeneous broadening) and the variety of local chemical
environments sampled by individual ligand molecules (heterogeneous broadening).'** The two
broad and weak peaks centered around ~8 ppm are assigned to adsorbed diphenylphosphine (DPP),
a secondary dialkylphosphine used during synthesis to boost yield.'% Peaks at 3.36 and 0.99 ppm

come from ethanol, a solvent used during QD purification.

We next determined the facet-specific oleate distribution by combining the QD model derived
from single-particle reconstruction, the oleate coverage determined using NMR, and a simple
surface isotherm model. Figure 2.4 shows coverage-dependent oleate binding energy and
adsorption isotherms for different PbSe crystal facets. Following the work of Bealing, et al. we

calculated the binding energy (E,) of oleate ions using:%®

Eb =A+ BCOSh(C@hkl) (21)

where 0y, is the oleate coverage on the {hkl} facet, and A, B, and C are empirical fitting
parameters taken from Ref. 75. The calculation for {100} facets had an erroneous 2x multiplicative
factor in the original work, which we have corrected and include as {100} corrected. Figure 2.4a shows
that, in terms of binding strength, Ex{100} < Ex{110} < Epx{111}. Using the calculated binding

strengths, the oleate coverage (©;) can be calculated using a Langmuir adsorption model:

é exp (—) (2.2)
b
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where Ey is calculated using Eqn. (2.1), c is the ligand concentration, ¢, is an arbitrary reference

concentration, kg is Boltzmann’s constant, and T is temperature (set to 300 K). Figure 2.4b shows

the isotherm of 9, as a function of overall oleate concentration (Ci)
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Figure 2.4. Estimate of facet-specific oleate surface coverage of PbSe QDs. a) Coverage-dependent binding
energy of Pb(oleate), ligands on the {111}, {110}, and {100} surfaces of PbSe. Results for the {111} and
{100} surfaces are taken from Bealing et al.”® Results for the {110} surface were calculated
independently.’®® We find that the {100} results of Bealing et al. are in error by a factor of two. The
corrected results are labeled “100corrected”. b) Isotherms for equilibrium coverage of oleate ligands on the
three surfaces. The concentration axis is scaled by a reference concentration. From Ref 169.

According to the QD model shown in Figure 2.1 each QD has 210 Pb atoms at edges and corners.
These are expected to have larger binding energies than any of the facets due to undercoordination
of Pb by Se. If we assign one oleate to each of these edge/corner atoms, then we find the following
oleate coverages for the three facets: 3.7 nm? on {111}, 2.0 nm on {110}, and 0 nm on {100}.
If we assume the opposite limit (zero oleate on edge/corner atoms), then we get coverages of 5.0
nm2on {111}, 4.3 nm?on {110}, and 1.0 nm on {100}. The actual coverage is likely somewhere

in between these two limits, i.e., 3.7-5.0 nm™ for {111}, 2.0-4.3 nm™ for {110}, and 0-1.0 nm™
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for {100}. These estimates use the 100corected Values for ligand binding to the {100} facets. We

therefore believe that these QDs have patchy ligand coverage and nearly-bare {100} facets.

Based on the QD model and measured oleate loading, we can estimate the average molecular
formula of our QDs. It is simplest to assume that each QD is charge neutral with charge balance
achieved by a 2:1 ratio of oleate (OA) to excess Pb?* ions. This ratio implies that oleate is the only
anionic ligand present in significant concentration (e.g., no hydroxide ligands).81%7 Given these
assumptions, we find that the molecular formula of the average QD is Ph2737Sezsss(0leate)sos,
which is equivalent to a QD mass of 1.50 x 108 g and a molecular weight of 905,535 g/mol. The
Pb:Se ratio is 1.10. We note that evidence of surface-bound DPP in NMR data (see Figure 2.3)
and a known affinity for ethanol® to bind surface-Pb as ethoxide suggests that we may slightly

underestimate the Pb content of the QDs.

Table 1. Summary of PbSe QD size and shape.

Method Direction Planes Diameter (nm) Polydisp. (%)
<111> 17.8 6.37
HAADF-STEM <100> 20 6.20
<110>  29.8 6.53
SAXS -- -- 6.54 5.5
UV-Vis 6.58 5.9

2.2. Superlattice Synthesis and Surface Chemistry

We begin this section by introducing SL self-assembly, epi-SL formation, and the basic
appearance of as-made and epi-SL films. We then answer several key questions about the ligand
exchange process and resultant ligand content of epi-SLs. Using FTIR, XPS, and ICP-MS, we

assess the organic and inorganic content of the oleate-capped, EDA-treated, and EDA/Pbl-treated
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SLs. These analyses are important because improved understanding of epi-SL formation chemistry
should enable better control of epi-SL structural and chemical homogeneity, both of which
strongly impact mini-band formation. Furthermore, knowing the ligand content of the SLs is

important because surface chemistry usually dictates the electronic properties of QD films,%>108.1%

Figure 2.5a shows the fabrication process used to make epi-SLs. First, oleate-capped QD SL films
were formed by self-assembly from hexane suspension on the surface of liquid ethylene glycol
(EG).82183 Controlled evaporation of the hexane results in polycrystalline SL films with a thickness
of 50-80 nm and an average lateral grain size of ~500 nm (Figure 2.5b). Next, a solution of 1,2-
ethylenediamine (EDA) is injected into the EG to trigger epitaxial fusion (epi-fusion) of the QDs
across their {100} facets by removing oleate ligands and enabling direct QD-QD contact.*® The
ligand exchange and epi-fusion start at the bottom of the floating QD film and propagate upward
to the top surface of the film. We believe that the polar ethylene glycol solution wicks into the film
as oleate is replaced with glycoxide during the ligand exchange process (see below), ultimately
yielding epi-SLs with uniform QD fusion and ligand coverage for films thin enough to avoid a
significant exchange gradient (<250 nm).The epi-SLs are then stamp transferred to a solid
substrate and immersed in a solution of Pbl> with the goal of removing residual ligands and

producing an all-inorganic SL with improved environmental stability and charge transport.881%
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Figure 2.5. Fabrication and ligand chemistry of epitaxially-fused PbSe quantum dot superlattices (epi-SLS).
a) Process flow for the fabrication of ALD-infilled PbSe QD epi-SLs. b) Plan-view and cross-sectional
scanning electron microscopy (SEM) images of a typical oleate-capped SL film on a silicon substrate. The
images show a (101)s.-oriented grain that is ten QDs thick. Scale bars are 50 nm. ¢) Corresponding SEM
images of an epi-SL after EDA and Pbl; treatment (no ALD). The images show a (100)s.-oriented grain,
also ten QDs thick. Scale bars are 50 nm. d) FTIR spectra of an oleate-capped SL (red) and epi-SL before
(blue) and after (green) the Pbl, treatment. Labeled peaks are assigned as follows: peak 1 is the first exciton
transition of the QDs, peaks 2-6 are adsorbed oleate (2: v(HC=CH), 3: vas(CHy), 4: vs(CH>), 5: va(COO"),
6: v5(CO0Y)), and peaks 7-10 are adsorbed ethylene glycoxide (7: vas(CH2), 8: vs(CH>), 9: v(CO) and v(CC),
10: p(CH: rocking)). All films have the same number of QD layers and are 50-60 nm thick. Spectra are
baseline corrected using a spline fit and offset. Note the break in the x-axis. The oleate-capped SL spectrum
is scaled by x0.5 and the exciton region of the Pbl,-treated epi-SL is scaled by x0.3. From Ref 1609.
Reprinted with permission from Springer Nature Limited.

The resulting films are polycrystalline epi-SLs with an average lateral grain size of ~250 nm and
significant nanoscale cracking (Figure 2.5c). Finally, these epi-SLs are infilled and overcoated

with amorphous alumina using low-temperature atomic layer deposition, which has been
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previously shown to enhance the environmental stability and carrier mobilities of amorphous QD

films.114

We evaluated the ligand composition of the oleate-capped and epi-SL films using Fourier-
transform infrared spectroscopy (FTIR). Figure 2.5d shows FTIR spectra from oleate-capped,
EDA-treated and EDA/Pbl-treated SL films. Each of the films contain a broad peak (peak 1)
between 5000-6000 cm™* originating from the first excitonic transition of the PbSe QDs. Peaks 2-
6 are attributed to oleate adsorbed to the surface of the QD and are assigned as: 2: v(HC=CH), 3:
vas(CH2), 4: vs(CHy>), 5: vas(COQ), 6: vs(COQO"). The intensity of these peaks decreases in the EDA-
and EDA/Pbl,-treated films, indicating a loss of oleate after EDA and Pbl, treatments. We find
that the EDA treatment removes ~88% of the original oleate C-H signal intensity and the
subsequent Pbl treatment results in a total oleate reduction (relative to the oleate-capped SL) of
94%. Efforts to eliminate oleate using other secondary ligand treatments (Figure 2.6) were
unsuccessful and resulted in either amorphization of the epi-SL or incomplete oleate removal.
FTIR shows that EDA treatment adds a large amount of adsorbed ethylene glycoxide to the epi-
SL. We attribute peaks 7-10 to ethylene glycol bound to surface Pb, assigning them as: 7: vas(CH2),
8: vs(CH2), 9: v(CO) and v(CC), 10: p(CH2 rocking).?%-2%2 FTIR experiments with deuterated EG

and EDA confirm these peak assignments.
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Figure 2.6. Impact of alternative secondary treatments on the epi-SLs. a) FTIR spectra of epi-SLs immersed
for 5 minutes in 10 mM Pbl; in DMSO (the normal process; black trace), 21 hours in 105 mM Pbl; in
DMSO (gray), 21 hours in 105 mM EDA in DMSO (blue), and 21 hours in 105 mM EDA in EG (orange),
compared to a film left floating on the EG surface for 21 hours after EDA injection (total EDA concentration
of 105 mM; red). b-f) Representative SEM images of these films. Prolonged Pbl, treatment results in
negligible changes. However, prolonged EDA soaks in either DMSO or EG cause significant broadening
of the first exciton peak due to excessive fusion of the QDs. Leaving the epi-SLs floating on the surface of
EG after EDA injection results in complete coalescence and loss of the QDs. g) FTIR spectra of epi-SLs
treated with ammonium thiocyanate (1 mM in acetonitrile) instead of Pbl, or additional EDA.
SCN- treatment results in the appearance of the CN stretching peak at 2038 cm* from adsorbed SCN-, loss
of C-H stretching signal from oleate removal, and dramatic broadening of the first exciton peak due to
progressively extreme QD fusion. h) SEM image of the film treated in SCN- for five seconds, showing
significant QD fusion. i) SEM image of the film treated in SCN" for five minutes. The QD fusion is even
more extensive, and the SL is largely destroyed. All scale bars are 100 nm. From Ref 169.
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Figure 2.7. FTIR spectra of SL films made with deuterated ethylene glycol (HOCD,CD,OH, EG-d.) and
deuterated ethylenediamine (H.NCD,CD>NH., EDA-d,). a) Spectra of an EDA-treated epi-SL made on the
surface of normal EG (blue), an EDA-treated epi-SL made on the surface of EG-ds (orange), and a film
made by five cycles of spin-casting and soaking in a solution of EDA in EG-d, (using one minute soaks in
105 mM EDA, green). Attenuated total reflectance FTIR spectra of liquid EG (purple) and EG-d. (gray)
are shown for reference. We find strong evidence for adsorbed EG in all films. The peaks at 2820 and 2665
cm? in the spectrum of the normal SL are assigned as the characteristic C-H stretching resonances of lead
glycoxide (i.e., ethylene glycoxide bound to Pb on the QD surface).?2%2°* The C-O stretching and CH;
rocking modes of adsorbed EG are also evident (at 1030-1070 cm™ and 877 cm™, respectively).2%? An
absence of O-H stretching at ~3300 cm™ suggests that the bound EG is doubly deprotonated and either
bridging or chelating on the QD surface. The films made with EG-d, rather than EG show loss of the C-H
modes of adsorbed EG at 2820, 2665, and 877 cm™ and the appearance of C-D stretching modes at 2146
and 2044 cm* associated with adsorbed EG-da. b) Spectra of epi-SLs prepared with EDA (blue) or EDA-
ds (purple) on the surface of normal EG. The EDA-d, film was treated for ~10 minutes rather than ~45
seconds in order to achieve a comparable degree of oleate removal and epi-fusion (confirmed by SEM
imaging). There are no significant differences between the two spectra, indicating negligible adsorption of
EDA on these SLs. Attenuated total reflectance FTIR spectra of liquid EDA (light green) and EDA-d.4 (light
blue) are shown for reference. All films were prepared on double-side polished Si substrates. Dotted lines
are guides to the eye. From Ref 169.

Figure 2.7 shows FTIR spectra of epi-SL films made with deuterated EG or EDA. Replacing EG

with EG-da redshifts the CH. peaks at 2820 (shoulder) and 2665 cm™ (peaks 7 and 8 in Figure
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2.5d) to 2146 and 2044 cm™, indicating that those peaks are from EG rather than EDA. The CD;
peaks (~2200 and 2100 cm™) in liquid EG-da are blue-shifted from the corresponding peaks in the
film spectra, suggesting that the EG is likely bound to the QD surface rather than simply stuck
within the porous SL film. An absence of O-H stretching at ~3300 cm™ indicates that the bound
EG is doubly deprotonated and either bridging or chelating on the QD surface. In contrast to the
impact of deuterated EG, spectra of films made with EDA and EDA-ds (Figure 2.7b) show no
significant difference. From these isotope labelling experiments we conclude that there is
significant EG adsorption and our peak assignments in Figure 2.5 are correct. FTIR experiments

were next corroborated by X-ray photoelectron spectroscopy (XPS) measurements.

XPS spectra of EDA and EDA/PbI> SL films (Figure 2.8 and Table 2) show no evidence for
adsorbed EDA, in agreement with FTIR experiments. Coupled with an increase in Pb:Se, the
presence of | on Pbl;-treated films indicates some direct addition of Pbl> to the QD surface. There
is a large decrease in the carbon-to-oxygen ratio (C:0) upon EDA treatment due to desorption of
carbon-rich oleate (C1sH3302) and adsorption of oxygen-rich glycoxide (C2H40,%). This ratio
approaches unity after treatment with Pbl>. We also see that the Pb:Se ratio is unchanged after

EDA treatment.

We then looked with inductively coupled plasma mass spectrometry (ICP-MS) at the EG
subphase to determine whether the EDA treatment used to trigger epi-SL formation strips Pb, Se,
or both from the QD surface. Details of the ICP-MS experiments are provided in Section 2.7.8. In
summary, we find that (i) removal of Pb(OA)x by EDA accounts for only a small fraction of the
~404 oleate ligands removed per QD (80% of 505 ligands/QD) during the normal EDA treatment,

(i1) no Se is removed from the QD surface, (iii) epitaxial fusion occurs despite the minimal loss of
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surface Pb atoms, and (iv) extremely long exposures of the SL film to EDA in EG results in

significant loss of Pb.
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Figure 2.8. X-ray photoelectron spectra of SL films. Survey and high-resolution scans (Pb 4f, Se 3d, | 4d,
C 1s, O 1s, and N 1s) of an oleate-capped SL (red) and epi-SLs before (blue) and after (green) the Pbl,
treatment. The oleate-capped SL spectrum was charge corrected to place the aliphatic carbon of oleate at
284.6 eV, while the other spectra were charge corrected to align the Pb 4f52 peak of PbSe with that of the
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oleate-capped SL spectrum at 137.3 eV. In addition to the presence of Pb, Se, C, and O in all three films,
we observed a small amount of silicon in the epi-SLs (originating from the substrate) and a significant
amount of iodine in the Pbl.-treated SL. The Pb and Se spectra are consistent with Pb?* and Se? of PbSe
with no evidence of oxidation. Quantification of the XPS data shows that the atomic fractions of Pb and Se
increase after the EDA treatment (see Table 2), consistent with removal of ~80% of the bulky oleate ligand
shell as observed in FTIR spectra (Figure 2.5). The C 1s spectrum of the oleate-capped SL shows peaks
arising from aliphatic and carboxylate carbon of oleate at 284.6 eV and 287.7 eV. Treatment with EDA
greatly reduces the carbon content of the films (Table 2). Subsequent treatment with Pbl; further decreases
the carbon content and results in significant iodine signal, consistent with exchange of residual oleate and
ethylene glycoxide by Pbl,. The O 1s spectrum of the oleate-capped SL shows a main peak at 530.8 eV and
a shoulder at 532.1 eV, assigned to different binding conformations of the carboxylate group of oleate.
EDA treatment significantly reduces the oxygen content and produces a new peak at ~533 eV that we assign
to adsorbed ethylene glycoxide. The oleate and glycoxide O 1s signal is further reduced after Pbl, treatment
(Table 2), in agreement with the FTIR data in the main text. The N 1s region is somewhat obscured by the
broad Se L,M23M.3 Auger peak centered at 400.1 eV, but we observe no new peaks after EDA or Pbl,
treatment, consistent with our FTIR data showing no EDA adsorption to the SLs (Figure 2.7). As a positive
control for nitrogen, we include the N 1s spectrum of a PbSe QD film prepared with SCN- ligand exchange
(gray plot). A distinct N 1s peak is observed in this case. Si signal appears in the survey scans of the epi-
SLs due to nanoscale cracking of the films that occurs during epi-fusion. Table 2 summarizes the surface
elemental composition of the films as determined from the XPS data. From Ref 169.

Table 2. Surface elemental composition of the SL films as determined from XPS data.
SLfilm Pb(%) Se(%) O((%) C((%) 1 (%) Pb:Se C:Se 0:Se C:O
oleate 10.96 5.68 5.98 77.35 0 193 13.62 1.05 12.94
EDA 42.08 21.75 11.64 24.51 0 194 113 054 211
EDA/Pbl, 44.45 21.52 12.88 14.14 6.99 207 066 0.60 1.10

We conclude that, under normal epi-SL synthesis conditions, EDA injection causes oleate loss
without removing a significant amount of Pb. The conclusion that EDA does not form a Pb(oleate)
adduct and dissociate from the QD surface conflicts with previous reports.1*6165 We therefore
offered an alternative hypothesis (discussed in more detail in Chapter 3) based on our findings:
oleate removal occurs mainly by exchange of oleate with the relatively high concentration (~mM)

of glycoxide ions produced by deprotonation of EG by EDA, a weak Brgnsted base.
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2.3. Structure Analysis

We determined the unit cells of both the oleate-capped and epi-fused SLs with an accuracy of ~1
A and ~1° using a combination of synchrotron grazing-incidence small-angle X-ray scattering
(GISAXS) of entire films and SEM and correlated TEM-based secondary electron imaging and
electron diffraction of individual SL grains (see Sections 2.7.4 and 2.7.10 for methods). This dual-
space approach is summarized in Figure 2.9 and was key to determining the complete SL unit cells
and phase transformation pathway (from oleate-capped SL to epi-SL). Figure 2.10 shows the
structural analysis results for oleate-capped SLs. Figure 2.11 contains representative SEM images
of the oleate-capped SL. These films produce strong GISAXS spot patterns (Figure 2.10a)
characteristic of highly-ordered polycrystalline thin-film SLs with a high degree of uniaxial (out-
of-plane) crystallographic texture. The patterns were indexed to a body-centered unit cell with
lattice parametersa~b~c=9.8+0.2nmand a = f =y = 84.5 £+ 3°. Although each individual
film is triclinic, on average the oleate-capped SLs can be described with a rhombohedrally-
distorted body-centered cubic (“distorted bce”) conventional cell (a2 =9.8 nm, o = 84.5°). The unit
cell can also be described as a primitive triclinic cell with lattice parameters a~b ~c¢=8.2 and «
~ B~y =106.7°. The structural relation between the two unit cell descriptions is shown in Figure
2.12. We chose the former description to better compare with previously-published QD SLs, but
the latter makes for a more intuitive description of the epi-SL transformation process.%2%3
GISAXS shows that the films contain SL grains of two different in-plane orientations, (101)s. and
(101)sL (where the subscript “SL” denotes superlattice). These SL planes are inequivalent and
have distinct arrangements of QDs (Figure 2.10b and e), which facilitated the use of SEM imaging
to validate and refine the GISAXS fits (see Section 2.7.9). We find excellent agreement between

the GISAXS and SEM data, which is strong evidence that the superlattice unit cell presented in
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Figure 2.10 is correct. This agreement also indicates that the SL surfaces have little tendency to

reconstruct, such that the SL surface and bulk share the same unit cell.

Quantum Dot Superlattice Structure Characterization
SEI-SAED

L ..;.. T T QD rotational
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Figure 2.9. Process map for determining the complete unit cell of QD superlattices."” GISAXS and SEM
were used to determine the QD positions at the ensemble and single-grain levels. Correlated secondary
electron imaging and selected area electron diffraction (SEI-SAED) of single grains was used to determine
the QD orientations. Wide-angle XRD was used as a check on the single-grain SEI-SAED results. From
Ref 169.

i Alternative methods for determining the full 3D structure of QD SLs are combined transmission small-angle and
wide-angle diffraction of individual SL grains using focused X-ray!662942% gr electron?®® beams.
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Figure 2.10. Structure of the oleate-capped QD SL films. a) 2D GISAXS pattern of a typical film on a
silicon substrate. Overlaid is the calculated spot pattern for a body-centered unit cell (a=c¢c=9.78 nm, b =
9.8 nm, a = 85.5°, = 84.5°, and y = 84°) oriented with a mixture of its (101) and (101) planes parallel to
the substrate surface (black and white dots, respectively). For clarity, only select Miller indices are labelled.
The solid and dashed red lines denote the scattering vector g, corresponding to the critical angle of the QD
film (0.195°, fit experimentally) and Si substrate (0.180°). The yellow line denotes the substrate horizon.
b-d, Correlative TEM imaging and electron diffraction of a single (101)s.-oriented SL grain. b) Secondary
electron image of the grain. Overlaid is a model of the top monolayer of QDs according to the lattice
parameters in panel h. Orange arrows denote crystallographic directions of the SL, while green and red
arrows indicate two of the <100>a. and <110>a. directions of the PbSe atomic lattice. The scale bar is 50
nm. ¢) Corresponding SAED pattern of the atomic lattice, with several spots labeled. The zone axis is ~15°
from [001]aL. d) Model of the first monolayer of QDs on this superlattice plane. Red, cyan, and blue facets
correspond to the {100}, {110}, and {111} planes of PbSe. Slight tilting of the [001]a. from the plane
normal is visible. e-g) Correlative TEM imaging and diffraction of a (101)s.-oriented SL grain. e,
Secondary electron image with overlaid model and crystallographic axes. f,) SAED pattern. The zone axis
is [110]a.. g) Model of the first monolayer of QDs on this superlattice plane. h) The average
rhombohedrally-distorted bcc unit cell of the oleate-capped QD SLs (a = 9.8 nm, a = 84.5°). The (101)s.
and (101)s. planes are outlined with dashed boxes. See Figure 2.11 for representative images of the oleate-
capped SL. From Ref 169. Reprinted with permission from Springer Nature Limited.
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Figure 2.11. Representative SEM images of oleate-capped SLs. a) Medium-magnification image of several
grains with a few surface defects (vacancies and adsorbed QDs). b) Lower-magnification image showing
some SL step edges and a few nanoscale cracks. From Ref 169.

primitive
(distorted simple
cubic)

distorted bcc

Figure 2.12. SL unit cell description relation. Relationship between the distorted bcc conventional unit cell
and rhombohedral primitive unit cell of the average oleate-capped QD SL. The two unit cells have four
QDs in common (yellow). Lattice parameters of the conventional cell: a=b=c=98nmanda ==y =
84.5°. From Ref 1609.
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The GISAXS/SEM analysis provides the positions but not the rotational orientation of the QDs
needed to fully specify the unit cell of the oleate-capped SL. We used TEM-based secondary
electron imaging and selected area electron diffraction (SAED) of individual (101)s.- and (101)s.-
oriented grains to determine the orientation of the QDs with respect to the SL. The images (Figure
2.10b and e) provide the local SL orientation, while SAED patterns of the same grains (Figure
2.10c and f) provide the relationship between the PbSe atomic lattice (AL) and QD SL. We find
strong single-crystalline SAED spot patterns indicating that the QDs are rotationally aligned in
three dimensions, with complete biaxial alignment between the AL and SL. The crystallographic
relationship deduced from correlated imaging and diffraction of many (101)s.- and (101)s.-
oriented grains is (110)ac||(101)s. and [100]ac||211°[111]sL (there is an 11° angle between the
two directions). We conclude that the two grain orientations are simply two views of the same
structure, rather than two different unit cells. The resulting models of the (101)s. and (101)s.
surfaces are shown in Figure 2.10d and g, while Figure 2.10h shows the oleate-capped SL unit cell

(with ligands omitted for clarity).

a oleate-(101),,

@

4 NNs

Figure 2.13. Models of the oleate-capped SL surfaces. a) Each QD on the (101)SL surface has four close
nearest neighbors (NNs) at 8.2 nm and two far NNs at 9.8 nm. b) Each QD on the (101)SL surface has two
close NNs at 8.2 nm and four far NNs (two at 9.3 nm and two at 9.8 nm). The close NNs are denoted with
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orange arrows. The dashed black circles are centered on the middle QD and have a radius of 8.2 nm. Red,
cyan, and blue facets are {100}AL, {110}AL and {111}AL, respectively. From Ref 169.

The distorted bcc unit cell of the oleate-capped SL is extraordinary because the QDs are pre-
positioned to fuse across their {100} facets by simple translational motion. Many papers have
reported oleate-capped PbS/Se QD SLs with cubic or tetragonal (bcc, fcc, or bct) unit cells and
cofacial {111} facets,176:189,203-205.207-210 1y )t these structures have eight or twelve nearest neighbors
(NNs) and would require significant rotational and translational rearrangement of the QDs to form
simple cubic epi-SLs.%® Many papers have reported oleate-capped PbS/Se QD superlattices with
cubic or tetragonal (bcc, fcc, or bet) unit cells with co-facial {111} facets,189189.203.207.208 |
contrast, each QD in our oleate-capped SL has six NNs with cofacial {100} facets arranged in a
rhombohedrally-distorted octahedron (Figure 2.10h and Figure 2.21a). The NNs in our oleate-
capped SLs have a center-to-center distance of 8.2 nm and a facet-to-facet distance of 2.1 nm,
comparable to the length of the oleate ligands. The QDs are prearranged to fuse to their six NNs
via their six {100} facets. On the (101)s. plane, each QD has four close NNs with cofacial {100}
facets at 8.2 nm and two far NNs with cofacial {110} facets at 9.8 nm (Figure 2.10 and Figure
2.13). The QDs on this plane are arranged to fuse with their four close NNs to make a 2D quasi-
square epi-SL. In contrast, each QD on the (101)sc plane has two close NNs with cofacial {100}
facets at 8.2 nm and four far NNs with cofacial {111} facets (two at 9.3 nm and two at 9.8 nm;
Figure 2.10g and Figure 2.13). The QDs on the (101)s. plane are arranged to fuse with their two
close NNs to make parallel 1D chains of epi-fused QDs. Therefore, we expected the two grain
orientations of the oleate-capped SL to yield two orientations of the epi-SL with very different

topography in SEM images.
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Figure 2.14. Structure of the epi-SL films. a) 2D GISAXS pattern of a typical film on a silicon substrate.
Overlaid are the calculated spot patterns for two very similar triclinic unit cells, one (black dots) with
(100)sc in-plane orientation (a = 6.5 nm, b =c = 6.7 nm, a.= 97°, B = y = 99°) and the other (white dots)
with (011)s. in-plane orientation (a =b = ¢ = 6.5 nm, o. = 95°, B =y = 97°). We often observed slightly
different lattice parameters for the two grain orientations. Only select Miller indices are labelled. The solid
and dashed red lines denote the scattering vector g, corresponding to the critical angle of the QD film (0.21°)
and Si substrate (0.180°). The yellow line denotes the substrate horizon. b-d) Correlative TEM imaging and
electron diffraction for a single (100)s.-oriented grain. b) Secondary electron image of the (100)s.-oriented
SL grain. Overlaid is a model of the top monolayer of QDs according to the lattice parameters in panel h.
Orange arrows denote crystallographic directions of the superlattice, while green arrows indicate two of the
<100>a. directions of the PbSe atomic lattice. The scale bar is 50 nm. ¢) Corresponding SAED pattern of
the atomic lattice, with several spots labeled. The zone axis is hormal to (100)SL and ~5° from [001] a..d)
Model of the first monolayer of QDs on this superlattice plane. Red, cyan, and blue facets correspond to
the {100}, {110}, and {111} planes of PbSe. e-g) Correlative TEM imaging and diffraction for a (011)s.-
oriented grain. e) Secondary electron image with overlaid model and crystallographic axes. f) SAED
pattern. The zone axis is [110]aL. g) Model of the first monolayer of QDs on this superlattice plane. h) The
distorted simple cubic unit cell of the epi-fused QD SL (a= 6.6 nm and o= 99°). See Figure 2.15 for wide-
area SEM images of these films and Figure 2.16 for analysis of a twinned epi-SL grain. From Ref 1609.
Reprinted with permission from Springer Nature Limited.
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Figure 2.15. Representative SEM images of epi-SLs. a) Medium-magnification image of a single (100)s.-
oriented grain with some nano-cracks. A few other grains are visible within the cracks and in the upper left
corner of the image. b) Lower-magnification image showing a network of nano-cracks. The cracks occur
mostly at the SL grain boundaries and are caused by volume loss during oleate removal and QD fusion.
Bright regions of the film are (100)s.-oriented grains, while darker regions are (011)s.-oriented grains.
Contrast between the grain orientations stems from the different atomic lattice orientations (the in-plane
facet is (100)a. in (100)s.-oriented grains and (110)aL in (011)s.-oriented grains). This epi-SL film was
made with EDA and Pbl, treatments (no ALD). From Ref 169.

Figure 2.16. Correlated imaging and diffraction of a twinned (100)s.-oriented epi-SL grain. a) Secondary
electron image of a (012)s1/(021)s. twin boundary. QD models of the twin surfaces are inset. The scale bar
is 50 nm. b) SAED pattern of the same area, color coded to match the image. ¢) Model of the epi-SL twin
boundary. The dashed line denotes the twin plane. From Ref 169.
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The unit cell of the epi-SL films was determined in the same fashion. GISAXS/SEM analysis
shows that the films are polycrystalline SLs with a triclinic primitive unit cell with lattice
parametersa~b=c=6.6 +0.2nmand a = =y =99 + 2° and a mixture of (100)s. and (011)sL
in-plane grain orientations (Figure 2.14a). The average structure can be described as a slightly-
distorted simple cubic primitive cell or a highly-distorted bcc conventional cell (see Figure 2.21).
We use the distorted simple cubic description because it is easier to visualize. As in the oleate-
capped SL, each QD in the epi-SL has six nearest neighbors arranged in a rhombohedrally-
distorted octahedron, but with a much smaller center-to-center distance (6.5-6.7 nm vs. 8.2 nm)
because the QDs in the epi-SL are fused with epitaxial necks 1-3 atomic layers in length. Our
previous TEM studies demonstrated that Pb and Se atoms flow from adjoining facets into the neck
regions during epi-fusion of PbSe QDs, thereby distorting the QD shape.'’® Examples of (100)s. -
and (011)s.-oriented grains are shown in Figure 2.14b-d and Figure 2.14e-g, respectively. The
(100)sL grains appear in secondary electron images as quasi-square 2D lattices, while the (011)s.
grains feature parallel chains of fused QDs (Figure 2.14b and e). The latter morphology is expected
for a {110} projection of a simple cubic lattice, where the inter-QD distance is a within the chains
and av2 between the chains. The AL and SL are crystallographically related as (110)ac]|(01T)s.

and [100]aL||£5°[100]sL. Figure 2.14h depicts the average epi-SL unit cell (ligands omitted).

We next evaluated necking and epitaxial fusion between QDs, including neck thickness and
uniformity, two factors that directly impact the degree and variation of electronic coupling between
QDs. 123135146 Because our SLs are 3D and non-cubic, direct imaging does not allow for precise
analysis of individual necks. We therefore use a variety of techniques to assess epitaxial fusion in

our 3D epi-SLs. High-resolution TEM images of 3D epi-SLs (Figure 2.17) show continuous PbSe
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lattice along [100]sL, which strongly suggests that epitaxial connections extend between QDs in

that direction.

10 nm

Figure 2.17. TEM images of 3D epi-SLs showing QD fusion along the <100>a. directions. a) High-
resolution image of a (100)s.-oriented epi-SL grain (EDA/PbI; treated), showing clear epitaxial fusion
between QDs along the two in-plane <100>4. axes. The SL grain is 40-50 nm thick. A structural model of
the first QD monolayer is superimposed on the image. b) 2D fast Fourier transform of the TEM image, with
the 020 and 220 spots labeled. ¢) High-resolution image of a (011)s.-oriented epi-SL grain (EDA/Pbl,
treated), showing epitaxially-fused chains of QDs running nearly parallel to the single in-plane <100>a.
axis. The QD chains result in regularly-spaced bands running from the lower left to the upper right of the
image. The SL grain is 40-50 nm thick. A structural model of the first two QD monolayers is superimposed
on the image. d) 2D fast Fourier transform of this image, with the 002, 220, and 111 spots labeled. From
Ref 1609.
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Figure 2.18. TEM images of 2D oleate-capped SL and epi-SLs showing QD fusion along the <100>a.
directions. These 2D SLs (QD monolayers and bilayers) were prepared by self-assembly on EG using a low
QD concentration. a) TEM image of an oleate-capped 2D SL at high magnification, b) intermediate
magnification, and c) low magnification, along with the corresponding SAED pattern (inset). The QDs
adopt an oblique 2D lattice nearly identical in structure to the (101)s. surface of the 3D oleate-capped SL
described in the text. Expressed in terms of a distorted bcc unit cell, the 2D SL has lattice constants a =
10.5 nm and o = 84.5°, compared to a = 9.8 nm and o = 84.5° for the 3D oleate-capped SL. The strong
SAED spot pattern shows that the QDs are biaxially aligned within the monolayer. The zone axis is [100] L.
Each diffraction spot has the shape of a circular arc, indicating some in-plane rotational freedom of the
QDs. The 200 spots have an angular width of 17.3° (FWHM). As on the (101)s. surface of the 3D SL, each
QD in the monolayer has cofacial {100} facets with its four close nearest neighbors. Green and orange
arrows denote <100>4. and <111>s;, respectively. Scale bars are labeled. d) TEM image of a 2D epi-SL
at high magnification, e) intermediate magnification, and f) low magnification, along with the
corresponding SAED pattern (inset). Clear epitaxial fusion along <100>a. is observed. The zone axis is
again [100]aL. In contrast to the rhombohedrally-distorted 3D epi-SL, the 2D epi-SL is almost perfectly
square, even as a bilayer (panels e and f). The diffraction spots are less elongated than in the oleate-capped
2D SL because epi-fusion forces better QD-QD registry and a tighter distribution of QD rotational
orientations. The 200 spots have an angular width of only 13.5° (FWHM). Green and orange arrows denote
<100>aL and <100>g, respectively. Scale bars are labeled. From Ref 169.
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Figure 2.19. Representative wide-angle 6-26 XRD patterns of oleate-capped and epi-SL films. Films were
deposited on glass slides. Relative to the PbSe powder reference pattern (gray bars), the oleate-capped SL
(red trace) is highly textured, with only a 220 peak (from the (101)s.-oriented grains, see Fig. 2g), a small
200 peak (from the (101)s.-oriented grains, Fig. 2d), and a proportional 311 peak (from (101)s.-oriented
SL grains containing QDs with their (311)a. planes parallel to the film surface). The epi-SL (green trace)
shows a similarly-sized 220 peak (from the (011)s.-oriented grains) and a very strong 200 peak (from the
(100)s.-oriented grains), with no other atomic lattice orientations visible. The height of the 220 peak is
similar for both films because this plane remains parallel to the film surface when the oleate-(101)s. grains
transform to epi-(011)s. grains. The phase transition involves a small (10°) rotation of the QDs about their
[110]aL axes, so the tilt of the (110)aL planes does not change. The width of the 220 peak is also similar for
both films because the QDs fuse across their {100} facets, not their {110} facets. In contrast, the 200 peak
is both taller and narrower after epi-fusion. This peak grows in height because the phase transformation
brings the (200)acL planes, which are slightly tilted (~15°) from the film surface in the oleate-(101)s. grains,
into nearly-perfect parallel alignment with the film surface in the epi-(100)s. grains, thereby boosting the
diffracted intensity. The observed narrowing of the 200 peak is consistent with an increase in crystallite
size along the <100>a. directions due to fusion of QDs across their {100} facets. The epi-SL was made
using EDA and Pbl; treatments, without ALD. From Ref 169.

Table 3. Results of Scherrer XRD crystallite size analysis.

Sample <200> Crystallite Size (nm) <220> Crystallite Size (nm)
oleate-capped SL 6.4 = 0.06 6.6 0.3

epi-SL 9.2+0.03 7.0+0.2

To directly observe epitaxial necks, we made and imaged SL monolayers assembled on EG. Our

oleate-capped SL monolayers adopt an oblique 2D lattice nearly identical to the (101)s. of the 3D
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oleate-capped SL, with the same biaxial QD alignment preserved (Figure 2.18). Treatment with

EDA produces a square lattice monolayer of QDs with alignment between [100]s. and {100}aL
facets and clearly visible epitaxial necks between NNs. X-ray diffraction (XRD) measurements
(Figure 2.19) of oleate-capped and epi-SL films support the biaxial QD/SL relationships described
above, and provide evidence for epi-fusion of {100}aL facets throughout the 3D bulk of the SL.
Scherrer crystallite size analysis of PbSe <200> and <220> peaks shows (Table 3) that after EDA
treatment the QDs coarsen along <200>, as is expected for {100}aL epi-fusion. Crystallite size
along <220> does not change significantly because no epi-fusion occurs along that

crystallographic direction.
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Figure 2.20. The epi-SL tomogram and QD positions. a) Top, b) bottom, ¢) cross-section, and d) perspective
views of the tomogram of the epi-SL film. The color scale denotes the normalized electron density in units
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of e~ per nm?. Dashed lines represent grain boundaries between the three SL grains (labeled grain I, 11, and
I11). The scale bar is 40 nm. e) Perspective image of the center of mass coordinates of all QDs in the sample.
Each QD is represented by a sphere with a diameter of 1 nm (for ease of viewing). The QDs are color coded
according to their location in grain | (blue), grain Il (green), or grain Il (red). The scale bar is 20 nm. f)
Exploded view of the seven QD layers of the sample to illustrate the internal structure of the epi-SL film.
Each QD is represented by a 6 nm diameter sphere. Layer 1 (L1) is the top layer of the originally floating
film (at the QD/gas interface), while layer 7 (L7) is the bottom layer of the film (at the liquid/QD interface).
The QDs are color coded according to panel (€). g-h) Representative monolayers in grain | separated along
direction x and y, representing SL lattice planes of (g) (100)s. and (h) (010)s.. From Ref 170. See that paper
for more details on sample preparation, measurement, and analysis methods.

Table 4. Statistics from structural analysis of an epi-SL tomogram.
Parameter Grainl Grain Il Grain Ill Total
Number of QDs 903 389 554 1846
Space filling fraction  0.53 0.51 0.48 0.51
Possible necks 2343 1028 1494 4865
Observed necks 1760 774 959 3493
Connectivity  75% 75% 64% 72%
Average number of necks 3.8 4.0 3.4 3.7
Average neck diameter (nm) 4.0 3.5 5.0 4.1

We also performed full-tilt HAADF-STEM electron tomography'’® on an epi-SL needle sample
prepared using focused ion beam milling." An example tomogram (Figure 2.20) shows a 7-layer
polycrystalline epi-SL composed of 1846 PbSe QDs. With a spatial resolution of 0.65 nm, we were
able to quantify neck thickness and other structural parameters of the epi-SL (Table 4). The QDs
in the more ordered region of the sample (Grains | and 1) have an average of 3.8 to 4.0 necks per
QD out of a total of 6 possible necks for the distorted simple cubic epi-SL structure. The average
neck diameter ranges between 3.5 to 4.0 nm, which corresponds to 53-61% of the original QD
diameter. This degree of epitaxial necking should produce extremely strong electronic coupling.
Data from this single tomogram highlights the need for improved structural perfection and control

in the self-assembly and epitaxial fusion processes. Future experiments within our group aim to

v This work was performed in collaboration with the Moulé group at UC Davis and is described in Ref 170.
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make strong structure/property relationships through iterative feedback and insight from electron
tomography measurements. Efforts to control the atomic-scale structure of epi-SLs are underway

in other laboratories, for example, through the use of thermal annealing.16%17

2.4. Collective Topo-epitaxy

How does the oleate-capped SL transform into the epi-SL? Figure 2.21 shows our proposed
pathway of the phase transition from the oleate-capped SL to the epi-SL. The phase transition is
triggered by the removal of oleate and is driven by the lower surface area and free energy of the
epi-SL. Because the QDs in the oleate-capped SL are biaxially aligned with cofacial {100} facets,
formation of the epi-SL requires only translation and a 10° rotation of each QD about a common
[110]aL axis. The coordination polyhedron of the SL (the rhombohedrally-distorted octahedron,
Figure 2.21) is conserved during this phase transition and, while we emphasize different unit cells
before and after epi-fusion, the topology of the QD array remains fundamentally unchanged. We
find that the (101)s.- and (101)s.-oriented grains of the oleate-capped SL convert to (100)s.- and
(011)s.-oriented grains of the epi-SL, respectively, as discussed above and shown in Figure 2.21b-

C.
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Figure 2.21. The phase transition pathway. Formation of the epi-SL proceeds by nearly-pure translational
motion of the QDs. a) Transformation of the unit cell. (left) The distorted bce unit cell of the oleate-capped
SL emphasizing the distorted octahedral, {100}AL-cofacial coordination environment of each QD. As
oleate is removed (center), there is a ~1.6 nm translation of the corner QDs toward the center QD and slight
rotation (10°) of all of the QDs about a common [110]AL axis (in-plane for (100)SL-oriented grains and
out-of-plane for (011)SL-oriented grains) to form the epi-SL (right). Pb and Se atoms flow into the inter-
facet regions to form epitaxial necks that are 0.5-1 unit cells long. Gray and yellow unit cells correspond to
the distorted bcc conventional cell and distorted simple cubic primitive cell, respectively. Red, cyan, and
blue facets correspond to the {100}, {110}, and {111} planes of PbSe. Dark gray shading denotes the
epitaxial necks between QDs. b) Transformation of the (101)SL surface of the oleate-capped SL to the
(100)SL surface of the epi-SL. c) Transformation of the (101)SL surface of the oleate-capped SL to the
(011)SL surface of the epi-SL. From Ref 169. Reprinted with permission from Springer Nature Limited.

This phase transition is a striking example of collective, multiscale topotaxy and epitaxy in a
colloidal nanocrystal solid. Formation of the epi-SL involves 3D epitaxial attachment of the 103-
10° QDs in each SL grain. The parent and product SLs are single crystals (in both the AL and SL)

related by a specific geometric transformation. Thus, the SLs have a definite 3D crystallographic
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relationship and the phase transition is atomically topotactic. The topotactic relationship between
the SLs is (101)oteate-s]|(011)epi-s. and [111]oteate-st||£15.5°[100]epi-s.. Knowing that the
mechanism is topotactic will help researchers improve the spatial order of these epi-SLs by
optimizing the structure of the oleate-capped SLs and controlling the kinetics of the phase

transition.

Given the topotactic phase transition, it is especially important to understand why the oleate-
capped SLs adopt a distorted bcc unit cell with cofacial {100} QDs. Studies of truncate-cubic
PbS/Se QDs and metallic NCs show acute or obtuse rhombohedral structures with partial overlap
of {100} crystal facets.’®"8162211 \While fcc structures are expected in assemblies of hard spheres,
the driving force for bcc assembly is attributed primarily to entropy maximization of ligand
packing.” In QD SLs with L/Rgp > 0.6 (where L is the nominal ligand length and Rop is the QD
radius) and weak inter-QD attractive forces (< 0.1kT), the bcc structure was found to maximize
entropy due to reduced ligand packing frustration.®® Several studies have emphasized that the SL
unit cell is determined by the effective QD shape, which is a convolution of QD faceting and ligand
coverage.8118%207 Shape anisotropy drives orientational ordering of the QDs that in turn determines
the superlattice symmetry. In the present case, we speculate that there is a steric and/or electrostatic
driving force for cofacial alignment of the {100} QD facets. If cofacial {100} facet alignment
lowers the SL energy, then a rhombohedral distortion from a perfect bcc unit cell is expected
because such a distortion increases {100} facet overlap (Figure 2.23). A perfect bce cell (lattice
angle « = 90°) provides very poor {100} facet overlap (extremely distorted octahedral coordination
with the six nearest neighbors having the best {100} facet alignment). In the opposite limit of
extreme rhombohedral distortion (a = 60°), the SL has a simple cubic unit cell with perfect

octahedral coordination and maximum {100} facet overlap between the QDs (at least seven times
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greater overlap area than for bcc). The fact that the oleate-capped SL adopts a structure between
simple cubic and body-centered cubic suggests a metastable state due to competing forces: entropic
contributions drive the SL towards a bcc structure, %8 however weak ligand coverage on {100}
facets leads (i) a non-spherical effective QD shape and (ii) stronger electrostatic interactions
between them. Increasing the oleate coverage should reduce directional inter-QD forces and
eventually may result in a loss of QD rotational alignment, although long-range (>5 nm) inter-
particle torque has been observed.831% We hypothesized that an increase in overall oleate coverage
(and thus, the {100} coverage; see Figure 2.4) would cause the oleate-capped SL to shift towards
a more perfect bce structure. We reasoned that lower oleate coverage should increase the driving

force for {100} facet overlap and result in more distorted (less bce-like) SLs.
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Figure 2.22. Impact of QD cleaning cycles on oleate coverage and the size of the rhombohedral distortion
of the oleate-capped SLs. a) The number of oleate ligands per QD versus the number of EtOH cleaning
cycles as determined by quantitative NMR (see Table 5). Oleate surface coverage (oleate/nm?) is calculated
assuming a surface area of 145 nm? per QD. b) Measured lattice angle («) of the distorted bcc unit cell (red
circles) and distance between the {100} facets of neighboring QDs (blue squares) for oleate-capped SLs
made from QDs with zero, two, or three EtOH cleaning cycles. Samples with zero EtOH exposures were
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cleaned with three cycles of precipitation in acetonitrile and redispersion in toluene, which should result in
QDs with the highest oleate coverage in this series of samples.** With decreasing oleate coverage, the
rhombohedral distortion becomes more severe (smaller o) and the distance between {100} facets decreases
(the unit cell shrinks). These data were assembled from seven batches of QDs with first exciton peak
energies of 0.668-0.685 eV. We note that the epi-SL can be described as a distorted bce structure with o =
71.66° and an inter-facet distance of 0.3-0.4 nm, while a distorted bcc cell with a = 60° is equivalent to a
perfect simple cubic structure. From Ref 169.

Table 5. NMR quantification of oleate ligand coverage.

. : oleate removal
cleaning cycles oleate ligands per QD  oleate/nm?

(% from cycle #2)
2 505 + 28 3.48+£0.19 0
3 478 + 26 3.30+0.18 5+7
4 430 £ 24 2.97 £0.16 15+7

Indeed, we find that the rhombohedral distortion systematically increases from o = 85.0° to « =
82.0° with decreasing oleate coverage (Figure 2.22). A preference for cofacial {100} facets
explains the observed rhombohedral distortion and the increasing distortion with decreasing ligand
coverage. Control of the rhombohedral distortion has practical importance because oleate-capped
SLs with more {100} facet overlap are better positioned for fusion and may produce epi-SLs of
greater structural perfection. In contrast, reducing the oleate coverage leads to stronger inter-QD

attractive forces, smaller SL grains, and premature epi-fusion of {100} facets.

81



<100 F l — 1.4 b
® ; X 18
£ 80 2 5]
Y= : : o]
2 : 25
S = A
] 5 '
= 40 _;;’g -| (100) facet
> O
o !
z 20 —g: —
o B!
o :
o L L 1 =

60 70 80 90

a (Degrees)

Figure 2.23. {100}a. facet overlap as a function of lattice angle o for oleate-capped SLs with
rhombohedrally-distorted bce unit cells. a) {100} facet overlap versus a. The distance between {100} facets
was held constant at 2.1 nm. When a = 60°, the unit cell is simple cubic and each QD has ideal octahedral
coordination with the possibility of perfect overlap of its six {100} facets with its six nearest neighbors.
The maximum overlap area is then the entire {100} facet (100%). When a = 90°, the unit cell is bcc and
each QD has cubic (8-fold) coordination with a maximum {100} facet overlap area almost seven times
smaller (15%). The unit cell with a ~ 84.5° shown in Figure 2.10h has an overlap area of 28%. The overlap
increases as « is further reduced. We note that decreasing the inter-facet distance will also increase facet
overlap for a fixed a. b) A model of the oleate-capped SL with {100} facets rendered transparent. To
determine the areal overlap, the view direction was aligned with <100>a. and the entire facet area (red
lines) and overlap area (yellow lines) were measured. The percent overlap of each of the three orthogonal
pairs of {100} facets was averaged and plotted in panel a. From Ref 1609.

82



A B
: . 20 layers j(nr:n 20 layers .

Dipole direction <100> Dipole direction <100>
0 ps 0 ps

20 layers . i .21 layers

10 ps 10 ps 9 ps

ig 20 layers N e 41 layers

50 p 50 ps 50 ps

Figure 2.24. Molecular dynamics simulation on the deformability of polar PbSe QDs. Atom color code:
blue, Pb; pink, Se. a) Snapshots of the trajectory of single-dipolar nanocrystal at 300 K, starting with a
dipole moment caused by fast ligand removal. Polar nanocrystal monomer exhibits the tendency to become
symmetrized through surface atom diffusion; nevertheless, this does not lead to formation of extra lattice
fringes along <100> directions. b) Snapshots of the trajectory of two dipolar nanocrystals initially aligned
along the dipole direction with a gap distance of 2 nm at 300 K. Translation and rotation of the two
nanocrystals centers are not restricted, allowing them to move toward each other and get attached. Although
the two nanocrystals move toward each other, their deformation happens before they touch each other, and
the resulting edge-to-edge distance is 12.3 nm (41 layers) larger than the distance shown by two
nanocrystals rigidly touch with each other (12.0 nm, 40 layers). c) Snapshots of the trajectory of three
dipolar nanocrystals aligned with the same dipole direction with gap distances of 2 nm at 300 K. Translation
and rotation of the two outside nanocrystal centers are eliminated, whereas the middle one is free to translate
and rotate, imitating the situation of the boundary of two superlattice matrices. From Ref 178. Reprinted
with permission from AAAS.

In-situ TEM experiments and molecular dynamics simulations show that, following oleate
exchange and the concomitant reduction in inter-QD distance, the QDs can deform prior to

epitaxial fusion (Figure 2.24). In this model of oriented attachment, molecular filaments form
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bridges between neighboring QDs which can then either grow to irreversibly form necks, or
detach. The contribution of specific inter-QD forces (osmotic, Coulomb, van der Waals, entropic)
that lead to QD orientation and attachment are not completely understood, however these

experiments and MD simulations show the dynamic nature of the epitaxial fusion process.®

2.5. Effects of Atomic Layer Deposition

We assessed the structural and electronic impact of infilling and overcoating the epi-SLs with
amorphous alumina by ALD. Previous work has shown that ALD infilling can greatly improve the
electrical properties and environmental stability of QD solids.>!** We expected this approach to
also be useful for tuning the surface chemistry and doping of the epi-SLs. XRD and GISAXS data
prove that ALD infilling leaves the QD size, unit cell, and spatial order of the epi-SLs unchanged
(Figure 2.25 and Figure 2.26). Cross-sectional elemental mapping of single SL grains by STEM-
based energy dispersive spectroscopy shows that the alumina infilling is uniform (Figure 2.27a-
b). However, infilling also causes a nearly-complete bleach of the first exciton peak and the
appearance of a 1S-1P intraband transition in optical absorption spectra, consistent with very
strong doping of the epi-SLs by the ALD coating (Figure 2.27¢).*"* Field-effect transistor
electrical measurements corroborate these changes in the optical spectra. Before ALD, the epi-SLs
act as ambipolar transistors with dominant p-channels and free carrier concentrations low enough

to be readily modulated with an applied gate bias (Figure 2.27d and Figure 2.29).
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Figure 2.25. Wide-angle 6-26 XRD patterns of an epi-SL showing no change in QD size after ALD infilling.
a) XRD patterns of epi-SLs with and without ALD infilling. The two samples have different 220 and 200
peak intensities because the parent oleate-capped SLs had different percentages of the two SL grain
orientations, not because ALD infilling changes the grain orientations. The small peak at 44.2° (*) is an
artifact from the instrument. b) Magnified views of the normalized 200 and 220 peaks, showing no
significant change in peak width (QD size) after ALD infilling. From Ref 169.

epi-SL epi-SL 001
before ALD after ALD ;
epi-SL

EDA

EDA /Pbl,

EDA/PbI2+AIZO3|

) 2 0 1 p 2 3 0.8 0.9 . 1.0
gy (nm™) gy (hm”) gy (nm™)

Figure 2.26. Effect of ALD alumina infilling on the epi-SL structure. a-b) GISAXS patterns of Pbl.-treated
epi-SLs before and after alumina infilling. There is no discernable change in SL structure or spatial order.
Open black circles mark several diffraction spots of the pre-ALD film to illustrate the negligible shift in
peak positions. Intensity oscillations along g in the post-ALD film result from interference of X-rays within
the 30 nm thick alumina overlayer. c) Vertically-integrated line profiles of the 001a. diffraction spot
(labeled with red circles in panels a and b). Data for an epi-SL prior to Pbl. treatment are also shown (blue).
The variation in peak positions corresponds to a real space scatter of ~1 A. Together, these data show that
the epi-SL is quite rigid, such that subsequent treatments (Pbl, and ALD infilling) have little effect on its
structure.
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Figure 2.27. Effect of ALD alumina infilling on the epi-SL chemical, optical, and electronic properties. a)
Bright-field STEM image and EDS elemental maps of a cross-section of a 51 nm (8 QD layer) thick,
(100)s.-oriented, alumina infilled epi-SL prepared on a Si substrate by focused ion beam. b) The integrated
line profiles of each element along the film normal. Aluminum and oxygen are present throughout the film,
indicating complete ALD infilling. The aluminum and oxygen signals oscillate with a period of ~6.5 nm
because the infilled void space is arranged in interconnected channels running along the <100>g,_ directions,
parallel to the substrate surface (Figure 2.28). An SiO- interlayer (6 nm thick) and Al.Os capping layer (8
nm thick) are also evident. Lead, selenium, and iodine are distributed homogeneously throughout the film.
¢) FTIR spectra of an epi-SL before and after alumina infilling and overcoating (20 nm of alumina). Infilling
results in a strong bleach of the first exciton peak and appearance of a 1S-1P intraband peak at ~0.2 eV.
The spectrum of a 20 nm thick ALD alumina film (no QDs) is shown for reference. d) Output characteristics
of a Pbl,-treated epi-SL field-effect transistor (FET) before ALD infilling, showing substantial modulation
of the source-drain current (Ip) by the gate bias (V). €) Output characteristics of an epi-SL transistor after
infilling with amorphous alumina, showing loss of gate modulation due to high doping. From Ref 169.
Reprinted with permission from Springer Nature Limited.
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Figure 2.28. Model of the ALD-infilled epi-SL sample shown in Figure 2.27a-b. a) Cross-sectional view of
the (100)SL-oriented epi-SL grain with the QDs drawn to scale (6.5 nm diameter). The zone axis is not a
high-symmetry direction of the SL (i.e., not a low-index Miller plane). b) Identical view but with artificially
small QDs (2.5 nm diameter) to reveal the horizontal void channels within the SL that are infilled by
alumina. These horizontal channels generate the Al and O signal oscillations observed in Figure 2.27b. The
channels also run vertically, but these are obscured by the skew of the sample relative to the electron beam.
From Ref 169.
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Figure 2.29. Epi-SL field-effect transistor results. a) Output and b) transfer characteristics of an epi-SL FET
without Pbl; treatment or ALD infilling. ¢) Output and d) transfer characteristics of an alumina-infilled epi-
SL FET (no Pbl; treatment). ) Output and f) transfer characteristics of a Pbl,-treated epi-SL FET (no ALD).
g) Output and h) transfer characteristics of a Pbl.-treated, alumina-infilled epi-SL FET. All measurements
were performed at 298 K in a glove box with a sweep rate of 40 V/s. The transistors were fabricated in a
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bottom contact (5 nm Ti, 35 nm Au), global back gate (p** Si, 200 nm SiO,, Cox = 17.5 nF/cm?) geometry
with a channel length and width of 25 um and 1000 pum, respectively. The linear field-effect mobilities in
Table 6 were determined at |Vsp| = 10 V and [Vg| = 40 V using the standard gradual-channel approximation
equation for electron and hole mobility.

Table 6. Linear field-effect mobilities for the epi-SL FETS.

epi-SL type FET polarity ,up,forward/,up,reverse* ,un,forward/,un,reverse*

(cm?/Vs) (cm?/Vs)

EDA  ambipolar 0.91/0.50 0.74/0.34

EDA + ALD n - 0.84/0.84
EDA/Pbl,  ambipolar 1.07/1.32 0.79/0.44
EDA/Pbl; + ALD n - 2.13/2.13

“Since some of the FETs exhibited 1-V hysteresis, we report mobility for both
forward and reverse voltage sweeps.

However, after ALD, the transistors become highly conductive and exhibit quasi-linear current-
voltage curves with almost no modulation by the gate bias, due to a very high (nearly degenerate)
free electron concentration (Figure 2.27e and Figure 2.29). We note that before ALD infilling, both
the EDA- and EDA/PbI2-treated FETs behave as ambipolar transistors with a dominant p-channel
and weaker n-channel (Figure 2.29b and f). The channel polarity of a quantum dot FET can depend
on many factors, including the quantum dot synthesis chemistry, film stoichiometry, ligand
coverage, oxidation, contacts, and gate dielectric. Our FTIR data show that the EDA-treated
devices are covered in glycoxide and oleate, not EDA. Similarly, the Pbl,-treated devices have a
mixture of glycoxide, oleate, and iodide on the surface. We believe that the adsorbed glycoxide
may be the reason that the p-channel is stronger than the n-channel in these devices, but further

work is required to fully establish the factors that determine the polarity of these FETS.

The carrier mobility of the epi-SLs is artificially low due to grain boundaries in the polycrystalline

superlattices, significant cracking/tearing of the films, and incomplete coverage of the FET
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channel by the stamped films. The epi-SLs are polycrystalline films with an average lateral grain
size of 0.25 um. The channel length is much larger (25 um), so carriers must transit many grain
boundaries to move between the source and drain contacts. Also, the epi-SLs are laced with cracks
and tears, sometimes extensively, and mechanical contact with the electrodes and dielectric tends
to be mediocre. All of this can greatly reduce the measured mobility. Because the epi-SLs are
polycrystalline and cracked, grain boundaries and cracks dominate the FET measurements, and
the reported mobility (Table 6) can be considered a lower limit. The Law group measured higher
mobilities (~10 cm? V! s1) in ALD-infilled amorphous QD films made with different surface
chemistries from the chemistry studied here.}'* One reason for the higher mobility is the better
mechanical quality of the amorphous films, which are made by layer-by-layer dip coating and
therefore are completely free of cracks and have excellent interfaces with the dielectric and contact
metals, all of which boosts mobility. A second reason for the higher mobility may be the
completely different surface chemistry employed to make the two types of QD films (e.g., Na:S
for the amorphous films versus EDA/EG for the epi-SLs). We also measured the sign of the
thermopower by the hot-wire method and found that the films have positive Seebeck coefficients
(p-type) before ALD and negative Seebeck coefficients (n-type) after ALD, in agreement with the

FET results.

Strong doping by alumina infilling is remarkable because it has not been observed for amorphous
PbSe QD films made using thiol, sulfide, thiocyanate, or carboxylic acid ligands.®'412® Following
the work described above, we found that thermal annealing eliminated the high doping level of the
ALD-infilled films—this is described in Chapter 4. Another group has reported high doping and
the emergence of an intraband transition after infilling PbS QD films with alumina ALD.%

Additionally, we have observed intermittent periods of high n-type doping of films that, in the
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past, have produced FETs with well-behaved n-channel characteristics. It is unknown what
aspect(s) of the QD/alumina interface determine the overall doping profile and what causes strong
n-type doping in alumina-infilled QD films, or why thermal annealing can eliminate the doping.
Apparently, specific aspects of the structure or surface chemistry of these EDA- and EDA/PbI»-
treated epi-SLs results in the formation of a high concentration of donor defects upon alumina
deposition. While the origin of the excessive doping upon ALD infilling is unclear at this time, our
results underscore the critical role of surface chemistry in determining the doping and electrical

properties of QD epi-SLs.

2.6. Conclusions

We used dual-space structural analysis at the ensemble and single-grain levels to determine the
complete unit cell of oleate-capped and epitaxiallly-fused PbSe QD SLs and the pathway of the
oleate- to epi-SL transformation. We find that attraction between nearly ligand-free PbSe{100}
facets produces a rhombohedrally-distorted bcc oleate-capped SL in which each QD has six nearest
neighbors with cofacial {100} facets. This remarkable structure enables epitaxial fusion of the
{100} facets without the need for QD rotation, yielding a highly-ordered epi-SL with a distorted
simple cubic unit cell. We show that the phase transition combines 3D, collective epitaxy with
atomic topotaxy of the QDs. To our knowledge, this is the first demonstration of a topotactic
transformation involving oriented attachment of an ensemble of crystals. This topo-epitaxial phase
transition illustrates the multiscale spatial order that is possible with self-assembled QD solids.
Knowledge of the formation mechanism provides a foundation for the rational fabrication of QD
epi-SLs with improved spatial order and electrical properties, which we exploit later in this thesis.
However, surface chemistry, not spatial order, may ultimately determine the electrical properties

of epi-SLs. The dual role of surface ligands as determinants of electronic behavior and arbiters of
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SL structure creates exciting opportunities and challenges for making high-quality epi-SLs. We
show that the carrier type and concentration change dramatically after infilling the films with
alumina by ALD. Infilling has no effect on the superlattice structure but results in very high carrier
densities. The development of well-defined, tunable, and robust surface chemistries that minimize
spatial and energetic disorder will be essential for making QD epi-SLs that exhibit the emergent

mesoscale property of delocalized band transport.

There are several basic pathways forward for improving the quality of epi-SLs. One is to improve
the quality of the oleate-capped SLs. We have qualitative (but robust) evidence that QDs with
higher oleate coverage result in better QD SLs. These observations are supported by a recent report
that points towards the importance of unbound ligand in the QD suspension.?*? In principle, three
factors determine the size of SL grains: (i) strength of inter-QD attractive forces; (ii) the density
of SL nucleation sites, perhaps associated with impurities in the QD suspension or on the EG
surface; (iii) time that QDs can rearrange to their lowest energy configuration. In principle, one
might want to extend the self-assembly time (solvent evaporation time) by using a different carrier
solvent or using a pressurize vessel. However, ethylene glycol—the subphase on which the films
are assembled—seems to slowly strip oleate from the QD surface. Extended exposure of oleate-
capped PbSe QDs to EG leads to oleate stripping and eventually to QD fusion. The exact chemistry
of this process is not well understood, but empirically we see the result. If the oleate desorption
process is thermally activated, '8 perhaps reducing the temperature of film formation can allow the
evaporation and self-assembly process to be extended, thereby improving the quality of the SLs.
If the chemical mechanism for oleate desorption can be discovered, perhaps it can be prevented
through chemical or other means. The size of SL grains may also be increased using ultra-clean

solutions. The larger the oleate-capped SLs, the larger the epi-SLs can be. One lesson from looking
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at the literature on MBE-grown QD SLs is that the spatial order of those systems was relatively
poor. What they lacked in SL translational order they made up for in terms of the atomic lattice
crystallinity. Researchers may find that the translational order of the epi-SL is less important for
mini-bands than crystalline defects and epi-SL surface states. The combination of thermal
annealing to remove dislocations followed by the growth of an epitaxial shell*>1"31"" may achieve

results closer to those in the old MBE QD literature.?*3

2.7. Methods

2.7.1. PbSe QD Synthesis

PbSe QDs were synthesized and purified using standard air-free techniques. PbO (1.50 g), OA (5.00 g),
and ODE (10.00 g) were mixed and degassed in a three-neck round-bottom flask at room temperature. Then
the mixture was heated at 110°C under vacuum to form Pb(OA), and dry the solution. After 1.5 hours, the
Pb(OA), solution was heated to 180°C under argon flow and 9.5 mL of a 1 M solution of TOP-Se containing
200 pL of DPP was rapidly injected into this hot solution. An immediate darkening of the solution was
observed, and the QDs were grown for 105 seconds at ~160°C. The reaction was quenched with a liquid
nitrogen bath and injection of 10 mL of anhydrous hexanes. The QDs were purified in an No-filled glovebox
(<0.5 ppm Oy) by adding 10 mL of hexanes and 20 mL of ethanol to the reaction solution, collecting the
QDs by centrifugation, performing one cycle of redispersion/precipitation using hexanes/ethanol (10 mL/20
mL), and then drying and storing the QDs as a powder in the glovebox.

2.7.2. Epi-SL film fabrication

SL fabrication was performed in No-filled gloveboxes with <0.5 ppm O,. Oleate-capped PbSe QD
superlattices were prepared by carefully drop-casting 60-70 uL of a 6-10 mg/mL solution of PbSe QDs
dispersed in hexanes onto 7 mL of ethylene glycol in a Teflon well (3.5 cm wide x 5 cm long x 1 cm deep)
that was cleaned by soaking overnight in 5 M nitric acid and then soaking and rinsing in Millipore water at
least ten times. After depositing the QD solution, the well was immediately covered with a glass slide and
the hexane allowed to slowly evaporate in 6-8 minutes, resulting in a smooth, dry QD film floating on the
EG surface. The slide was then removed and 100 pL of a 7.5 M solution of ethylenediamine in acetonitrile
was slowly (5-10 s) injected into the EG directly underneath the film. As the EDA solution spread
throughout the well, the film visibly darkened, indicating film densification and epi-SL formation. After 30
seconds, the darkened SL film nearest to the EDA injection point was transferred to a solid substrate (Si,
glass, or TEM grid) by manual stamping using a vacuum wand. All substrates (except TEM grids) were
cleaned by 15 minutes of sonication in acetone, water, and isopropanol, dried under flowing air, soaked in
a 100 mM solution of 3-MPTMS in toluene for 1 hour to functionalize the surface for improved QD
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adhesion, then rinsed with neat toluene and dried under flowing air. The stamped film was rinsed vigorously
with neat acetonitrile and dried under flowing N.. Next, the SL film was immediately soaked in a 10 mM
solution of Pbl, in DMSO for 5 minutes, rinsed with copious amounts of DMSO and acetonitrile, and dried
under flowing N.. Amorphous alumina deposition was performed in a homemade cold-wall traveling wave
ALD system within a glovebox using trimethylaluminum and water at a substrate temperature of 60°C and
a base pressure of 0.08 Torr. Precursors were introduced to the ALD chamber using computer-controlled
diaphragm valves in-line with a 130 sccm stream of nitrogen carrier gas. Pulse and purge times were 20 ms
and 75 s for both precursors.

2.7.3. Basic optical and chemical characterization

Optical absorbance measurements of QDs dispersed in TCE were performed with a Perkin-EImer Lambda
950 spectrophotometer. Neat TCE served as the background for the solution measurements. Fourier
transform infrared (FTIR) transmission spectra of SL films on double-side polished intrinsic Si substrates
were acquired in dry air on a Nicolet 6700 spectrometer at a resolution of 4 cm-1 with a blank Si substrate
as the background. Scanning electron microscopy was performed on an FEI Magellan 400L XHR SEM
operating at 10 kV and 25-50 pA. Samples for TEM-based energy dispersive spectroscopy (EDS) mapping
were prepared on a Tescan GAIA3 SEM-FIB. X-ray photoelectron spectra were acquired with a Kratos
AXIS Supra spectrometer using monochromatic Al Ka radiation at an X-ray power of 225 W. XPS samples
were prepared on clean Si substrates soaked in a 1% vol. hydrofluoric acid solution for 10 minutes, rinsed
with water and immediately (<2 min) transferred to a glovebox (<0.5 ppm 02). SL films deposited onto
these substrates were transferred to the XPS system completely air-free via an integrated glovebox. Oleate-
capped SL spectra were charge corrected to place the aliphatic carbon of oleate at 284.6 eV, while the other
spectra were charge corrected to align the Pb 4f5/2 peak of PbSe with that of the oleate-capped SL spectrum
at 137.3 eV. Inductively coupled plasma mass spectrometry (ICP-MS) measurements were carried out using
the standard additions method on a Nu AttoM ES HR-ICP-MS spectrometer using 10 cycles of 500 sweeps
with 500 ps dwells per peak. Samples were prepared by forming epi-SL films on the surface of EG inside
a centrifuge tube, then vigorously mixing the entire solution and collecting the liquid by centrifugation
through an Amicon Ultra-15 centrifugal filter unit (10 kDa molecular weight cut-off). The solutions were
then diluted with 2% nitric acid before standards addition and measurement. A second set of ICP-MS
experiments was completed by Huffman-Hazen Laboratories. For these experiments, samples were
prepared by extracting the EG subphase from beneath epi-SL films after a typical treatment time (30-45
seconds), then filtering out any residual QDs using an Amicon Ultra-15 filter. Additional details about the
ICP-MS experiments are provided in Method S2.

2.7.4. Small-angle X-ray scattering

GISAXS and solution transmission SAXS measurements were performed on Beamline 7.3.3 of the
Advanced Light source (ALS) at Lawrence Berkeley National Laboratory using 10 keV monochromatic X-
rays (A = 1.24 A) with an energy bandwidth of 1%. For GISAXS measurements, SL films were prepared
on Si substrates and transported with the QD suspensions to the ALS under nitrogen to minimize air
exposure prior to measurement. However, measurements were performed in air. A Dectris Pilatus 2M
detector with a pixel size 0f 0.172 x 0.172 mm and 1475 x 1679 pixels was used to record the 2D scattering
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patterns. A silver behenate standard was used to determine the sample-to-detector distance and beam center.
Exposure times ranged from 0.2 to 30 s. The grazing angle of incidence was varied from 0.2° to 0.3°.
Manual pattern fitting was performed using the IndexGIXS software package provided by Detlef Smilgies
of the Cornell High Energy Synchrotron Source. The critical angles of the films were fit empirically (0.195°
for the oleate-capped SLs and 0.21° for the epi-SLs) to capture the breadth of the Yoneda band. A 30 mg/mL
octane suspension of QDs was drawn into a 2 mm x 0.2 mm glass capillary with a 0.150 mm wall thickness
(Electron Microscopy Sciences). The solution was exposed to air briefly before and during measurement.
The sample-to-detector distance was 2994.78 mm as calibrated by the silver behenate standard. Signal was
collected for 120 s, and an octane-filled blank capillary was used for background subtraction. The Nika
software package'® in Igor Pro was used to azimuthally integrate (25-75°) the SAXS pattern and correct
for the background using the octane-filled blank. Particle distribution fitting was performed using a
spherical form factor with a Gaussian spread of QD diameters in the NIST SANS Analysis package in Igor
Pro.’® No instrumental broadening was included in the fitting procedure, which indicates the reported
polydispersity is likely an overestimation.

2.7.5. Oleate coverage in FTIR experiments

We estimated the amount of oleate removal by EDA and Pbl, treatments by integrating the area of C-H
peaks at ~3000 cm™. The spectra were baseline corrected and fit with a multi-peak fitting routine. Peaks
from adsorbed ethylene glycoxide were ignored and the oleate peaks were integrated, giving peak areas
Aoteate, Aepa, and Aepasrniz Tor the oleate-capped SL, the epi-SL before Pbl, treatment, and the epi-SL after
Pbl, treatment, respectively. After density correction”, the percent removal of oleate can be estimated as:

1 AEDA or EDA/PbI, X Ooleate

% oleate removed = ( > X 100% (2.3)

Aoleate X Oepi

2.7.6. Isotope labelling experiments

For tests with ethylene glycol-ds4, superlattice films were prepared as described above on the surface of EG-
ds in smaller, circular Teflon wells (~1 mL of EG-d4). 20 pL of 7.5 M 1,2-ethylenediamine in acetonitrile
was injected to achieve the same overall concentration as in the larger wells (~105 mM) and allowed to
react for 30 seconds. Films were stamped onto double-side polished (DSP) Si and measured by FTIR
spectroscopy. For tests with 1,2-ethylenediamine-ds, a 1:1 volume mixture of EDA-d, and acetonitrile was
injected into the EG subphase of the normal wells and allowed to react for 3-8 minutes before stamping the
films onto DSP Si for FTIR measurements. Attenuated total reflectance FTIR spectra of neat EG, EG-d.,
EDA and EDA-d4 were collected as references.

v After accounting for the increased areal density of QDs in the epi-SLs (oleate = 0.0155 QDs/nm? on the (101)s. plane
of the oleate-capped SL versus oepi = 0.0232 QDs/nm? on the (100)s. plane of both types of epi-SLs, which are the
two dominant grain orientations for the samples discussed in Chapters 2 and 3. Later attempts at oleate quantification
incorporated a film coverage correction factor.
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2.7.7. Determination of surface oleate coverage

The oleate/QD ratio and oleate surface coverage (oleate/nm?) were determined using nuclear magnetic
resonance (NMR) spectroscopy and optical absorbance spectroscopy following a modified version of a
published procedure. Known masses of dried QDs from syntheses with two, three, or four cleaning cycles
(one cycle consists of redispersion with 20 mL of hexane followed by precipitation with 10 mL of ethanol)
were dispersed in anhydrous toluene-dgs (dried over molecular sieves) and injected into precision NMR
tubes (Wilmad, 528-PP-7). 'H NMR spectra were acquired at 296 K with a Bruker DRX 500 spectrometer
(500 MHz, BBO probe) using sixteen scans at a delay time of 100 seconds to accommodate the long T;
relaxation times of surface-bound oleate. The absolute concentration of oleate ligands was determined with
an internal reference (6.45 mM of ferrocene). The QD number concentration was determined from optical
absorption spectra of QD suspensions using the size-dependent molar extinction coefficient of Ref 47. 51
uL of the QD suspension used for NMR was removed prior to ferrocene addition, dried under nitrogen flow
and vacuum, and redispersed in a known volume of tetrachloroethylene (TCE). The absorbance of this
suspension at #v = 3.1 eV was measured, background corrected against neat TCE, and used to calculate the

QD number concentration using ¢ = Mgi—;z/@ , Where ¢ is the QD concentration (in uM), Asev is the

absorbance at a photon energy of 3.1 eV, | is the path length in centimeters, and d is the QD diameter in
nanometers.*” We note that although this equation was derived specifically for PbSe QDs suspended in
CCly, the use of TCE as solvent gave the same absorbance values to within +1%. The oleate/QD ratio was
then calculated from the measured oleate and QD concentrations. The average oleate coverage (oleate/nm?)
was calculated by dividing the oleate/QD ratio by the surface area per QD (145 nm?) from our STEM-
derived structural model of these QDs.1"®

2.7.8. Inductively coupled plasma mass spectrometry
We performed two rounds of ICP-MS measurements.

First round of experiments. In the first round of ICP-MS experiments, SL films were self-assembled on the
surface of ethylene glycol (EG) from a known mass of QDs and treated with 1,2-ethylenediamine (EDA),
NH4SCN, or 1,2-ethanedithiol (EDT) for ~130 minutes. The QDs were then separated from the EG by
centrifuge filtration and the Pb content of the EG was measured by ICP-MS. Note that this treatment time
is approximately 250 times longer than we used for the SL films discussed in the text, so this first round of
ICP-MS measurements provides information about the chemistry in the limit of long treatment times. The
results are presented in Table 7.
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Table 7. ICP-MS results for Pb removal by prolonged in-situ ligand treatments.

Sample [Pb] in EG (ppbm) Pb atoms removed per QD

neat EG (no QDs) <1 n/a
OA-capped QDs (control) 159 + 48 n/a
EDA-treated QDs 8858 + 272 602 + 84
EDT-treated QDs 118 +54 ~0
SCN-treated QDs 409 + 26 17+5

ppbm = parts per billion by mass

Treatment of the films with EDA resulted in a 55-fold increase in the concentration of Pb in EG compared
to the control (no ligand treatment), indicating that EDA removes a significant amount of Pb from the QDs.
In contrast, EDT shows no tendency to remove Pb, while SCN™ may remove a small amount of Pb (~3% of
the amount removed by EDA). We estimated the average number of Pb atoms removed per QD from the
known number and initial stoichiometry of the QDs in these samples (see Method S1 and Figure S2). Our
results clearly show that prolonged EDA treatment strips Pb from the QDs, whereas EDT and SCN remove
very little to no Pb.

Experimental details. The inductively coupled plasma mass spectrometry (ICP-MS) measurements of the
EG sub-phase were carried out on a Nu AttoM ES HR-ICP-MS spectrometer using 10 cycles of 500 sweeps
with 500 ps dwells per peak. Samples were prepared in a glove box by depositing 60 pL of a QD suspension
in hexane (6.0 mg/mL) onto the surface of 5.0 mL of EG in a centrifuge tube. The hexane was allowed to
evaporate over the course of ~15 min, leaving a dried SL film on the EG surface. An appropriate volume
of an acetonitrile solution of EDA, NH4SCN, or EDT was then injected into the EG sub-phase under the
QD film to yield total concentrations of 1.0 M EDA, 1.0 mM NH4SCN, or 2.0 mM EDT. These
concentrations were selected because they yield QD films with similar oleate coverage while avoiding
extreme QD fusion. The centrifuge tube was then capped and shaken vigorously for 30 seconds to ensure
maximum possible exposure of the QDs to the treatment molecules. The entire sample was poured into a
centrifuge filter unit (Amicon Ultra-15, 10 kDa), sealed with Parafilm, and centrifuged outside of the glove
box at 5000 rcf (~6682 rpm) for 120 min to remove all of the QDs from the EG solution. The EG solution
therefore remained in contact with the QDs for a total of ~130 minutes. The filtered EG solution was diluted
with double-distilled nitric acid (TraceMetal grade, Fisher Scientific) and injected into the ICP-MS. A
single-element Pb standard was used to create an external calibration curve for Pb quantification.

To verify the efficacy of QD removal by centrifuge filtration, the EDA treatment solution was drop-cast
on a TEM grid and dried under vacuum. No QDs were found after extensive searching by TEM, proving
that the filters are extremely effective at capturing the QDs. We conclude that any Pb measured in the EG
is present as dissolved Pb (in the control experiment, probably residual precursor or byproducts from the
QD synthesis), rather than QDs that escape into the filtrate.

Second round of experiments. In the second round of experiments, oleate-capped SLs were fabricated on
the surface of ethylene glycol from a known mass of quantum dots and treated with EDA (105 mM total
concentration) for 30-45 seconds, at which point the ethylene glycol was extracted from underneath the
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film using a syringe, centrifuge filtered, and analyzed by ICP-MS for both Pb and Se content. In addition
to three of these films and a control sample (a floating oleate-capped SL without EDA treatment), we
measured EG from (i) a prolonged EDA treatment (615 seconds) of a film floating on ethylene glycol and
(ii) a film prepared by spin-coating a known mass of QDs onto a Si substrate, then immersing the film into
a bath of 105 mM EDA in EG for 45 seconds while stirring the solution with the substrate to aid mixing.
The results are compiled in Table S3.

Table 8. ICP-MS results for Pb and Se removal by normal in-situ ligand treatments.
[Pb] inEG  Pb atoms removed [Se] inEG  Se atoms removed

Sample

(ppbm) per QD (ppbm) per QD

OA-capped QDs 5 n/a 4 n/a
(control)

EDA #1 239 14+2 6 <1

EDA #2 131 8+2 6 <1

EDA #3 252 15+£2 4 <1

long EDA 635 37+6 5 <1

spin-cast 411" 24+ 4 4 <1

“The mass of the spin-cast film was 13% of the epi-SLs. The value listed is corrected for this
difference in film mass.

The three normal epi-SL films show 8-15 Pb atoms removed per dot, which is a lower bound on the actual
Pb removal due to undersampling of Pb-containing species diffusing from the film into the unstirred EG
sub-phase. The improved mixing possible with the spin-cast film increased Pb removal to 24 atoms/QD,
while more prolonged EDA treatment resulted in greater Pb removal (37 atoms/QD). These findings suggest
that (i) removal of Pb(OA)x by EDA accounts for only a small fraction of the ~404 oleate ligands removed
per QD (80% of 505 ligands/QD) during the normal EDA treatment, and (ii) epitaxial fusion occurs despite
the minimal loss of surface Pb atoms. These data also confirm that Se is not removed by EDA.

Experimental details. The floating films were prepared by depositing 60 uL of a QD suspension in hexane
(10.0 mg/mL) onto the surface of 7.0 mL of EG in a Teflon well. The hexane was allowed to evaporate
over the course of ~7 min, leaving a dried SL film on the EG surface. The control film was allowed to sit
on the EG for ~1 minute before the EG was extracted. For the three normal epi-SLs, 100 pL of a 7.5 M
EDA solution in acetonitrile was injected into the EG and allowed to react for 30-45 seconds before the EG
was collected. The long EDA sample was prepared in the same way, except that the film was allowed to
react with EDA for ~615 seconds before EG collection. The spin-cast film was prepared by spin coating a
30 mg/mL QD suspension in octane onto a cleaned Si substrate and immersing it in a 105 mM solution of
EDA in 7.0 mL of EG and 50 pL of acetonitrile (identical to the epi-SLs). The substrate was waved back
and forth for 45 seconds and then removed from the solution. The mass of an identical oleate-capped film
was measured to be 78.75 ug. For all samples, the entire volume of collected EG was poured into a
centrifuge filter unit (Amicon Ultra-15, 10 kDa), sealed with Parafilm, and centrifuged outside of the glove
box at 5000 rcf (~6682 rpm) for 120 min to remove any stowaway QDs from the EG solution. ICP-MS
elemental quantification of Pb and Se in the filtrates was performed by Huffman Hazen Laboratories.
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2.7.9. GISAXS fitting refinement

The section below describes the image analysis and least-squares fitting procedure used to constrain the
GISXAS fits.

I B B
00 05 10 15 20
Permutation (10° counts)

Figure 2.30. SEM image analysis used to constrain the GISAXS fits of the SL unit cell. a) Typical
SEM image of a (101)SL-oriented oleate-capped SL used for determining inter-QD distances.
Scale bar = 50 nm. b) Corresponding FFT image. The vectors a;, are the three shortest reciprocal
lattice vectors. The reciprocal lattice angles a;, are measured relative to the pink horizontal line
(with clockwise rotation negative). ¢) Model of the surface of this oleate-capped SL grain. d) An
example of graphical output from the Python-based least-squares fitting program used to guide the
GISAXS fits.

The in-plane inter-QD distances (a,) are calculated from a;, and a;, according to Equations 1-3:

1 |cos(az—a5+90%)]| |cos(a]—a3+90%)|
2 |cos(a;—ai—90%)|  |cos(ai—a;—90")]|
3 |cos(az—a3—90")|  |cos(a;—a]+90°)]|

To determine if any 3D SL unit cell was consistent with both the GISAXS patterns and the inter-QD
distances measured by SEM, the 2D lattice observed in SEM was compared to low-order Miller planes of
bcc, fee, and hep crystals. bee(110) gave the closest match and was therefore used as a starting point for the

99



SL model. To precisely fit the SEM and GISAXS data, we relaxed the bcc symmetry and calculated the
inter-QD distances (a,,) for >10° unique sets of lattice parameters spanning the range of 9.2 nm < a, b, ¢ <
10.2nmand 75° < a, B, y <90°. Local best fits were determined by minimizing the error function, €, defined
as:

€ =+/(a; —dip)? + (az — dyp)? + (az — dyp)?

where a, and d,¢ are the measured and calculated inter-dot distances, respectively. The SEM fitting
procedure was used iteratively to optimize manual GISAXS fitting and generate agreement with SEM
image analysis. The program generates € for each set of unique lattice parameters, then reports the ten best
fits to use as a starting point for manual GISAXS fitting. These lattice parameters were then used in the
IndexGIXS software for GISAXS fitting.?!* This SEM fitting procedure helped to iteratively optimize
manual GISAXS fits and reveal that the two SL grains observed in experiments were actually two different
orientations of the same SL unit cell.

2.7.10. Transmission electron microscopy

A JEOL JEM-2100F TEM operating at 200 kV was used to image isolated QDs prepared by drop-casting
~2 pL of a dilute (<1 mg/mL) hexane suspension onto a lacey carbon grid (with a carbon film). SL samples
for TEM analysis were prepared by stamping QD films from the EG surface onto holey carbon TEM grids
(without a carbon film coating). The use of TEM grids free of a carbon film was critical for high-quality
secondary electron imaging in the TEM. Imaging, diffraction, and energy dispersive spectroscopy (EDS)
elemental mapping were performed on a JEOL JEM-2800 TEM. Scanning TEM experiments (secondary
electron imaging and EDS mapping) employed a probe size of 1.0 nm. Hyperspectral EDS images were
collected using a 30-minute acquisition time. Electron diffraction patterns were acquired at a parallel beam
condition. Sample holder tilt was 0° unless otherwise noted. Correlated secondary electron imaging (SEI)
and selected area electron diffraction (SAED) experiments were carried out by first imaging a SL grain in
STEM mode with the secondary electron detector, then switching to TEM mode to collect the SAED pattern
of the same location. Image rotation between STEM, diffraction, and imaging modes was corrected for in
our correlated S/TEM experiments, yielding a rotational alignment error of <5°.

2.7.11. Electrical measurements

All field-effect transistor measurements were performed at room temperature in a glove box at a sweep
rate of ~40 V/s using a Keithley 2636B source measure unit run by custom LabView software. The
transistors were fabricated in a bottom contact (5 nm Ti, 35 nm Au), global back gate (p** Si, 200 nm SiO,,
Cox = 17.5 nF/cm?) geometry with a channel length and width of L = 25 um and W = 1000 pm, respectively.
Linear field-effect mobilities (win) were determined at [Vsp| =10 V and |V¢| = 40 V using the gradual channel
approximation equation for electron and hole mobility:

dﬁ — WCOXVSD .
dVG Vs 1 Hyin
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CHAPTER 3

PHOTOINITIATED EPI-SL FORMATION

Here we demonstrate photo-initiated formation of epitaxially-fused SLs (epi-SLs). In the
previous chapter we discussed epi-SLs formed via assembly on a liquid subphase through manual
injection of a chemical trigger into that subphase. However, this process results in radial ligand
exchange gradients and mechanical disturbances that cause partial SL film destruction and
chemical/structural inhomogeneity. These imperfections make it difficult to reproducibly
synthesize and study high quality epi-SLs. Furthermore, these films exhibit cracks at multiple
length scales, some of which may be due to the destructive injection process. We hypothesized
that higher quality epi-SLs are possible using a contact-free approach whereby light—rather than

manual injection—initiates epi-SL formation.

The most popular chemical trigger for epi-SL formation is 1,2-ethylenediamine (EDA). It was
proposed to displace Pb(oleate). from the QD surface via a Lewis acid-base reaction, resulting in
deprotection and epitaxial fusion of the QDs.#0133.146.165169.192 Q1 findings presented in Section
3.3 disprove this Lewis acid-base mechanism as the primary cause of oleate removal and epi-SL
formation. In this chapter, we build on prior work to definitively demonstrate that EDA acts as a
Brensted base (proton acceptor) that deprotonates EG, leading to the formation of ethylene
glycoxide which then exchanges with surface oleate. Deprotection of the QD surface facilitates
epitaxial fusion of the QDs. We form high-quality epi-SLs using several different Brgnsted
bases—both amines and simple bases—at concentrations that produce glycoxide concentrations

similar to typical EDA treatment conditions. We use FTIR and structural analysis of SEM images
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to relate chemical trigger basicity with the extent of oleate removal and epi-SL formation. We use
these mechanistic insights to form epi-SLs using UV illumination in combination with a photo
base generator dissolved in the EG. This basic demonstration of light-triggered epi-SL assembly
should enable finer control of epi-SL structure and direct photopatterning of QD-based

optoelectronic circuitry.

Light-initiated ligand exchange of QDs on solid substrates?*>2%° and liquid EG surfaces??* has
been used to alter the solubility and/or surface chemistry of QDs. A major focus has been placed
on direct optical/UV/e-beam patterning, which enables on-chip design of QD-based light-emitting
or electronic devices. In the course of our experiments on this topic, Gao et al. showed that they
could trigger oleate removal by photoactivation of a photoacid generator dissolved in the EG,

resulting in SL densification and QD fusion within regions of the SL illuminated by UV light.??

Photo-initiation of epi-SLs offers several key advantages over films made with manual point
injection of a chemical trigger. First, photo-initiation eliminates the mechanically disruptive and
inhomogeneous liquid currents associated with injection of the chemical trigger. The point
injection method leads to radial ligand exchange/SL structure gradients and causes significant
mechanical disturbance of the film. Second, it allows for arbitrary photopatterning of the epi-SL.
Third, it allows fabrication of arbitrarily large epi-SL films since the process is unconstrained by
diffusion of a chemical trigger from the injection point. Four, it facilitates more precise control
of the concentration-time profile of glycoxide. Finally, it should enable more precise control and
uniformity during epi-SL assembly, thus boosting the likelihood of mini-band formation in these
materials. These five potential advantages should lead to reproducible and scalable epi-SL

synthesis, applicable to basic research efforts and future integration into optoelectronic devices.
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3.1. Epi-SL Formation with Brgnsted Bases

Oleate-capped SL films"" were self-assembled on a liquid EG subphase (see Section 2.7.2) and
treated with amines of varying basicity. We hypothesized that increasing the basicity of the amine
would result in more glycoxide formation, more oleate removal, and more complete epi-SL
conversion. FTIR was used to evaluate the relationship between amine basicity and oleate removal
(Figure 3.1b) and shows that stronger bases (lower pKp) result in greater oleate removal. Piperidine
(pKb = 3.7) and trimethylamine (pK» = 4.5) removed >95% of the oleate and caused severe epi-
fusion of the QDs, while EDA (pKy ~ 5), triethanolamine (pKy = 6.3), aniline (pKy = 9.5), and
quinoline (pKy = 10.3) removed 85%, 50%, ~5% and ~0% of the oleate, respectively, and caused
progressively less epi-fusion in SEM images. Films treated with either of the two weakest bases
(aniline and quinoline) showed no oleate loss or epi-fusion at all. The corresponding FTIR spectra
(Figure 3.1b) show the presence of adsorbed glycoxide for all treatments with measurable oleate
removal. Furthermore, we did not observe any peaks in any sample corresponding to adsorbed
amine, consistent with the glycoxide-oleate exchange hypothesis. SEM images qualitatively agree
with the results from FTIR measurements: more oleate removal results in more complete epi-SL

conversion. Quantitative structural analysis of the films is described below.

Vi In these studies, we used PbSe QDs nearly identical to those presented in Chapter 2. For reasons that are not
understood, the SLs discussed here tended adopt the (101)s. oleate-capped SL orientation, which converts into the
(011)s. epi-SL orientation.
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Figure 3.1. Amine-triggered conversion of oleate-capped PbSe QD SLs to epi-SLs. (a) A cartoon of the
fabrication process. Amine dissolved in EG was injected by syringe under an oleate-capped QD SL floating
on EG in a 5-cm diameter quartz petri dish. The QD films were then stamp transferred to double-side
polished silicon substrates. (b) Typical FTIR spectra of an as-made oleate-capped SL (black) and SLs
treated by one of six different amines (piperidine, ethylenediamine, triethylamine, triethanolamine, aniline,
and guinolone) using an amine concentration of 14 mM and a 20 minute treatment time. The oleate-capped
film was aged on the EG surface for 20 min to control for the time spent on EG. The spectrum of the
triethylamine-treated film is deconvolved into its oleate-capped component (black dashed line) and
glycoxide-capped component (black dash-dotted line). The total fit for this sample is also shown (dashed
brown line). The spectra are offset for clarity. (c) Plot of the percent oleate removed (as determined from
the FTIR spectral fits) versus the pK, for each amine in EG. Experimental pKy, values were taken from
literature.??2-2%6 d) SEM images of an oleate-capped SL and SLs treated with different amines.
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We next explored whether epi-SLs could be formed using tetrabutylammonium hydroxide
(TBAOH) as a chemical trigger. OH" is a strong base in EG that deprotonates EG to form ethylene
glycoxide and water. Based on our findings of basicity-driven oleate removal, we hypothesized
that a simple Brgnsted base would lead to oleate removal (and ultimately, the epi-SL) through the
formation of a glycoxide intermediate. To test this hypothesis, TBAOH was dissolved in EG,
injected into the SL subphase, and allowed to react with the SL film. The SL films were evaluated
using the same FTIR/SEM approach described for the amines. FTIR and SEM data (Figure 3.2)
show that increasing the concentration of TBAOH leads to a monotonic increase in oleate removal,
consistent with our hypothesis that basicity drives oleate removal. Additionally, for all SL films

with significant oleate removal we see characteristic glycoxide peaks by FTIR (see Section 2.2).
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Figure 3.2. Hydroxide-triggered conversion of oleate-capped SLs to epi-SLs. (a) Typical FTIR spectra of
an as-made oleate-capped SL and SLs treated in different concentrations of TBAOH. The spectra are
corrected for differences in film thickness at each location. The treatment time was 20 minutes. (b) Plot of
the percent oleate removal versus hydroxide concentration. (b) Plan-view SEM images of the as-made film
and the full range of hydroxide-treated films.
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Figure 3.3. Structural analysis of SLs treated with amines and TBAOH. SEM images were analyzed using
the method described in Section 3.5.3. a) Compilation of digo and ¥4 values for TBAOH- and amine-treated
films. For the amines, pKy, values were used to estimate the resultant concentration of glycoxide. For
TBAOH we assumed total dissociation in EG. Glycoxide is assumed to be singly deprotonated in solution.
The red X and green cross represent the epi-SL diqo distance (6.6 nm) and W4 value, respectively, determined
from the epi-SL structure in Chapter 2. The figure inset shows strong correlation between changes in digo
and Ws4. b) Comparison of oleate removal and dgo.

We also evaluated the structure of each SL treatment condition using semi-automated real- and
reciprocal-space analysis of SEM images (see Section 3.5.3). Two structural metrics were
extracted from the SEM data sets: (i) W4, the 4"-order bond parameter, a quantity valued between
0-1 that measures the degree of four-fold lattice symmetry as observed via plan-view SEM;*° (ii)
d10o, the nearest-neighbor (NN) distance, which in the epi-SL corresponds to the nearest-neighbor
center-to-center distance (i.e., the length of [100]s.). W4 approaches 0 as the unit cell of the SL
deviates from a perfect square net and becomes more oblique. For the (101)s. oleate-capped/
(011)sL epi-SL orientation, P4 spans between ~0.29 for a pristine oleate-capped SL to ~0.56 for a
fully-formed epi-SL. di0o Spans between ~8.6 nm in pristine oleate-capped SLs to ~6.7 nm in epi-

fused SLs. Taken together, these values provide a holistic view of the changing SL symmetry and

106



densification that occur during the oleate-to-epi-SL conversion. Figure 3.3a shows W4 and dioo
plotted against glycoxide concentration, which was calculated based on either complete
dissociation of TBAOH or using the pKjy of the amine (see Section 3.5.4). As the concentration of
glycoxide increases, the SL structure tends towards the final epi-SL structure; the inter-dot
distances decrease, and the SL symmetry shifts. Interestingly, the change in both structural
parameters is switch-like, with no SL structures in between those of the oleate-capped and epi-
SLs. The full datasets are provided in Table 9 and Table 10. Figure 3.3b demonstrates the
relationship between oleate removal and contraction of digo—the SL densifies and the NN
distances decrease as more oleate is removed. The concomitant change in dioo and W4 shows how
deprotection of the QDs leads to strong interaction of {100} PbSe facets, which drives the structure
away from the quasi-8-fold coordinate distorted bcc lattice (oleate-capped SL) towards a 6-fold

coordinate distorted cubic structure (epi-SL).

Based on our findings with amines and TBAOH, we conclude that oleate removal and epi-SL
formation is unambiguously driven by exchange of oleate by glycoxide. The formation of
glycoxide is initiated through reaction of a Brensted base with the EG subphase. Thus, the use of
amines is not required. Furthermore, we note that factors other than the ability of an amine to
deprotonate EG — such as amine type (primary, secondary, or tertiary), denticity, and size — were
uncorrelated with oleate removal and epi-fusion. However, solubility of the oleate/ammonium ion-

pair likely impacts the degree of oleate exchange.*
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Table 9. Structural parameters of SL films treated using various amines.

Amine

[100] (nm)

Yy

oleate-capped
ethylenediamine
piperidine
triethylamine
aniline
quinoline
triethanolamine

8.61+0.15
6.73+0.11
6.95 + 0.08
6.98 + 0.05
8.34 + 0.08
8.55 + 0.04

8.53+0.10

0.331+0.078
NR*
0.561 + 0.087
0.526 £ 0.101
0.382 + 0.075
0.305 + 0.068

0.305 + 0.095

Table 10. Structural parameters of SL films treated using tetrabutylammonium hydroxide (TBAOH).

[TBAOH] (M)

[100] (nm)

Yy

[100]
[200]
[300]
[400]
[500]
[600]

8.55+0.11
7.27+£0.12
7.08 +0.06
7.21+£0.15
7.02+£0.09
6.82 +0.12

0.310 + 0.076
0.513 £ 0.097
0.525 +0.074
0.515+0.074
0.528 +0.080
0.537 + 0.096

3.2. Photo-initiated Epi-SLs

We then reasoned that SL structural quality, ligand exchange homogeneity, and scalability could
be improved by triggering epi-SL formation using uniform, in-situ illumination of a photobase
dissolved in the EG subphase. We tested this concept using the photobase generator (PBG) (E)-1-
piperidino-3-(2-hydroxyphenyl)-2-propen-1-one (see inset of Figure 3.4), which is a commercially
available compound with moderate solubility in ethylene glycol that irreversibly liberates
piperidine (pKp = 3.7) upon irradiation with UV light. Figure 3.4 shows basic chemical and optical
characterization of the PBG molecule we used for epi-SL fabrication. The strongest absorption

peak is at ~290 nm, however we used a UV-C lamp with peak emission intensity at 254 nm, as
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denoted on Figure 3.4b. Epi-SL films were made by first fabricating an oleate-capped SL on EG
containing pre-dissolved PBG. Once the oleate-capped SL was formed, the UV light was switched
on, illuminating from below the EG/SL."" We used a quartz dish for epi-SL fabrication because
glass and Teflon are opaque to UV light. SL densification was visible after the UV light was turned
on, and after an empirically determined interval, the SL films were stamped for further

characterization.

Vil The concentration-time profile for an optimal epi-SL structure is currently under study; here we provide a proof-of-
concept.
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Figure 3.4. Structural and optical characterization
of the photobase generator (E)-1-piperidino-3-(2-
hydroxyphenyl)-2-propen-1-one (WPBG-027).
(a) Proton nuclear magnetic resonance (*H-NMR)
spectrum of the molecule in DMSO, with all
peaks assigned on the molecular structure. (b)
UV-vis spectrum of the PBG dissolved in EG.
The absorption coefficient at the excitation
wavelength (254 nm) is 7030 Mt cm™.

(E)-1-Piperidino-3-(2-hydroxyphenyl)-2-propen-1-one (PBG W-027): *H NMR (DMSO-ds, 498
MHz): § (ppm) - 9.98 (peak 10, 1H, s), 7.76 (peak 9, 1H, d, J = 15.51 Hz), 7.68 (peak 8, 1H, dd), 7.20
(peak 7, 1H, t, J = 7.4 Hz), 7.19 (peak 6, 1H, d, J = 15.5 Hz), 6.90 (peak 5, 1H, d, J = 8.1 Hz), 6.83 (peak
4,1H,t,J=7.4 Hz), 3.59 (peak 3, 4H, d, J = 35.5 Hz), 1.64 (peak 2, 2H, m), 1.52 (peak 1, 4H, br).

Table 11. NMR peak analysis of W-027 photobase molecule.

Peak (Chemical Shift) Norm. Integrated Area Norm. Expected Area

10 (9.98) 1.00 1
9 (7.76) 0.91 1
8 (7.68) 1.00 1
7 (7.20) 1.13 1
6 (7.19) 0.94 1
5 (6.90) 0.97 1
4 (6.83) 0.97 1
3 (3.59) 4.34 4
2 (1.64) 1.99 2
1(1.52) 4.04 4
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Figure 3.5. Characterization of epi-SLs made using a photobase generator. (a) Cartoon depiction of the
photo-initiated formation of epi-SLs using a photobase. First, an oleate-capped SL is formed on the surface
of EG spiked with photobase generator (PBG). UV illumination liberates piperidine from the PBG. The
piperidine deprotonates EG, and the deprotonated EG exchanges with surface-bound oleate. b) FTIR spectra
of oleate-capped (purple) and PBG epi-SL (yellow) films. The epi-SL spectrum is multiplied by 2x. Labeled
peaks are assigned as follows: peaks 1-3 are adsorbed oleate (1: v(HC=CH), 2: vs(CH>), 3: vs(CH>)), and
peaks 4-5 are adsorbed ethylene glycoxide (4: vas(CH2), 5: vs(CH>)). ¢) SEM image of an (011)-oriented
epi-SL formed by photo-initiation of a PBG. Fabrication conditions for the PBG epi-SL film: [PBG] = 1
mM, 4 hours of 10 mW cm? illumination with a A = 254 nm Hg lamp.

Figure 3.5a shows the basic scheme of epi-SL formation via illumination of a photobase
generator. Upon illumination of the PBG with UV light, the PBG is converted into equimolar
amounts of piperidine and coumarin. Piperidine is a reasonably strong base and can deprotonate
EG to form glycoxide. The newly-formed glycoxide exchanges for surface-bound oleate, leading
to epi-SL formation. FTIR of the PBG-treated SL film (Figure 3.5b) reveals oleate loss comparable
to piperidine-treated films, as well as the emergence of the expected glycoxide peaks. Control

experiments show that SL films assembled on a PBG/EG solution but without UV exposure do not
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experience the same amount of oleate loss or the emergence of glycoxide peaks by FTIR. SEM
images (Figure 3.5¢) show that the epi-SL has been formed following a four hour exposure to the
photo-exposed PBG. Together, these observations confirm the scheme laid out in Figure 3.5a:
liberation of piperidine from the PBG upon photo-exposure, formation of glycoxide, and exchange
with surface-bound oleate. A four hour treatment is required for complete epi-SL conversion
because the solubility limit of the PBG in EG is limited to ~1 mM. Assuming 100% conversion of
PBG into piperidine (pKp = 3.6), 1 mM solution of PBG should result in a glycoxide concentration
of ~460 uM. For reference, the piperidine films in Figure 3.1 were treated for 20 min with an

approximate glycoxide concentration of 1.7 mM.

Experiments are underway to optimize the concentration-time profile of the PBG and UV light
exposure. To ensure that the combination of UV exposure of the photobase leads to epi-SL
formation, we performed a series of control experiments, analyzing the resultant SL films using

the SEM analysis method described in Section 3.5.3.

UV-illuminated PBG leads to significantly more densification of the SL film (i.e., conversion to
epi-SL) than does any combination of heating, dwell time on the EG surface, PBG-free UV
exposure, or dark PBG exposure. Fabrication of the epi-SLs via UV illumination resulted in slight
heating of the EG (to < 38 °C) and required < 5 hours of total exposure time of the SL to EG. We
therefore tested the effects of heating, PBG, and UV exposure on the SL structure. Structural
analysis of these SL films shows (Figure 3.6) that indeed the photo-exposed PBG solution results
in significantly more epi-SL conversion than any of the controls. These control experiments
highlight that efforts to control heating and that reduce time-on-EG should enable finer control
over the chemistry driving epi-SL formation. We note that increased time on EG leads to

significant SL densification and when possible should be avoided. This observation agrees with
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the findings of Van Maekelbergh and coworkers, who fabricated 2D epi-SLs without any chemical
trigger, relying instead upon the apparent (but not well understood) ability of neat EG to strip

oleate and cause epitaxial fusion.®
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Figure 3.6. Structural analysis of photobase epi-SL film controls. These experiments evaluate how the SL
structure is affected by heating, UV light exposure, and the presence of PBG in the subphase, as well as
combinations of these conditions. Films were analyzed according to Section 3.5.3. All films were left to
dwell on the EG for five hours (unless noted otherwise). For film heating, the entire EG bath was placed on
a hot-plate and heated to 38 °C, the approximate temperature of the petri dish under constant UV irradiation.

3.3. Proposed Mechanism of Ligand Exchange

The chemical mechanism by which EDA leads to oleate removal from the oleate-capped SL was
previously attributed to chelation of Pb by EDA, followed by desorption of the Pb(oleate),-EDA
adduct (Figure 3.7a).40146.192 \We showed in Section 2.2 that this mechanism does not cause epi-

SL formation. Figure 3.7b shows our proposed mechanism of oleate exchange by glycoxide. In
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this scheme, a Brgnsted base (e.g., EDA) deprotonates EG, producing a glycoxide anion. This
glycoxide anion exchanges for oleate on the QD surface, resulting in a layer of short glycoxide
anions bound to the QD surface. These short ligands enable intimate QD-QD contact and eventual

epitaxial fusion. Below, we test this hypothesis and show that it is indeed correct.
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Figure 3.7. Proposed chemical pathways for epi-SL formation. a) Adapted from Anderson et al., L-
promoted Z-type displacement mediated by EDA.%? This process requires binding of EDA to Pb(oleate),,
on the QD surface, followed by the desorption of (k*-EDA)Pb(oleate), from the QD. For simplicity, Pb is
drawn having only one bound oleate, but in principle there are two per Pb atom. b) Glycoxide-mediated
oleate exchange: in this process, EDA deprotonates ethylene glycol, which then exchanges for surface-
bound oleate. This results in adsorption of ethylene glycoxide to Pb on the QD surface and dissolution of
an oleate/protonated EDA ion-pair into EG. Green and red semi-spheres represent Pb and Se, respectively.
Not drawn to scale; for illustrative purposes only.

Based on literature values we estimated the pKy of EDA in EG to be 4.68, which at an overall
EDA concentration of 100 mM vyields a glycoxide concentration of 1.1 mM. This is similar to or
larger than concentrations used for other anionic ligand exchanges (such as SCN).141% |n the

original epi-SL report by Hanrath et al., they use an EDA concentration of 250 mM, yielding a
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glycoxide concentration of 2.2 mM. We therefore believe that glycoxide/oleate exchange explains

all the previously reported epi-SL films made with amines.

Why is glycoxide important? In other words, why not use any X-type ligand? We hypothesize
that amines have yielded the best results because their mild basicity leads to a diluted concentration
of glycoxide. Our experiments using TBAOH show SL structural evolution that is more binary
than continuous. In other words, at a [TBAOH] = 0.1 mM there is very little structural change, but
at 0.2 mM the epi-SL has almost fully formed. This small difference in concentration represents a
very small region of the parameter space a researcher may be exploring. Thus, we expect many
more X-type ligands to be capable of producing epi-SLs, however care must be taken to identify
the correct concentration-time profile. On the other hand, there may be some unique aspect of
glycoxide (binding strength, denticity, size, solubility) that enable synthesis of high quality epi-

SL.

3.4. Conclusion

We built upon insight into the surface chemistry of epi-SLs to design and demonstrate photo-
initiated epi-SL assembly using a photobase generator dissolved in the EG subphase. This simple
demonstration paves the way for careful study of processing/structure relationships in photo-
triggered epi-SLs. Efforts are ongoing to understand whether the gentler and more uniform ligand
exchange offered by photo-triggering will yield epi-SLs with better nano-, micro-, and milli-meter
scale morphology than the injection-made films. An exciting aspect of this process is that photo-
triggered epi-SLs should be significantly more reproducible. More reproducible films mean studies
can be carried out more quickly and with clearer outcomes. Also, our demonstration of epi-SL

formation using arbitrary Brensted bases may allow finer control of epi-SL structure.
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There are a few obvious areas where the simple process we presented here can be improved and
built upon. The current PBG molecule has limited solubility in EG and so the resultant piperidine
concentration following illumination yields a sub-optimal concentration of glycoxide. Increasing
PBG solubility or the basicity of the photobase will allow the reaction time to be reduced, which
should improve structural quality of the resulting epi-SL. It may turn out that completely uniform
glycoxide exchange results in isotropic stresses within the SL film that generate more nano-tearing.
This sort of issue could be solved by exposing the PBG-containing solution via a progressive front
of UV light that sweeps across the SL, from one end to the other. More complex cocktails of photo-
reactive molecules could be used for a two-part reaction: the first to initiate epi-SL formation, and
the second step (using a different excitation wavelength) to quench the reaction. For example, we
know that iodide capping stabilizes the SL structure and prevents further epi-fusion. A variation
on this theme is to mix a PBG and a photoacid generator (PAG), each with different excitation
wavelengths. Excitation of the PBG initiates epi-SL formation, and excitation of the PAG produces

neutralizing acid for the photobase, effectively quenching the reaction.

3.5. Methods

3.5.1. Film fabrication and basic characterization.

Epi-SLs were synthesized using ~6.5 nm PbSe QDs following the procedures outlined in Section 2.7. All
FTIR measurements were performed in air and were corrected to account for film coverage and thickness
variation (see Figure 3.8).
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3.5.2. Analysis of FTIR spectra
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Figure 3.8. Method for quantifying oleate removal from QD SL films using FTIR. The peak area of oleate
C-H stretching is quantified on a per-QD basis and compared between film-types. Three sample-dependent
factors modulate the raw peak area: (i) glycoxide peaks are deconvoluted using peak fitting and subtraction;
(ii) variability in coverage of the substrate by SL film is accounted for using optical microscope images of
FTIR samples (iii) changes in QD SL density are determined through analysis of SEM images. The fraction
of oleate removed (F) is given as:

F=1- (fAAd>/A0A

where Ao is the integrated C-H stretching area after glycoxide peak subtraction, f is the fraction of film
coverage, Ad is the change in areal density of the SL (relative to the oleate-capped SL reference sample),
and Aoa is the peak area of the oleate-capped reference sample.

3.5.3. Image analysis

High-throughput, quantitative analysis of SL images enables insight into important structure/processing
relationships. To these ends, we developed a Python-based image analysis tool that generates quantitative
information about SL ordering, unit cell parameters, para-crystallinity, and grain size. Using a machine
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learning-based clustering algorithm, the software also classifies point, linear, and 2D SL defects. Figure
3.9a delineates the image analysis process flow.

a Raw SEM image z JQuantum Dot Fiting]

I Laplacian of Gaussian QD Fitting [

l I Voronoi decomposition I

|Voronoi decomp. parameter extraction |
i |

Density-based clustering
(unsupervised machine learning model)

Grain and defect identification |

Nearest Neighbors

RSO cosGrEP))

—~ + + + +
3. —— Unrefined (N = 76,386) Psi Histograms
B - —— Defects Removed n
- (N =70,368)
c - =
o |
or "
Ol g
@
MF 7
+—
p
] + : + + + - :
a 02 04 06 08

Y values

Figure 3.9 Semi-automated superlattice image analysis. a) Flow chart of the full analysis process, b) raw
SEM image of an epi-SL with a high-mag inset. ¢) The same SEM image with results of QD fitting; red
circles outline the region where QDs were identified. d-i) Color-coded VVoronoi decompositions of the SL
image. Each image is labelled with the SL parameter mapped onto the image. j) SEM image of the SL
overlaid with QDs colored according to results of density-based clustering using the features shown in (d-
i). k) Histogram of 4" and 6" order bond parameters acquired from 10 SEM images. The red curves are
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histograms are generated after removal of defective QDs. The blue curves are from all QDs identified in
the image. 76,386 QDs were analyzed for the blue curves.

For each film processing condition or sample-type, we acquired and analyzed ~10 high-resolution (1.5
pixels/nm) images (Figure 3.9b). First, QDs within the image were identified using a blob detection
algorithm (Figure 3.9c). The Laplacian of Gaussian approach yielded the most reliable output. We note that
using this method, the QD position is limited to single pixel values, meaning our spatial resolution is limited
to the image resolution (0.66 nm). More advanced iterations of this software should include sub-pixel fitting
of the QD center-of-mass.*> We next calculated the Voronoi decomposition (VD) of the QD array (Figure
3.9d-i). The VD provides information about local SL symmetry (i.e., a QD and its nearest neighbors (NNs))
which we used to extract quantitative information about the SL and perform the ML-based clustering.
Several key structural parameters were extracted from the VD: 6 parameters: 1) number of NNs; 2) average
NN distance; 3) standard deviation of NN distance; 4) distance of each NN; 5) area of each Voronoi cell;
6) angle of each NN relative to a reference.

These values can be collected and analyzed to determine various average structural paramaters of the SL.
For example, the distance between each QD and its two NNs gives the close-packed distance of the SL. In
the epi-SL this corresponds to <100>s.. One possible issue arises in films with a high density of structural
defects, or in films with multiple SL grain orientations. The ML-based clustering algorithm provides a
method to classify QDs within the image based on unique aspects of their local SL environment. It also
allows us to eliminate certain particles from the analysis, or to analyze separate grains individually. The
first step for clustering analysis involves creation of a design matrix that contains relevant structural
information for each QD. The design matrix is an n x p array, where each row corresponds to the n'" QD in
the image, and has six feature columns, as follows: (i) number of nearest neighbors in the VVoronoi cell, (ii)
average nearest neighbor distance; (iii) W, (iv) Ws, (v) arg(sin(‘t's)), and (vi) arg(cos(¥s)).

1 iag
lIJa ZFqu q,

where P is the perimeter of a VVoronoi cell, pq is the edge length of the VVoronoi cell corresponding the the
g™ NN, i is the imaginary number, a is the bond-order parameter (e.g., 4 or 6) and &y is the angle of the g™
NN. Features with small or noisy variance can be removed at will. Optional features such as standard
deviation in NN distance and VVoronoi cell area can be added. Color-coded Voronoi decompositions of each
of the above features are shown in Figure 3.9d-i. Density-based spatial clustering (DBSCAN) was
performed on the design matrix, resulting in an aribtrary number of particle classes, which were then color-
coded on the SEM image (Figure 3.9j). The DBSCAN algorithm contains only one fitting parameter (g)
which was set empirically to generate the most visually sensible outputs. Segregating the QDs by their
clustered classes, we can eliminate contributions from QDs at defect sites. For example, Figure 3.9k shows
¥ values from all QDs (unrefined) and those colored orange (defects removed) in Figure 3.9j.

Interdot distance values (digo) were extracted from simple FFTs of SEM images. We compared these
values to those derived from the image analysis software and find good agreement. We opted to use values
from FFT analysis because those values are not subject to limitations in the resolution of the blob detection
algorithm.
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3.5.4. pKy of amines

The pKy of amines were determined using literature values (see figure caption). Values were compared
between water and ethylene glycol, and a linear regression was applied to account for missing data points,
including the pK, of EDA in EG. We find close agreement between the pKp in water and EG.
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Figure 3.10. pKy values of amines in water and ethylene glycol. (a) Plot of the pKy values of a series of
amines in water (blue) and ethylene glycol (red), as reported in literature and arranged in order of decreasing
base strength. (b) Plot of the pKy, value of each amine in water versus EG.??2-2%6 The black dotted line is the
equivalence line (pKpwater = PKb,ec). The purple dashed line is a linear fit of the data, which yields pKpec =
0.6061 x pKp,water + 0.9996 (r? = 0.97). Using this relationship and the known pKpwater Value of EDA, the
pKp,ec of EDA is estimated to be 4.68.
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CHAPTER 4

SINGLE-GRAIN EPI-SL ELECTRONICS

This chapter discusses intrinsic charge transport phenomena within individual grains of PbSe QD epi-SLs.
The epi-SLs discussed in this chapter have ~10x larger grain sizes than those presented in Chapter 2,
enabling single-grain epi-SL field-effect transistors (SG FETs) with multi-um lateral dimensions. Charge
transport in epi-SLs has been explored using a variety of contact/non-contact DC/AC methods, but no clear
signatures of mini-band transport have been presented. The goal of our work is to develop key SL
structure/processing/transport relationships that leads to epi-SLs with sufficient coupling and order to
generate mini-band transport. A more complete discussion of charge transport in QD solids and epi-SLs is

presented in Chapter 1.

First, we develop a nanofabrication process for deterministically integrating large, pristine epi-SL single-
grains into FETs. Next, we assess the structure and morphology of individual SG FETs. The electrical
properties of numerous SG FETSs are characterized using field-effect transistor measurements. These room
temperature measurements are complemented by variable-temperature SG FET studies, which provide
insight into charge transport phenomena within our epi-SLs. Our SG epi-SL FETSs have room temperature
hole mobilities between 0.5-5 cm?V-1s%, Cooling the devices to 12 K shows that weakly activated (E, = 3.6
meV) nearest-neighbor hopping dominates down to ~50 K. Below 50 K the mobility is nearly independent
of temperature. We observe peaks in the drain current at low temperature, which we attribute to sequential

filling of the discrete epi-SL (i.e., QD) valence band states.

4.1. Single-grain Field-effect Transistors

Single-grain epi-SL FETs (SG FETSs) were fabricated according to a microelectronics fabrication

process that consists of three major components: 1) fabrication of pre-patterned substrates, 2)
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deposition of epi-SL film and encapsulation by atomic layer deposition (ALD) alumina, 3)
lithographic patterning of electrical leads and electrodes defining the SG FET. Details of the

fabrication procedure are provided in Section 4.4.

Figure 4.1 shows basic characterization of a SG FET (Figure 4.1a). Single epi-SL grains were
identified using SEM, then incorporated into the SG FETSs following the procedure outlined in
Section 4.4.3. Two sets of gold electrodes are visible in Figure 4.1c: Au-1, which span from pre-
patterned contact pads (out of the image) to within ~5 um of the grain, and Au-2, which connect
Au-1 to the edge of the epi-SL grain. Au-1 are deposited on top of an electrically insulating ~30
nm alumina layer (see Section 4.4.8) and Au-2 are deposited into vias etched into the alumina layer
that enable good electrical contact to the epi-SL (see Section 4.4.9). The active device region—
typically 2-9 um in width and 3-9 um in length—is defined by the “fingertip” electrodes (Au-2;
Figure 4.1b) Not all devices were single-grain; SL crystallinity was evaluated by taking FFTs of
high-resolution SEM images (Figure 4.1b inset)."" To prevent oxidation, all fabrication prior to
ALD encapsulation of the device was performed in a nitrogen glovebox; the epi-SL was never

exposed to ambient air during device fabrication.

vii \We refer to all devices in this section as SG devices (single-grain devices) to differentiate them from large
polycrystalline epi-SL FETS.
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Figure 4.1. Single-grain epi-SL field-effect transistors. a) Cartoon showing a perspective view of a SG FET.
b) Optical image of a SG FET. Au-1 are electrodes deposited on top of the epi-SL/alumina stack. Au-2 are
electrodes deposited into vias etched into the alumina layer. Both are patterned using electron beam
lithography. Au-2 electrodes connect the edge of the epi-SL SG and Au-1 electrodes. Alignment markers
used for EBL can be seen in the upper-right corner of the image. Scale bar is 20 um. c) High-magnification
SEM image of the device shown in (b). The electrodes (Au-2) form the active area of the SG FET. This
particular device is 3 um in width and 4 um in length. The halo around the edge of both electrodes is due
to undercut of the alumina etch that occurs prior to metallization. Scale bar is 2 um. The flake is single-
crystalline, as shown in the FFT (inset), as indicated by the presence of a single set of well-defined
reciprocal space spots. Analysis of the FFT shows that the SL grain has a [100]s. length of 6.95 nm. Scale
bar of the FFT is 0.1 nm™. d) Output characteristics of the SG FET shown in (a,b). Measurements were
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acquired at room temperature in the dark at a sweep rate of 50 V/s. e) Transfer characteristics, acquired at
the same conditions as (d).

Charge transport in SG FETs was first evaluated using room temperature FET measurements.
Output (Io vs. Vbs) and transfer (Ip vs. Vg) curves of an SG FET (Figure 4.1c,d) show that they
are p-dominant transistors with poor lon/loff and a positive threshold voltage. Hole mobilities were
extracted from transfer curves at Vsp = -15 V and Ves = -45 V using the gradual channel
approximation. In our champion SG chip, we find an average room temperature (RT) hole mobility
of 1.98 cm?/Vs, which to our knowledge is the highest reported hole mobility for any PbX QD
FET,14227:228 and is slightly higher than our previously reported record for polycrystalline epi-SLs

(1.1 cm?/Vvs).1%° The RT mobility of our champion device is 4.8 cm?/Vs.
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Figure 4.2. Single-grain field-effect transistor electronic properties. (a-c) The figures show data taken from
five separate chips (Sample No.) with each chip containing between 5 to 11 devices. Full details of the
analysis are provided in Table 12. a) Mobility values extracted from forward-sweep transfer curves at Vps
=-15V and Vg = -45 V. Transfer curves were acquired at a sweep rate of 50 V/s. Mobilities were not
corrected to account for the bias-stress effect. b) Resistivity values taken at Vo = 0 V. ¢) Carrier
concentration estimates were made using the mobility and resistivity values in (a,b). All measurements
were performed at room temperature.

Figure 4.2 shows the compiled RT electronic properties of 39 SG FETs distributed across five
different substrates. Chip-averaged hole mobilities (Figure 4.2a) vary between 0.45-1.98 cm?/Vs.

We note that these mobility values are likely underestimates due to the bias-stress effect, which is
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prominent in these devices at room temperature.??® The resistivity of each SG FET was extracted
at Ve = 0and is plotted in Figure 4.2b. Using resistivity and mobility values, we estimate the carrier
concentration and QD occupation. We note that field-effect mobility may be an overestimate of
the equilibrium mobility and may lead to artificially high carrier concentration results. Taking
these carrier concentration values as approximately correct, we can calculate the free carrier
density on a per-QD basis. The epi-SL has approximate lattice parameters of a = 6.8 nm (from
SEM image analysis) and a = 99° and therefore an epi-SL unit cell volume Veen = 3.01 * 1071 cm?,
In our distorted cubic epi-SLs there is 1 QD per unit cell. Therefore, charge occupation ranges
from 0.32 charges/QD in the most heavily doped chip to 0.015 charges/QD in the least doped chip.
The origin of these doping differences is not known; there are numerous possible sources (e.g.,
variations in ligand composition, QD fusion, and thermal annealing) within the epi-SL and at the
semiconductor/dielectric interface that may cause this variation. We note that chip-to-chip
variation likely results from inhomogeneous ligand exchange (a shortcoming of the point-injection
method), QD batch differences, and differences in the degree of epi-fusion. Inhomogeneity of the
point-injection was part of the motivation for the work in Chapter 3. Table 12 shows the complete

room temperature SG FET data set for all five chips (including analysis of epi-SL structure).
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Figure 4.3. Impact of annealing on the doping profile of ALD-infilled PbSe QD films. All films were infilled
and capped with 20 nm of alumina ALD deposited at 60 °C. FTIR spectra of (a) amorphous (no long-range
order) SCN-capped QD film, (b) amorphous EDT-capped QD film, and (c) EDA-treated epi-SL film show
1%t exciton bleaching in as-made film (“ALD”) and associated appearance of an intraband transition at
~1000 cm™. This is due to filling of the 1S QD state (8 e/QD) by an unknown doping source associated
with the alumina. The intraband transition is an optical transition between the 1S, and 1P, states.*® After
annealing for three minutes at the temperatures specified in the graphs, the intensity of the intraband
transition is reduced (or eliminated) and the strength of the first exciton transition (1S) is increased,
indicating a significant reduction in doping. d) In-situ conductivity of an SCN-capped amorphous QD FET
as a function of temperature. The heating rate was 0.3 °C/second. At ~140 °C the conductivity drops
precipitously, indicating elimination of the n-type donor. The conductivity drops at the same temperature
as the elimination of the intraband transition in (a). ) Transfer curves of the FET in (d) show that the off
current of the FET drops after annealing at 140 °C. This is associated with a sharp reduction in the free
carrier concentration. All annealing steps were performed for five minutes, except for in (d) which
underwent continuous heating from room temperature to 150 °C.

These SG FETs have different electronic properties than our previously reported ALD-infilled

epi-SL FETs, which were strongly doped n-type.'®® The difference in doping profiles is because—
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in contrast to those reported in Chapter 2—the epi-SLs reported here underwent post-ALD thermal
annealing. Figure 4.3 shows the effects of brief thermal annealing treatments on three types of
ALD-infilled PbSe QD films. We found that brief (~3-5 minute) annealing at ~150 °C causes a
precipitous reduction in free carrier concentration, and even switching from n- to p-dominant
FETSs. The effect appears to be consistent across QD film chemistries and SL structures (i.e., epi-
SLs and amorphous QD solids), indicating that the proximate cause lies in the alumina layer rather
than surface ligands or the QDs themselves. The mechanism for this thermally-induced change in
doping is currently unknown, but we suspect it is due to either (i) a thermally-activated chemical
reaction occurring at the alumina/QD interface, or (ii) elimination of fixed charge/charge trap
states within the alumina layer. Importantly, the width of the 1%-exciton transition is unaffected by

annealing, indicating that there is no additional sintering of the QDs.1"2

We briefly sought to understand the relationship between the structure and electronic properties
of epi-SLs. Chips 1 and 2 were continuous, polycrystalline (poly) epi-SL films. Chips 3-5 were
nearly all single-grain, and all but two devices were composed of epi-SL grains with (011)s.
orientation (see Table 12). Chips 3 and 4 were ~70 nm thick, whereas the others were 50 nm thick.
Chips 1 and 2 were made with Batch 1 QDs, and Chips 3-5 were made with Batch 2 QDs (see
Section 4.4.10). We observe no obvious correlation between epi-SL crystallinity and mobility, at
least in room temperature FET measurements. To gain a deeper understanding of charge transport
mechanism(s) in our SG FETSs, we performed temperature-dependent FET measurements down to

80 K. One device was cooled to 12 K.
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Table 12. Summary of electronic and structural properties of epi-SL single-grain devices.

Chip Device Mobility'  Resistivity  Carrier Conc. Esr?gtnhel \C/:\?.?jrt]rr: el )'Ib'\ﬁlzlfri(e o5 [100]sL"  Area/QD™
(em?Vist)  (Q-cm) (cm™) (um) (um) (nm) (nm) (nm?)
1 0.73 114.2 7.5E+16 2.5 3 50 6.98 59.07
2 1.29 128.6 3.8E+16 2.5 3 50 7.21 60.87
3 1.38 164.1 2.8E+16 3 3 50 7.25 62.28
4 1.13 304.0 1.8E+16 2 3 50 7.01 60.16
5 0.22 174.8 1.6E+17 2 2 50 6.89 59.85
1v 6 0.97 170.0 3.8E+16 3 3 50 -- --
7 1.42 194.3 2.3E+16 3 3 50 7.16 58.77
8 1.65 290.1 1.3E+16 3 3 50 -- --
9 -- -- -- 3 4 50 7.11 59.90
10 0.75 97.7 8.5E+16 3 3 50 -- --
11 1.58 84.2 4, 7E+16 3 3 50 7.17 60.60
12 0.61 600.6 1.7E+16 3 3 50 7.17 58.83
1 1.74 113.8 3.2E+16 3 6 50 -- --
2 0.36 146.4 1.2E+17 3 6 50 -- --
3 1.37 93.9 4.8E+16 3 6 50 -- --
4 1.87 116.1 2.9E+16 3 6 50 -- --
ov 5 2.04 22.9 1.3E+17 3 6 50 -- --
6 2.62 30.7 7.8E+16 3 6 50 -- --
7 2.24 123.9 2.2E+16 1.2 33 50 -- --
8 1.92 71.0 4.6E+16 3 9 50 -- --
9 2.31 6.5 41E+17 3 9 50 -- --
10 -- -- -- 3 9 50 -- --

f_CaIcuIated from forward sweep transfer curves at Vg = -45 V and Vps = -15 V, acquired between 50-250 V/s.
! Estimated from the empirical relationship between epi-SL color and thickness measurements made using SEM.
" Distance of close-packed direction (epi-fusion direction) extracted from SEM images of the epi-SL grain(s).

v Areal density of QDs in the epi-SL grain(s).
v Polycrystalline and made with Batch 1 QDs.
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Channel ~ Channel  Approx.

Chip Device Mobility'  Resistivity  Carrier Conc. Length Width Thickness’

[100]sL"  Area/QDY

(em*Vis?)  (Q-cm) (cm?) (nm) (nm) (nm) (nm) (nm?)
11 2.34 89.4 3.0E+16 3 9 50 - -
12 1.73 168.0 2.1E+16 3 9 50 - -
1 - - - 3 6 70 6.88 61.29
2 0.351 21.9 8.1E+17 6 6 70 6.97 61.57
3 - 4 6 70 6.94 61.88
4 - - - 3 6 70 7.02 61.27
5 0.65 10.9 8.8E+17 3 6 70 6.98 62.60
- 6 - - - 3 9 70 7.00 61.43
7 - - - 3 6 70 7.02 62.44
8 - - - 3 6 70 7.04 62.81
9 - - - 3 6 70
10 0.325 35.5 5.4E+17 3 6 70 6.96 61.42
11 0.728 15.3 5.6E+17 4 4 70 6.98 62.03
12 0.547 4.7 2.4E+18 5 4 70 6.98 62.86
1 0.316 10.6 1.9E+18 3 6 70 6.99 61.05
4 0.579 15.2 7.1E+17 4 3 70 6.94 59.87
5 0.723 18.4 4.7E+17 3 6 70 6.92 60.89
4y 6 0.298 23.0 9.1E+17 2 5 70 7.10 60.99
7 0.408 16.3 9.4E+17 3 6 70 7.09 61.93
8 - - - 4 4 70 6.88 59.75
9 0.364 41.2 4.2E+17 3 6 70 7.07 61.38
4 1.32 26.5 1.8E+17 3 45 50 6.97 59.98
- 5 1.35 32.7 1.4E+17 3.3 5.3 50 6.97 48,03
6 0.26 49.7 4.8E+17 3.6 4.4 50 - -
7 3.60 11.1 1.6E+17 7 7 50 7.11 60.99

Vi Single-crystalline and made with Batch 2 QDs.
Vil These epi-SL grains were oriented with their (100) plane parallel to the substrate surface, which results in a higher areal density of QDs.
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. : . e . Channel ~ Channel  Approx. i v
Chip Device Mobility'  Resistivity  Carrier Conc. Length Width Thickness' [100]s.™  Area/QD
(em?Vist)  (Q-em) (cm™) (um) (um) (nm) (nm) (nm?)
8 0.51 25.7 4.8E+17 3 3 50 6.77 57.62
9 4.82 5.4 2.4E+17 6.5 5.5 50 7.00 50.00""
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4.2. Variable-temperature FET Measurements
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Figure 4.4. Temperature-dependent mobility of single-grain epi-SL field-effect transistors. Chips 3,4, and
5 were corrected to account for bias-stress induced losses (see Section 4.4.11). The temperature range was
truncated at 250 K because higher temperatures produced significant hysteresis in transfer curves. All
mobilities were calculated at Vps =-15V, Vg = -45 V using the gradual-channel approximation (see Section
2.7.11). Note that Chip 2 mobility was not corrected for current transients related to the bias-stress effect.

We performed variable-temperature electrical measurements of 15 SG FETSs distributed across
four chips. By reducing the measurement temperature, we can reduce or eliminate the bias-stress
effect, which manifests as a transient decay in the drain current (Ios) upon application of a gate

bias (see Section 4.4.11). Additionally, temperature dependence of the mobility gives insight into

131



charge transport processes within the epi-SL. Hole mobility values' extracted from these 15 SG
FETSs are presented in Figure 4.4. The mobility values are remarkably consistent within and across

the four chips, validating that the fabrication process is robust and reproducible.

Almost all the SG FETs show mobilities from 80 to 250 K that are nearly independent of
temperature. These findings agree with a previous report of ALD-infilled amorphous PbSe QD
solids that showed temperature-independent electron mobility over the same temperature range.!**
In that report, the hole mobility decreases with increasing temperature, however this is likely due
to the bias-stress effect.!** These findings contrast with the thermally activated transport reported
by Hanrath and coworkers,'*® indicating that carriers in our epi-SLs may be partially delocalized.
This temperature-independent transport is not understood, but appears to be prominent in ALD-
infilled PbSe QD solids. Because the bias-stress effect is active at temperatures as low as 150 K,
we performed FET measurements down to 12 K to glean further insight into epi-SL charge

transport.

Figure 4.5a shows transfer curves acquired between 12 and 250 K. The FET behavior shifts with
increasing temperature from ambipolar conduction to primarily unipolar hole conduction. The
threshold voltage of the FET shifts to higher positive gate bias as the temperature increases,
presumably due to temperature-dependent changes in the free carrier concentration. Figure 4.5b
shows mobility values calculated at each point along the transfer curves. At low temperature, a
significant mobility gap appears near the threshold voltage, but at higher temperature the mobility

remains relatively constant throughout the applied gate bias range.

i Chip 4, Devices 5 and 7 were converted to n-channel dominant FETs through post-fabrication exposure to an electron
beam (imaging). Thus, the mobilities reported are electron mobilities.

132



a) 10-1 : T T T T T E b) 101 E = T T T T
10 F o

107 ¢ ~10"
T} w2l
E  Lf S 107 F
= 10 ¢ N r
7 g £ 10°F
_— 3 2 F
T f 2 antl
1075 _ 1055
E Vs =6V , 1 10 ¢

9r 1 i 1 3 1 ] -6 [ | . ] . |

10 40 0 40 10 40 0 40

Vs (V) Vi (V)

Figure 4.5. Variable-temperature transfer curves and mobility single-grain transistor. a) Transfer curves
acquired between Vs = -50 to 50 V and Vps = 6 V. b) Mobility acquired at all points of the transfer curves
shown in (a). From Chip 5, Device 9.
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Figure 4.6. Gate-induced state-filling of a single-grain epi-SL field-effect transistor. a) Variable-
temperature transfer curves measured at Vps = 50 mV. Visible are local maxima (Von) in lps which
correspond to the turn-on gate bias of the p-channel. These local maxima shift with temperature. b) Von as

a function of temperature, fit with In(Von) = -Ea/ks T, where Ex = 3.6 meV. ¢) Full temperature series of the
data shown in (a). From Chip 5, Device 9.

Gate bias sweeps with Vps < 1 V produced peaks in the drain current (Figure 4.6). Between Vg =

+40 to -40 we observed four peaks in Ip which shift together as the temperature is varied. Transfer
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curves acquired with larger Vps show that Von (see Figure 4.6a) corresponds to the onset of p-
channel conduction, but with apparent loss of the peaks. This relation between Von and the onset
of p-channel conduction suggests that the current peaks are due to hole injection into valence band
states within the epi-SL. One possible explanation is that they are Coulomb oscillations from the
sequential filling of eight 1S states. In PbSe QDs there are four degenerate valence band states
(eight including spin degeneracy) and—while these 1S states are degenerate—there is a charging
energy (Coulomb blockade) associated with subsequent addition of electrons or holes to an
individual QD or region of epi-SL film.}** However, the spacing between peaks (several volts) is
much larger than anticipated for these samples.'* An alternate explanation is that each peak
corresponds to the discrete electronic states of the QDs. In this scheme, the four peaks would
represent the 1Sy, 1Pn, 1Dn, 1Fn. This possibility is also highly unlikely because of the extremely

high carrier concentration that would produce.

Figure 4.6b shows that Von has a temperature dependence that is well-fit by an Arrhenius model
with Ea = 3.6 meV. The charging energy of an epi-SL of similar composition was calculated to be
~3.4 meV, ¢ however it is unclear why Von should have an activation energy of 3.6 meV. Perhaps
holes in a shallow acceptor state ~3.6 meV below the valence band are ionized, causing a shift in
the carrier concentration at the dielectric interface. The loss of current peaks with higher Vps is
possibly because the potential drop across each QD (~1.2 meV/Vps) approaches and exceeds the
charging energy, resulting in large tunneling rates that smear out charging effects.!** Current traces
in Figure 4.6a were acquired with ~60 pV dropped across each QD. The current peaks are similarly
lost at T > 120 K. Further study is required to fully understand the origin of these peaks and the

significance of their temperature and bias dependence.
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Figure 4.7. Variable-temperature mobility of a single-grain field-effect transistor between 14 to 250 K. a)
Plot of mobility vs. temperature. The two curves correspond to mobility values extracted using Ve = -45 V

(blue) or Vs* = Vs — Von (orange) based on the temperature-dependence of Von shown in Figure 4.5. a) Log
EN\B
plot of the mobility shown in (a). Overlaid on the data are fits using u « e_(ﬁ) where = 1 for nearest-

neighbor hopping and B = 0.5 for Efros-Shklovskii variable-range hopping (VRH). Activation energies are
annotated on the graph (E. for nearest neighbor hopping, Ees for E-S VRH).

Figure 4.7 shows the mobility of a SG FET from 14 to 250 K. Below 80 K the device shows more
clearly the thermally-activated behavior expected for hopping transport. We calculated the
mobility using both a static and threshold-voltage dependent V. The latter is denoted as Vg’ and
follows V; = V; — V,n, Where Vo is the gate bias extracted from the fit in Figure 4.6b. Because
these devices show considerable sub-threshold swing, extracting a precise threshold voltage is not
possible and therefore we use Vg’. The plot in Figure 4.7b shows two distinct regions of

temperature dependence. At higher temperatures, we find good agreement with a nearest-neighbor

Eq
hopping model u e_(k_T) with Ea = 2.4 and 3.6 meV for Ve =-45V and Vg’ =-45 V, respectively.

The difference between these two values may be due to differences in QD charge occupation. At
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T <50 K, the mobility becomes nearly independent of temperature. We are not sure how to explain
these results, although it is possible that this temperature range is dominated by Efros-Shklovskii
variable-range hopping. However, that yields an activation energy (Ees) of <1 meV which may be
aphysical. While variable-temperature SG FET measurements provide stimulating and interesting

results, further studies are required to better understand transport phenomena in these epi-SLs.

4.3. Conclusion

Charge carrier mobility in our current state-of-the-art epi-SLs is within the range anticipated for
QD solids with emergent mini-band transport.® Furthermore, nearly temperature-independent
mobility at low temperature may be indicative of carrier delocalization, but it is not conclusive.
Further analysis and modelling of these results should provide additional insight into the transport
physics. The emergence of structure in the drain current of our single-grain transistors at reduced
temperature potentially gives insight into carrier occupation of epi-SL states and other electronic
properties. Development of a robust single-grain epi-SL device platform is an important

achievement and provides fertile ground for future study of epi-SL charge transport.

4.4. Methods

4.4.1. Epi-SL device fabrication

This section describes the fabrication of single-grain epi-SL devices. | begin with a brief overview of the
process, followed below by a comprehensive description.

The fabrication process begins by patterning Si/SiO> chips (1.5 cm x 1.5 cm) with metallic electrode pads
and a series of alignment markers. These patterns were generated with a custom photomask and traditional
photolithography. Epi-SL film was selectively deposited onto a portion of the substrate and then overcoated
and infilled with alumina to prevent oxidation and to thermally stabilize the film. High-quality single-grains
were identified using scanning electron microscopy and metal electrodes were formed between the grains
and pre-patterned electrodes. Vias were etched into the alumina layer so that the metal contacts were in
intimate contact with the epi-SL.
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A cartoon of the single-grain device construct is shown in Figure 4.8 and highlights several key features,
including the two sets of metal electrodes that connect the epi-SL grain (grain of interest) and large pre-
patterned electrode pads (not shown). The “electrodes on ALD” contact the pre-patterned electrode pads
and approach near the grain of interest, without touching it. They sit on top of a ~30 nm layer of alumina
film, meaning they are electrically isolated from the epi-SL film. The “thru-ALD electrodes” connect the
tips of the “electrodes on ALD” with the edge of the epi-SL grain through vias in the alumina layer.

30 nm ALD

epi-SL

200 nm
SiO2

Figure 4.8. Schematic of single-grain epi-SL field-effect transistor. Epi-SL films were deposited onto a
degenerately doped silicon substrate with a 200 nm dielectric layer. The epi-SL films were overcoated with
~30 nm of alumina via atomic layer deposition. Electrical contacts were formed to the individual epi-SL
grains in two steps: one part of the electrode sits atop the ALD layer, and one part of the electrode goes
through a via in the ALD layer and contacts the edge of the epi-SL grain.

4.4.2. Process design criteria

-- Small fraction of epi-SL film that consists of large (> 3 um x 3 um) single-grains. This requires a
deterministic approach where large epi-SL grains can be identified and incorporated into a device construct.

-- Current epi-SL films are semi-continuous — neither isolated flakes nor perfectly smooth thin films.
Because they are semi-continuous it is non-trivial to isolate charge transport to a single grain.

--PbSe QDs are extremely air-sensitive. Atomic layer deposition infilling and overcoating of the epi-SL
using alumina provides good air-stability. This is a consideration because many of the microfabrication and
measurement tools required to produce or measure FETs are outside the glovebox.
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--PbSe QDs are temperature-sensitive. Heating of non-ALD-infilled QD films above ~60 °C causes some
degree of structuro-chemical evolution. This is a consideration because photoresist and e-beam resist—both
of which are required in device fabrication—require heating above 100 °C.

--PbSe QDs are chemically reactive. Exposure of PbSe QDs to various solvents or reagents may lead to
changes in surface chemistry and structural integrity. The QDs must therefore be protected from chemical
exposure during FET fabrication.

4.4.3. Device fabrication recipe

All devices were fabricated on 4-inch p™ [100]-oriented Si wafers with a 200 nm thick dry thermal oxide
(Addison Engineering).

1. Wafers were cleaned using 15 minute rounds of sonication in acetone, water, and isopropanol,
followed by blow drying with compressed dry air (CDA) and a 15 minute bake at 110 °C.

2. Wafers were patterned using the photomask shown in Figure 4.16a, according to Section 4.4.4.
3. Wafers were descummed using a 5 minute O, plasma clean.

4, 5 nm of Cr and 45 nm of Au were deposited according to Section 4.4.5.

5. Excess metal and photoresist were lifted off according to Section 4.4.4.

At this point, the wafers were diced. Individual chips were used in subsequent processing steps. After
dicing, the chips were cleaned following step 1 above.

electrode pads electrode pad tips
a p b P P C

O;E_S_rnm playground

small alignment marks

Figure 4.9. Epi-SL device chips following Step 5. All yellow areas consist of 5 nm Cr/45 nm Au. a) Full
chip view, including 0.8 mm electrode pads. The full width of the metallized area is 8 mm and the chips
are typically diced do be ~ 12 mm on a side. b) Zoomed-in view of the chip-center. Only the tips of the
electrode pads are shown. Epi-SL film was stamped into the playground area, which spans 500 pm and
consists of a 10 x 10 array of square alignment markers. c) Zoomed-in view of a single quadrant of small
alignment markers. These markers were used for fine alignment in electron beam lithography.
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Epi-SL film was deposited solely in the playground region of the substrate using a photolithographic
patterning step. This was done to eliminate parasitic current pathways between electrodes on the pre-
patterned substrates. Figure 4.9 shows the photoresist image prior to epi-SL deposition.

6. The chips were patterned using Die C according to Section 4.4.4. Care was taken to align the
photomask such that none of the electrode tips were exposed.

photoresist

Figure 4.10. Epi-SL device chips following Step 6. Schematic of single-grain device after the second
photolithography patterning and development. A 550 um square trench allows the epi-SL to be deposited
in the “playground” area without creating electrical shorts between the finger electrodes.

7. Prior to deposition of the epi-SL, substrates were cleaned using a 5 minute O; plasma cleaning
(descum) at 50% power step followed by soaking in a 100 mM 3-MPTMS toluene solution for 1 hour to
functionalize the substrate for improved epi-SL adhesion. Substrates were then rinsed with neat toluene and
blown dry with N..

8. Epi-SL films were fabricated and stamped onto the patterned substrates. The substrates were rinsed
in acetone, causing the photoresist underlayer and attached film to dissolve. Acetonitrile rinsing resulted in
incomplete photoresist removal and partial epi-SL re-deposition.

9. ~10 nm of alumina was grown via ALD according to Section 4.4.6.

10. The substrate was then imaged in the SEM (10 kV accelerating voltage and 100 pA of filament
current) to generate a map of suitably large, pristine epi-SL grains. Care was taken to limit air-exposure
during chip transfer to and from the SEM. 10-12 nm thick ALD films were found to provide good air-
stability of epi-SLs for several hours. The specified regions of interest (ROIs) were indexed, and a complete
map of the playground area was generated.

11. Following ROI identification and mapping, an additional 20 nm of alumina was deposited, resulting
in a ~30 nm thick alumina overcoat on the entire substrate.

140



7

7Nt

alumina

Figure 4.11. Epi-SL device chips following Step 11. The epi-SL film is selectively deposited in the
playground area and 30 nm of alumina overcoats the entire substrate. a) Full view of the substrate showing
that alumina covers every part of the substrate. b) Zoom in of the playground area. Epi-SL sits within the
playground area and does not bridge any of the pre-patterned electrodes. Alumina covers both the substrate
and epi-SL film. ¢) Zoomed view of a single quadrant of small alignment markers. Hexagonal markings
represent epi-SL grains.

12. The chips were patterned using Die B. Care was taken to align the photomask such that the mask
area covered the epi-SL film, but not the electrode tips.

13. Alumina on the exposed areas of the substrate was etched for 55 minutes according to Section 4.4.9.

'\\T/'l G

7Nt

alumina

Figure 4.12. Epi-SL device chips following Step 13. Alumina was etched from the electrode pads, but
remains on the epi-SL film. a) Full view of the substrate showing that alumina covers only the playground
area and the area outside the electrode pads. b) Zoomed-in view of the playground area. Epi-SL sits within
the playground area and does not bridge any of the pre-patterned electrodes. Alumina covers only the epi-
SL film and has been removed from the electrode tips. ¢) Zoomed view of a single quadrant of small
alignment markers.
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Two rounds of electron beam lithography and metallization were used to generate electrical leads that
connect the pre-patterned finger electrodes with individual epi-SL grains. The first step involved the
deposition of coarse electrical leads that extend from the large finger electrodes to within several um of the
single-grain of interest. The second step involved connecting the tips of the coarse electrical leads to the
edge of the epi-SL grain. These steps were separated because the latter requires that vias be etched in the
alumina at the tips of the epi-SL grain.

14. Coarse electrodes that span from pre-patterned electrode tips to within several um of the epi-SL
grain were designed and patterned according to Section 4.4.7. The beam voltage and current were 30 kV
and ~1.6 nA, respectively. The total dose was specified at 550 uC/cm?.

15. 5 nm of Cr and 45 nm of Au were deposited.

16. Metal lift-off was then performed according to Section 4.4.7. Because alumina still caps the epi-
SL film, this processing was carried out in air.

a b

Figure 4.13. Epi-SL device chips following Step 16. Coarse electrodes are deposited on top of the ~30 nm
ALD alumina layer. a) Full view of the substrate showing that alumina covers only the playground area and
the area outside the electrode pads. b) Zoomed-in of the playground area. Epi-SL sits within the playground
area and does not bridge any of the pre-patterned electrodes. Alumina covers only the epi-SL film and has
been removed from the electrode tips. Coarse electrodes span from the pre-patterned electrodes to near the
epi-SL grain of interest. ¢) Zoomed-in view of a single quadrant of small alignment markers. Hexagonal
markings represent epi-SL grains. Coarse electrodes approach within several um of the epi-SL grain of
interest.

The second electron beam process was used to bridge the electrical leads generated in Steps 14-16 through
vias to the individual epi-SL grains.

17. Fine electrodes that span from the coarse electrode tips to the edge of the epi-SL grain were
designed and patterned. A beam current of 50 pA and voltage of 30 kV were used. A dose of 520 uC/cm?
was used.

18. The substrate was transferred into the glovebox and vias were etched for 55 minutes. For this step,
de-oxygenated water (freeze-pump-thaw) was used.
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Figure 4.14. Epi-SL device chips following Step 18. Thru-alumina vias formed at the tips of the coarse
electrodes define the shape of the fine electrodes. The epi-SL film is exposed at the base of the vias. a) Full
view of the substrate. b) Zoomed-in view of the playground area. Epi-SL sits within the playground area
and does not bridge any of the pre-patterned electrodes. Alumina covers only the epi-SL film and has been
removed from the electrode tips. Coarse electrodes span from the pre-patterned electrodes to near the epi-
SL grain of interest. The fine electrode vias are visible. ¢) Zoomed-in view of a single quadrant of small
alignment markers. Hexagonal markings represent epi-SL grains. Coarse electrodes approach within
several um of the epi-SL grain of interest. Thru-alumina vias span from the coarse electrode tips to the edge
of the epi-SL grain of interest.

19. 5 nm of Cr and 45 nm of Au were deposited.

20. Lift-off was carried out by soaking the substrate in acetone for 2 hours followed by agitation of the
solution with a glass pipette. This process was performed in the glovebox.

b Il Il .

Figure 4.15. Completed epi-SL device chip. Fine electrodes were deposited in the thru-alumina vias,
enabling intimate contact with the epi-SL surface. The active device area is defined by the region between
the fine electrodes. a) Full view of the substrate. b) Zoomed-in view of the playground area. Epi-SL sits
within the playground area and does not bridge any of the pre-patterned electrodes. Alumina covers only
the epi-SL film and has been removed from the electrode tips. Coarse electrodes span from the pre-patterned
electrodes to near the epi-SL grain of interest. The fine electrodes are visible. c) Zoomed-in view of a single
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quadrant of small alignment markers. Hexagonal markings represent epi-SL grains. Coarse electrodes
approach within several um of the epi-SL grain of interest. Fine electrodes are formed at the tip of the
coarse electrodes.

21. Finally, 10-20 nm of ALD was deposited to further stabilize the device.
4.4.4. Photolithography

A photomask (Photosciences Inc.) was used for the three photolithography steps used during device
fabrication. There are three unique die patterns (Die A-C) which correspond to these three steps. Figure
4.16a shows the full 5 x 5” photomask design which consists of a 4” diameter array of single-grain device
die (Die A; Figure 4.16b) such that a full wafer of pre-patterned substrates can be fabricated at a time. Die
A consists of 20 large contact pads that extend into the central “playground” area (Figure 4.16c). There are
two sets of registration marks: one set at the edge of the playground area and another set within the
playground area. These markers are used for aligning the electron beam lithography patterns. Die B and
Die C (Figure 4.16d and Figure 4.16e, respectively) are used on a per-substrate basis (as opposed to wafer
scale) for other parts of the fabrication process (vide infra).
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Figure 4.16. Overview of single-grain device photomask and associated die patterns. (Note: All dimensional
annotations are in microns.) a) Full view of 5” photomask. The die pitch is 1.2 cm. b) Zoomed in view of
single-grain device die. The chip size after dicing is 1.2 cm x 1.2 cm. The device consists of 20 contact
pads arranged with a pitch of 1.2 mm and lateral dimensions of 0.8 x 0.8 mm. These contact pads have
finger electrodes that extend towards the center of the chip and border the “playground” area shown in (c).
¢) The central “playground” region of the single-grain device die. The playground area contains 3 x 3 um
registration marks with a 50 um pitch. d) A 0.6 mm x 0.6 mm dark square used to expose the finger
electrodes and contact pads for ALD etching. e) A clear 0.55 mm x 0.55 mm square used to photopattern
the single-grain substrate for epi-SL stamping onto the playground area. f) Hall effect device die consisting
of four 800 um x 800 pum contact pads with finger electrodes that end with a spacing of 90 um. g) A clear
0.55 mm x 0.55 mm square used to photopattern van der Pauw geometry Hall effect device substrates for
epi-SL stamping onto the desired active area. h) Field-effect transistor (FET) die consisting of four FETs
with electrode spacings of 100, 200, 500, and 1000 pum. The patterns in (d-h) were used to prepare individual
die, not wafer-scale patterns.

First, a photoresist primer layer was applied by spin-casting a 20% volume solution of HMDS
(hexamethyldisilazane) in para-xylene for 140 seconds at 3500 rpm (Program H on Penner spin-coater). A
layer of Shipley S1808 photoresist was spin-cast on the HMDS-treated substrate for 3500 rpm for 100
seconds. The photoresist layer was soft-baked at 90 °C for 30 minutes. A photomask was aligned over the
substrate and exposed to a Ushio USH-508SA UV lamp for a duration of 2.6 seconds. The wafer or substrate
was then soaked in photoresist developer (MF-319) for a duration of 60 seconds, followed by immersion
in and gentle rinsing with water. Inspect by optical microscope. Continue development if necessary.

4.4.5. Thermal evaporation of metals

Electrodes were deposited using the in-glovebox MBraun thermal evaporator system. All depositions were
performed at a base pressure of < 5E-06 mbar. Deposition rates were monitored using a quartz crystal

145



microbalance. Gold was deposited at a rate of 0.7 A/s from gold shot in a Mo boat. Cr was deposited at a
rate of 0.1-0.2 A/s using chromium-plated W rods. A shutter was placed over the chips during the ramp
phase of Cr deposition. Once a steady deposition rate was achieved, the shutter was removed. All
depositions were performed with the chips mounted to a rotation stage—this was necessary to generate
continuous electrodes at various metal-metal interfaces. The rotation speed was set at 50% of the maximum
value allowed by the evaporator.

4.4.6. Atomic layer deposition of alumina

Alumina was deposited in a constant-flow, cold-wall atomic layer deposition system. The platen
temperature for all depositions was 60 °C unless otherwise stated. Trimethylaluminum and de-oxygenated
water were used as precursors for alumina. The system base pressure was 80 mTorr. A constant flow of ~
100 sccm of Ny carrier gas was used throughout each run. Precursors were delivered in 20 ms pulses with
purge times of 55 s.

4.4.7. Electron beam lithography

Electron beam lithography was performed using the NPGS package installed on the FEI Magellan SEM
located in the Irvine Materials Research Institute. All write patterns were designed using DesignCAD
Express 16 with the NPGS plug-in. Positive PMMA positive resist (MicroChem; 950 A5) was used for all
electron beam lithography. Two primary electron beam lithography steps were required for single-grain
device fabrication: one coarse electrode and one fine electrode step.

1. PMMA resist was spun onto the chip at 2750 RPM for 1 minute, followed by a brief 4000 RPM
flick step. The resist was baked at 150 °C (set temp of hotplate, towards edge) for 3 minutes.

2. Development was performed in a 1:3 solution of MIBK in IPA. The substrate was submerged for
40 seconds with gentle swirling to carry developed resist away from the substrate. The resist image was
inspected under an optical microscope to evaluate the completion/quality of the development.

3. Lift-off was performed by soaking the substrate in acetone for 2-3 hours. After this period of
soaking, a glass pipette was used to vigorously douse the substrate with acetone. The quality and completion
of lift-off was evaluated using an optical microscope. Sonication was not used because it caused epi-SL
film delamination.

4. Proper exposure conditions were determined using a dose array. Fine electrodes were written at a
magnification of 1200x and coarse electrodes were written at a magnification of 120x. The line and point
spacings were set to their minimum achievable value, subject to keeping the dwell time above 0.2 ps.

5. Follow the process outlined above to deposit e-beam resist onto the substrate you wish to pattern.

6. Close the Magellan software. Stop the GUI (exit), then Stop the SEM server. It takes a couple of
minutes to fully shut down. Once it is shut down, Start the SEM software.

7. Log in to the EBL computer (user: supervisor, password: supervisor). Restart the computer. Wait
until the SEM software has fully come back on-line and you have logged in before you log back in to the
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EBL computer after restart. When the EBL computer comes back up it will begin a DAC calibration of the
NPGS hardware. There are two parts to this. Hit “Enter” after the first part. If the DAC calibration doesn’t
automatically start (never happened to me) then it will when you open the NPGS software.

8. Place the substrate onto the SEM stub with two copper clips. Carefully place the copper clips onto
the edges of the substrate. Ensure that you do not scratch off any of the e-beam resist, otherwise metal will
deposit in those regions and may potentially short various electrodes. You must leave some corners of the
substrate exposed and not covered by the copper clips. This is for doing the substrate tilt correction in the
SEM.

9. On the exposed corners of the substrate make small scratches using a SiC scribe. These scratches
are used for focusing the SEM beam on the surface. You need 3-4 scratches. The further apart they are on
the substrate, the better.

10. Load the chip into the SEM. Align the substrate so that the notch on top of the central electrode
pad is facing away from the transfer arm, directly into the SEM. This ensures that the substrate is aligned
correctly in the SEM.

11. Take NavCam photo.
12. With the beam condition at 30 kV and the write current, focus on one of the corners of the substrate.
13. Link z-height. Bring the stage height to 7 mm.

14. Turn the beam off — move the stage such that you are sitting over the playground area. Set the mag
around 200x.

15. Take a single scan of the playground area.
16. Use the XT Alignment feature to make the substrate sit perfectly horizontal.
17. Zoom in to around 1200x.

18. Take a single scan make fine adjustments of the stage rotation (may need to use compucentric
rotation feature). If your beam current is 1.6 nA or higher you must be very careful to limit total beam
exposure.

19. You may retake the NavCam photo if you made a significant rotation, otherwise it does not make
a big difference.

20. Once the stage rotation is set, move the stage back to the corner.

21. Focus again (high mag). Do normal alignments. Link stage height. Move to 7 mm. Repeat this 3
times.
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22. Unlink stage height.

23. In the NPGS software, click “Set WD to 7 mm”. The beam focus will click around, but hopefully
return to a good focus condition.

24. In the NPGS software, select “Direct Stage Control” to begin the chip tilt correction program. Press
“Enter” twice on the NPGS keyboard to begin collecting a new dataset. Press the space bar to acquire the
first data point. Move to the other scratches you made on the substrate. Focus on each one, followed by
pressing the space bar on the EBL computer. After 3 or 4 scratches have been focused on, exit the process
by pressing “Enter” twice, then “Esc”.

25. In the NPGS software, select the Run File that you created. You can simulate the pattern to ensure
that it will work.

26. Move the stage to the center of the pattern. You can take one scan and make fine adjustments of
the stage position to ensure you are very close to the ideal pattern center.

27. On the NPGS software, click “NPGS mode”. The SEM computer should now say “External” in the
upper-left quadrant.

28. Right-click the Run File on the NPGS software, then click “Process Run File”.
29. If there is an alignment step, the alignment part of the process will begin.

30. During pattern writing, double-check the picoammeter to make sure there is a current flowing.
There can sometimes be an issue when you switch from NPGS mode to SEM mode (or vice versa) where
the crossover of the beam shifts behind the aperture and the current will drop to 0.

31. After pattern writing, move the stage to off the writing area. Turn the beam off. Then switch back
from NPGS mode to SEM mode.

32. Unload the chip.

Tips for pattern design.

e Start with a template pattern which has the features of the pre-patterned substrate. They are included
below in Figure 4.17 (red and lime green).

o Load images into Layer 1. If the images are rotated you are best served rotating the image in an
external program, then loading the rotated image into DCE16.

o Draw the coarse electrodes to approach the ROI (the single grain).
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Figure 4.17. Steps for drawing coarse electrodes in Design CAD Express 16. a) ldentify the region of
interest (black rectangle). Draw a series of squares in Layer 2 that will bridge the tips of the pre-patterned
electrodes to near the ROI. b) Connect the squares using the Line tool in DCE16. Form a closed polygon.
c) Delete the squares. d) Filet the edges of the polygon such that you have rounded edges on the electrodes.
e) Convert the line from a solid line to a dashed line. NPGS will not fill lines that are solid (vs. dashed).

Learn the keyboard shortcuts in DCE16. Here are some useful ones:

Key | Description

“ Brings up a window to query for dimensions of a rectangle that you are drawing. Select the
rectangle option, click somewhere on the drawing, then hit “ to bring up a window the queries for
rectangle dimensions.

b Combine several lines into a single line. For example, after you filet the corner of a polygon, you
need to recombine the lines back into a closed polygon.

, Snaps the cursor to the nearest point on the drawing.

f Brings up a window to filet the corner of a polygon. Set the filet radius, then select the two sides
of the object you want to filet.

\ Draw line.

m Move object.

4.4.8. Electrical properties of ALD alumina

We evaluated the through-plane electrical resistivity of ALD alumina films. Since the epi-SL films are
semi-continuous, the alumina layer deposited in Step 11 must make the coarse electrodes (Steps 14-17)
electrically isolated from the QD film (and therefore, each other). Although idealized ALD generates
conformal thin films (even in highly-anisotropic structures), the formation of islands and pinholes is well
documented.?° These pinholes may serve as shunts for current to flow between regions of the epi-SL film
away from the desired single-grain region.
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Alumina thin films with different thicknesses were deposited at 60 °C onto pre-patterned conductive
ITO/glass substrates. Next, 5 nm of Cr and 45 nm of Au were thermally evaporated onto the substrate using
a shadow mask such that the overlap of the ITO and Cr/Au metal layers was confined to a known area. The
electrical resistance of the devices was measured by sweeping the voltage between £ 20 mV. The
differential resistance (dl/dV) was extracted, and the electrical resistivity was calculated using the known
alumina thickness and device geometry. Figure 4.18 shows the electrical resistivity as a function of alumina
thickness.
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Figure 4.18. Electrical resistivity of ALD alumina thin films deposited at 60 °C as a function of film
thickness.

Based on the geometry of the coarse electrodes used in the SG epi-SL devices, an ALD film thickness of
30 nm was deemed sufficiently thick to provide good electrical insulation. The thickness-dependent
resistivity highlights the presence of shunts in thinner alumina films.

4.4.9. Alumina wet etch

Two steps of the epi-SL device fabrication process require precise etching of ALD alumina. The quality
of electrical contacts requires complete removal of alumina. Alumina deposited by atomic layer deposition
was etched using a glycine-buffered (40.7 mM) sodium hydroxide (32.0 mM) with an approximate pH of
10. Glycine was selected as a buffer because it has a pKa ~ 9.7. The alumina etch rate of this solution was
probed using X-ray reflectivity, a diffractometry technique used for high-precision analysis of thin films.
For these experiments, ~15 nm thick alumina films were grown on bare Si substrates. The substrates were
then immersed in etchant solutions for different durations and the thicknesses of the films were measured
by XRR. The XRR data were fit using a 3-layer model, including: 1) the Si substrate; 2) a thin (~1.5 nm)
low-density interfacial layer; 3) the alumina film. The thickness of the alumina films was extracted and
plotted as a function of etch time (Figure 4.19).
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Figure 4.19. Etch rate of alumina using X-ray reflectivity. Alumina films grown at 60 °C were deposited
on bare Si substrates and etched for different durations using an aqueous solution of glycine-buffered
sodium hydroxide (pH = 10). Film thicknesses were extracted from XRR data, yielding an etch rate of 0.9
nm/min.

It was found that the deposition temperature of the alumina led to differences in alumina etch rate. For
example, alumina deposited at 150 °C etched at a rate of ~ 0.4 nm/min. This decrease in etch rate is likely
due to densification of the alumina film which occurs as the platen temperature increases.?%
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Figure 4.20. Evaluating the etch rate of ALD alumina deposited on a QD thin film. ~15 nm of ALD alumina
was deposited onto spin-cast QD films, then etched according to the durations specified in the insets: a) 15
minute etch; b) 22 minute etch; ¢) 29 minute etch; d) 36 minute etch. A nearly continuous alumina film
remains after 15 minutes. After 22 minutes, the alumina film is patchy and some parts of the QD film are
exposed. After 29 minutes the alumina is completely etched. After an additional 17 minutes of etching (29
to 36 minutes) the QD film morphology does not change significantly, indicating that slight over-etching
is not likely to be problematic for making electrical contacts to the QD film.

To further evaluate the alumina etch process, spin-cast QD films capped with a 15 nm alumina layer were
etched for different durations. The extent, quality, and impact of the etch process were evaluated using
SEM, as shown in Figure 4.20. To completely etch the 15 nm alumina film required 29 minutes, nearly
twice what was expected based on the XRR results in Figure 4.19. This disparity is likely due to details of
the ALD growth process on a QD film versus a pristine Si surface and/or limitations of XRR to generate
meaningful data from a nanoporous film such as that shown in Figure 4.20b. For SG epi-SL device
fabrication, an etch rate of ~ 0.6 nm/min was used to ensure complete alumina removal.
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4.4.10. Quantum dot synthesis and purification

Quantum dots were synthesized according to the process described in 2.7.1. Purification was performed
using toluene/acetonitrile (tol/MeCN) as the solvent/anti-solvent, rather than hexane/ethanol. NMR
experiments show that purification with the former mixture results in residual oleate/lead oleate in the QD
mixture. We found empirically that QDs washed using tol/MeCN vyield larger oleate-capped SL grains.
These findings are in agreement with literature reports.?*? For the SG FETs presented here, two batches of
QDs were used. Batch 1 had eight rounds of tol/MeCN purification, whereas Batch 2 had only two rounds.
In a typical round, 3 mL of toluene were mixed with the QDs followed by addition of 24 mL of MeCN.
The mixture was centrifuged for five minutes at 3000 rpm. Following purification the QDs were dried under
dynamic vacuum.

4.4.11. Bias-stress effect

We investigated the impact of the bias-stress effect on mobility values extracted from FET measurements.
The bias-stress effect occurs in organic and QD-based FETs and is characterized by a steady decrease in
drain-source current (and therefore, the apparent mobility) at fixed source-drain and gate biases.??® The
effect is attributed to gate bias-induced trapped charges or mobile ions at the semiconductor-dielectric
interface that screen the gate-induced electric field. The bias-stress effect has been shown in some cases to
diminish with decreasing temperature. We therefore evaluated the magnitude and temperature-dependence
of the bias stress effect.

Figure 4.21 shows Ip transients of a FET at three different temperatures. The gate bias (V) was initially
held at 0 V, then after 30 seconds V¢ was switched to + 50 V (for electron transport) or -50 V (for hole
transport). To quantify the impact of these transients on the electron/hole mobilities, we measured the
fraction of Ip loss according to the equation:

Imax - I(t)

Il =1-
0% Imax - Imin

To correct the mobility values extracted from transfer curves, we calculated li.ss With a delay time equal
to the amount of time it took to perform a single transfer curve measurement.
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Figure 4.21. Impact of the bias-stress effect on charge mobility calculations. Transient curves acquired at
three different temperatures (see annotation). Imax is the peak current achieved after switching of the gate
bias. I(t) is the current after some decay time t. Inmin is the average current value prior to application of the
gate bias.
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CHAPTER 5

CONCLUSION

5.1. Summary

We have investigated in detail the formation and chemical, optical, and electronic properties of
epitaxially-fused PbSe quantum dot superlattices. We also showed that individual epi-SL grains
can be successfully integrated into devices and reliability characterized using traditional

microelectronics techniques.

We first elucidated how a batch of colloidal QDs is converted into a 3-D epi-SL. We first
determined the composition, shape, and surface ligand coverage of the PbSe QDs used throughout
this work. Next, the oleate-capped SL and epi-SL structures were established using a powerful
combination of X-ray scattering, X-ray diffraction, and correlative electron
microscopy/diffraction. By knowing the SL structures, we unraveled the full 3-D phase
transformation. Tunability of the oleate-capped SL unit cell and grain size was demonstrated
through careful control of oleate coverage. The phase transformation between the SL structures
was shown to be the first known example of a collective topo-epitaxial transition. These structural

insights will allow researchers to rationally improve the structural quality of epi-SLs.

The oleate-capped SL is converted into the epi-SL through a chemical mechanism revealed using
a combination of chemical analysis techniques. We showed that ethylene glycol is made an active
participant in the assembly process via deprotonation by a Brensted base. Using this insight, we

developed a novel photo-initiated epi-SL fabrication process using a photobase to deprotonate the
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ethylene glycol, thereby initiating epi-SL formation. This novel photo-initiated synthesis process

should enable epi-SLs of higher quality and uniformity.

Finally, single-grains of the epi-SL were integrated deterministically into field-effect transistors.
The fabrication process developed here accommodates the sensitivity of PbSe QDs to a variety of
environmental, chemical, and thermal factors. We measured numerous single-grain field-effect
transistors, with some devices outperforming the previous record PbX QD hole mobilities 10-fold.
Variable-temperature transistor studies showed that charge transport in our epi-SLs is weakly
thermally activated, suggesting that hopping transport still dominates within individual epi-SL
grains. The fabrication methodology and measurement results provide exciting opportunities for

future researchers to understand epi-SL transport physics.

5.2. Outlook

There are many exciting avenues for the development and characterization of epi-SLs.

Improvements in the epi-SL structure can be achieved in three ways. First, the process should be
partially automated to eliminate vibrations and other mechanical disturbances. Along these lines,
the cleanliness of the reagents and QD solutions should be maximized. Second, increasing the size
of the oleate-capped SL is critically important, because their size and perfection limit the ultimate
quality of the final epi-SL. Increasing oleate coverage has proven to be our best weapon for
increasing oleate-capped SL grain size, but increased sophistication in the self-assembly process
(e.q., solvent annealing) should help as well. High-throughput experimentation would be helpful
in assessing whether major gains in oleate-capped SL grain size can be found across a broader
region of phase space: for example, trying different solvents, ligands, subphases, temperatures,

and so on. Finally, the conversion of the oleate-capped SL to the epi-SL can be improved through
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finer control over the chemical-triggering process. Replacing amines with other bases may allow
for finer control of the epi-SL structure. More dramatic gains can be achieved using photo-
triggering, which will improve uniformity and should allow for better control over assembly and

fusion processes.

We also need to better understand how processing changes affect the structural and
optical/electronic properties of epi-SLs. Unravelling the forms of structural/energetic disorder that
prevent mini-band formation will require electrical and structural characterization of individual
epi-SL grains. Developing a pipeline for rapid analysis of individual epi-SL grains using, for
example, Hall effect, reflectance spectroscopy, and electron tomography, will greatly decrease the
time until mini-band transport can be conclusively demonstrated. Finally, experimentalists must

work with theorists to devise a concrete method of demonstrating mini-band transport.
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