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Semiconductor quantum dots (QDs) are an interesting class of materials in that they exhibit
unique physical properties when compared to their bulk counterparts. These unique
properties and the breadth of tunability which they possess have made QD research a
major field of study for more than 20 years for technologies such as catalysis, bio-imaging,
solid-state lighting, and solar energy conversion. The primary concern for the application of
semiconductor QDs in any field is not only to be able to precisely control physical
properties (i.e., optical, electrical, magnetic) but also to understand how to achieve
increased stability in these materials. A greater understanding of the chemistry of QD
growth, surface construction, and composition are necessary to realize these goals. This
thesis explores each of these areas of QD chemistry and the subsequent effects on their
photophysical properties. Through manipulation of QD morphology, we have prepared
PbSe QD dimers, which has allowed for a better understanding of electronic structure in

quantum confined systems. Specifically we have observed a new absorption feature in the
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1st exciton QD-dimer spectra, which we assign to a splitting of the 8-fold degenerate 1S

level upon fusion of two monomer species. Surface treatment of PbSe QDs with a newly
synthesized alkylselenide ligand has led to higher air stability, unique temperature
dependent PL properties and the observation of a new surface-related trap level
Alongside producing more stable QDs, the nature of the strong Pbsurface to Se-R bond may
also have implications for affecting kinetic processes like carrier relaxation, which could
facilitate production of materials that show enhanced multiple exciton generation (MEG)
yields. Finally, substitutional doping of PbSe QDs has allowed for modulation of QD
compositions and in turn tuning of the dominant carrier type in both solution and in QD
films. Although just a small contribution to the larger reservoir of work in this area, these
results provide promise for improving stability and efficiency of QD devices for solar

energy conversion.
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Chapter 1:
Introduction

1.1. Semiconductor Quantum Dots

Semiconductor quantum structures are inorganic nanocrystals (NCs) composed of a
few thousand atoms or less that experience quantum confinement in at least one
dimension. That is to say, a quantum confined nanostructure approaches and then becomes
smaller than the exciton Bohr radius, a natural length scale that characterizes the average
separation between electrons and holes in a bulk semiconductor. Quantum dots (QDs) are
inorganic nanocrystals that experience quantum confinement in 3-dimensions, quantum
rods (QRs) in -2 dimensions, and quantum plates or sheets experience confinement in only
one dimension. As a result of quantum confinement, semiconductor NCs show electronic
structure somewhere intermediate between molecules and bulk semiconductors and can
exhibit dramatic size-dependent properties. These materials characteristics have made
semiconductor quantum dots an intense area of research for more than a decade for
chemists, physicists, and materials scientists alike.

Nanoscale colloidal semiconductor structures, with at least one dimension small

enough to experience quantum confinement-effects, have captured the imagination and
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attention of scientists interested in controlling various chemical and photophysical

processes. Aside from desirable quantum confinement properties, colloidal nanocrystals
are attractive because they are often synthesized in a low-temperature, low-cost and
potentially easily scalable manner using a simple bench-top reaction bath. Considerable
progress in producing a variety of shapes, compositions, and complex structures has been
achieved. However, there are challenges to overcome in order for these novel materials to
gain their full potential and become a new driver for industrial applications. The final
shape, composition, nanocrystal-ligand structure, and size can depend on a delicate
interplay of precursors, surface ligands, and other compounds that may or may not
participate in the reaction. In this thesis, a detailed description of our efforts to better
understand how to manipulate composition, morphology, and surface chemistry of PbSe
semiconductor quantum dots will be discussed as well as the observed effects on

photophysical properties.

1.1l. The Subtle Chemistry of Colloidal, Quantum-Confined Semiconductor

Nanostructures

‘Bottom-up’ nanocrystals and nanostructures offer numerous advantages over their
bulk and thin film counterparts, such as higher and tunable catalytic activity, control over
bandgap and energy levels, and favorable excited-state carrier relaxation dynamics.
Perhaps their greatest advantage is the prospect of synthesizing complex nanostructures

that have tailored and synergistic properties employing simple bench top synthetic
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methods. This work will focus primarily on how these materials can be manipulated

synthetically to exploit these desirable properties. In order for quantum confined
nanostructures to have the largest technological impact, we must continually seek to move
beyond basic challenges of reproducibility and growth mechanisms to a deeper
understanding of obtaining precise control over nanocrystal formation that will enable
further engineering of nanostructures with unique and desirable properties. There are,
therefore, research opportunities with regard to achieving fine control over nanocrystal
monodispersity, structure, composition, and defects related to surface states. In the
following chapters, efforts to control morphology (PbSe QD dimers), ligand-quantum dot
structure (novel surface ligands), and QD composition (doping of PbSe QDs) will be
presented. A brief discussion of the state-of-art in understanding how synthetic precursors
can be manipulated to effect such change is warranted here.

Currently, there are three major solution-based approaches to synthesize
semiconductor nanostructures: hot injection,! the heating-up method, 23 and the reduction
method. 3-5 Inherent to each of these methodologies is a certain amount of parameter space
that can be explored and manipulated not only in the form of reaction conditions, but also
important are elemental and molecular precursors, solvents, terminating ligands and even
chemical impurities which have been shown to play an important role in the end product.
56 These synthetic “knobs,” when turned, allow for distinct control over composition and

architecture, though they are at times subtle and their mechanisms not fully understood.

The crystalline and thus faceted nature of nanocrystals opens a door to controlled

nanoparticle shape design mediated through surface ligand protecting groups, which
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energetically favor particular surface facets. 78 Surface ligands aid in stabilizing and

isolating nanoparticles in aqueous or organic solvents, acting to reduce the surface
energies through bonding, in most cases, with surface metals to reduce surface charge. The
ligand-nanoparticle interface is highly dynamic and its structure depends on temperature,
binding strength of ligand functional groups to the nanocrystal surface, as well as factors,
such as, steric hindrance, and ligand-solvent interactions. Even at room temperature,
ligands are in dynamic equilibrium between bound and unbound states as surface-bound
ligands continually exchange with neutral ligands with a rate that is inversely proportional
to the binding strength, and increases substantially as heat is applied to the system. During
nanoparticle growth, kinetics can dominate over thermodynamics, and therefore, the
binding strength, and thus, the time constant at which ligands self-exchange at the surface
affects the growth rates of individual facets. Surfaces to which ligands are strongly bound
exhibit hindered growth in their respective crystal directions. As a result, the addition of
various surface selective ligands to the reaction mixture alters growth kinetics along
different axes, allowing for nanocrystal shape control. This kind of ligand-assisted shape
control has been exploited in CdSe nanostructures where strongly binding ligands, such as
alkyl phosphonic acids, allow for well-controlled nanoscale dimensions in CdSe rods,

whereas with alkyl phosphonic oxides alone, large, irregularly-shaped rods result. °

A wealth of unique properties result from such shape control in nanostructures,
however, in many cases the precise application of these anisotropic shaped nanostructures
are still to be uncovered and exploited. One particular application that has seen many

beneficial attributes from quasi 1-D (i.e. “rod-like”) nanocrystals is solar photoconversion.
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For photovoltaics (electricity from sunlight), nanorods of CdSe show improved electron

transport properties compared to spherical crystals in solar cells where the nanocrystals
are blended with light-absorbing, hole-conducting polymers. 1° For photoelectrochemistry
(chemical fuels from sunlight), complex heterostructured nanorods consisting of a small
CdSe QD embedded in a CdS nanorod with a Pt catalyst grown on the tip, provide the
unique advantage of being able to control the separation distance between the
photogenerated electron and hole by changing the rod length. 11 Another enticing avenue of
research involves exploring the phenomenon of multiple exciton generation (MEG) as a
function of nanocrystal shape. MEG has shown to benefit not only from quantum
confinement (QDs more efficiently undergo MEG than bulk crystals),'? but further
enhancement is also observed upon 1-D shape manipulation. 13Enhancement of MEG in 1-D
structures occurs due to the larger Coulomb interaction in anisotropic systems over
isotropic structures.'* Further increases in the MEG efficiency are needed to have the
largest impact on solar photoconversion, and shape control may be a critical ‘knob’ for

enhancing this process.

The high level of complexity achieved for CdX (X=S, Se, Te) has allowed researchers
to build an arsenal of tools for creating unique nanostructures, and these tools have in turn
been used as a basis for synthetic shape control in other material systems. However, the
same techniques do not always translate, and shape control has become a new challenge in
systems with greater symmetry such as the rock salt crystal lattice. The lead chalcogenides,
which will be the focus of this work, serve as a particularly good model system for

understanding unique quantum confinement effects because they possess very large bulk
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Bohr exciton radii, thus are under extreme confinement when their dimensions are

reduced to less than 20 nm.!> For example, although bulk PbSe has a bandgap of 0.279 eV,
high quality nanocrystals of PbSe are easily synthesized which can exhibit a bandgap as
high as 2.0 eV. Unlike the II-VI materials, however; where a unique crystallographic
direction lends itself to a high level of structural complexity, the crystal structure of the Pb-
chalcogenides is highly symmetric, and thus symmetrically shaped crystals (quasi-spherical
to cube-like crystals) are favored during growth. For the IV-VI materials, not only do
ligand-QD interactions play a role in deliberate shape control, but also QD-QD, ligand-

ligand, and ligand-solvent interactions are likely important factors that must be considered.

In much the same way that ligand-assisted shape control can be achieved in the II-VI
system, the surface growth in PbX salts can likewise be tuned. For instance, selective strong
binding of aliphatic primary amines to the {111}1¢ facets of PbSe leads to the formation of
octahedral particles due to growth of the {100} faces.!” Amines also play an important role
in the formation of PbSe 1-D structures. Koh et al. find that incorporating
tris(diethylamino) phosphine selenide in place of TOP-Se, but otherwise under similar
reaction conditions produced 1-D structures rather than isotropic structures.'® While the
role of the amine is unclear it likely plays a role in hindering growth in certain crystal
directions. However, the kinetics and mechanism must be quite different than in the CdSe
system, as simply blocking one face over another will not lead to anisotropic growth in the
isotropic PbSe system. Therefore, the mechanism must include some component of QD-QD

or ligand-ligand interaction that is generally termed ‘oriented attachment’.
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In the oriented attachment mechanism, isotropic QDs form first and then fuse

along a specific crystallographic direction during the reaction, which has been recorded in
real-time by Yuk et al. with Pt nanocrystals.1® Oriented attachment is quite distinct from
continued growth along a specific crystallographic axis and is a powerful tool that has been
invoked in the preparation of complex PbSe structures such as nanowires, rings, and other
complex anisotropic structures. Oriented attachment will be discussed in greater detail in

Chapter 2.

Figure 1.1. Strings of PbSe “pearls”

The early stages of PbSe nanowire formation showing oriented attachment of individual

QDs along a single axis. In this way, nanoparticles with rocksalt crystal structures can form

elongated structures. Particles will eventually fuse and exhibit continuous lattice fringes.
Just as changing QD size and morphology can affect electrical and optical properties,

likewise adjustments to composition and the innate QD stoichiometry can have significant

consequences. Chemical doping of semiconductor QDs, as in their bulk counterparts, could
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lead to better control over many desirable electrical and optical properties such as

photoluminescence quantum yields, charge-carrier mobilities for QD-films, and enhanced
MEG. QD doping can be achieved though both control of the QD stoichiometry and through
intentional impurity doping of colloidal QDs The stoichiometry and the introduction of
dopant atoms can be tailored by post-introduction of the desired dopant or surface atoms.
In Chapter 3, it is shown that the elemental composition of PbSe quantum dots can be
altered via surface modifications in order to produce a more anion-rich QD. Here, the
effects of introducing a novel surface ligand on shape, composition and photophysics will
be discussed. Finally, in Chapter 4, a study will be presented on the more traditional route

towards QD doping, through the addition of electronic impurity atoms.

1.1II. Optical Properties of PbSe QDs

In this section, an overview of the relevant optical properties for quasi-spherical
PbSe QDs is provided. More in-depth discussions can be found in the various references
cited throughout this thesis. Here, we follow and use the notation of Bartnik et al.2? and
Kang and Wise.?! In bulk PbSe, valence band maxima and conduction band minimum occur
at 4 equivalent L points in the first Brillouin zone. Therefore, neglecting spin, these states
are 4-fold degenerate. = From a molecular viewpoint, states near the valence band
maximum consists primarily of Se-p orbitals with minor contribution from Pb-s, while the
conduction band has Pb-p character with minor contribution from Se-s orbitals. Kang and

Wise applied a four band k.p approximation to describe the electronic wavefunctions
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within PbSe and PbS QDs, where the band structure near the L-point was considered to be

isotropic. 21 Tudury et al. incorporated the anisotropy at the L point for PbSe and PbTe QDs
within this k.p approximation. 22 Later, this theory was extended to PbSe quantum rods by
Bartnik et al. 20 The states are labeled as nL7, where n is the primary quantum number, L is
the orbital angular momentum, while ] is the total angular momentum, and = is the parity.

The states are labeled according to their orbital angular momentum as S(L=0), P(L=1),

D(L=2), etc.
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Figure 1.2. Optical Density of PbSe QDs and Observed Transitions

(a) Optical density of PbSe QDs with first exciton absorption at 0.777 eV. The red-dashed
line is a best fit of a sum of Gaussians with center positions given by the Bartnik et al.
transitions (blue lines). The green/tan lines are for the Bartnik et al. centered transitions
while the black lines are apparent transitions not identified as exciton transitions, but are
included here to improve the modeling (one such transition is marked with an a* in Figure
b). (b) Optical transitions for PbSe QDs.
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Figure 1.2a displays a typical absorption spectrum of PbSe QDs with 1S4,2 transition (1Sx

to 1Se) at 0.78 eV. Three clear features are seen in the spectra. Employing typical spectral
deconvolution techniques, in this case using a combination of 2nd derivative analysis and
non-linear least squares fitting, 8 distinct features can be clearly identified. These states
have been assigned to various excitonic transitions (shown in Fig 1.2b). A sum of Gaussian
functions is used to model the data. A Gaussian function is centered on a transition
determined from Bartnik et al. and is incorporated with the linewidth of each transition
held to be the same. Three Gaussians (black lines) were added to improve the model,
however, because they are not obviously associated with exciton transitions, their origin is
not yet clear and may warrant further investigation beyond the scope of this thesis. The fit
also reproduces the second derivative of the absorption spectra (red-dashed line). A
complete discussion and description of the optical selection rules can be found elsewhere
and will not be reproduced here. 20.21.23.24 The first three transitions are important for this

presentation and consist of the 15{’/2 — 157,,, and the lPlh/2 — 1Py, which is split by the

band anisotropy from the 1P§‘/2 — 1P;),.

1.1V. Sizing Curve and Size-distribution

In Figure. 1.3 a series of absorption spectra for various sizes of PbSe QDs is shown
(data has been offset in the vertical direction for clarity). The relationship between the size
of the QD and the lowest energy transition (labeled here as the 1S1/2) has been reported to

be
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1
0.016d2+0.209d+0.45

Es,, = 0278 + [1.1]

by Moreels and co-workers, where d is the QD diameter. 25 In our laboratory we have
verified, via TEM analysis, Equation 1.1 and it is shown in Figure 1.3 as the red-dashed line,
with the squares being determined by TEM and UV-vis spectroscopy. As seen in Figure 1.3,
the bandgap of semiconductor QDs is highly sensitive to changes in QD diameter or the
number of atoms that compose the QD. A significant decrease in the first energy transition
is observed for only a 3 A difference in diameter, giving QD size measurement essentially
monolayer sensitivity. In light of these results, it is easy to see how optical properties can
readily be manipulated using materials engineering. Changing the structure, morphology

and chemical composition can all be employed to achieve desirable optical properties.
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Figure 1.3. Size-dependent Bandgap of PbSe QDs

Absorption spectra of PbSe QDs spanning the range from 3.3 nm to 8.1 nm show strong
quantum-confined 1Si1,2 exciton shifted absorption. As the size of a semiconductor
nanocrystal decreases below the bulk semiconductor’s Bohr exciton radius, the exciton
experiences increasingly strong confinement effects which significantly alter the allowed
energy levels and result in a size-dependent and increasingly discrete electronic structure.
The interband transition energies increase, and their widths narrow, resulting in optical
absorption spectra that reveal structure indicative of discrete transitions with gaps
between transitions reaching several hundred meV. (reproduced from Semonin et al.2¢)

Equation 1.1 can easily be inverted to find, for any given 1S1,2 transition energy, a
corresponding diameter. The absorption spectra of QDs is inhomogeneously broadened by
the distribution of sizes and shapes within the ensemble of QDs. Knowing the sizing curve
and the lineshape of the 1Si/2 we can calculate the size-distribution, and for the QDs in

Figure 1.2, this is shown in Figure 1.4. For this particular sample the size-distribution is

roughly Gaussian with a mean size of 2.5 nm (radius) and standard deviation of ~ 5%.
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Figure 1.4. Size distribution of QD samples in Figure. 1.1
The green dotted line is for a Gaussian distribution while the blue dotted line is for a Log
Normal distribution. The log-normal is slightly better than the Gaussian.

1.V. Absorption Coefficient and QD Concentration

The last concept concerning the optical properties of PbSe QDs that will be
important for the remainder of this thesis is the determination of QD concentration from
the absorption spectrum as well as how to compare the oscillator strength of the first
exciton transition. The absorption cross section per particle, o,(w), in the high energy

regime is,

Oa(@) = 3R 22 |f (@) [Py (@), [1.2]

where R is the radius, n; and n, are the refractive indices of the semiconductor and the
solvent, f(w) is a local-field correction factor, and a;is the bulk absorption coefficient.2”

Equation 1.2 implies that at high energy the absorption per unit of PbSe is independent of
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the QD size and resembles that of bulk PbSe. Those states near the band edges are most

affected by quantum size effects and do not obey Equation 1.2. The absorption properties
of colloidal QDs differ from bulk or thin film absorption due to the frequency-dependent
local field correction factor, f(w), which accounts for the different dielectric constants of
the high dielectric PbSe and the surrounding low dielectric solvent. g, has been determined
for a variety of QDs, including PbSe, using analytical techniques. One can independently
determine g, (w) and verify Equation 1.2. The absorption cross section per dot can be used
to determine the number density (N, number of QDs per cubic cm) of QDs in solution

through the following equation,

_2.303(0D)

og'l

N [1.3]

where OD is the optical density measured through a pathlength, 1.27 The total oscillator
strength of the 1st exciton transition can be determined in the presence of inhomogeneous
broadening by integrating over the transition. This is important when comparing two QD
samples that have undergone some chemical treatment that may either change the size-

distribution or their optical properties.

1.VIL. Applications for Semiconductor QDs: Multiple Exciton Generation

Among the many advantageous properties of semiconductor QDs is that they more

efficiently undergo Auger processes such as impact ionization than their bulk counterparts.

For bulk semiconductors, absorption of a photon with energy Eg < hv results in the creation
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of an electron-hole pair, or exciton. When E; < hv, both the electron and the hole have

energy in excess of their respective band edges. Primarily, however, this excess energy
above the bandgap is lost as heat to the crystal lattice. Hot charge carriers interact with the
crystal lattice and lose energy through inelastic optical phonon scattering. If either carrier
(e~ or h*) is sufficiently energized, it is also possible, but less probable, that this excess
energy can be scattered with a valence band electron and result in the creation of an
additional e/h* pair. This process is known as impact ionization in bulk. Due to the
constraints that both energy and momentum must be conserved, the minimum energy
required for a bulk crystals to undergo impact ionization is often greater than 2Eg. 28 In
addition to the need for high-energy photons, impact ionization in the bulk does not occur
with a sufficiently high rate to compete with carrier cooling through phonon scattering and
is therefore not the dominant cooling process for bulk semiconductor crystals.
Semiconductor QDs benefit from their electronic structures marked by discrete
energy levels as opposed to the continuous bands in bulk semiconductors. Due to this
splitting between energy levels, or intraband gaps (which can be on the order of 100 meV),
simultaneous emission of multiple optical phonons (energies on the order of~30 meV) are
required for efficient cooling to the lowest exciton energy level. This impedance to cooling
due to the requirement of multiple phonon-electron scattering events is known as the
phonon bottleneck. Retarded cooling by phonon scattering allows for competition from
alternate relaxation pathways such as multiple exciton generation (MEG) in QDs. MEG is
the process by which absorption of a single photon with energy of at least 2x the bandgap

results in the creation of more than one e-/h* pair (See Figure 1.5).
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Figure 1.5. Mechanism for multiple exciton generation (MEG) in QDs

The process of multiple exciton generation depicted here involves the absorption of a
single high-energy photon to create “hot charge carriers”, which instead of cooling to the
band edge and losing excess energy to heat, utilize this excess energy to produce an
additional electron/hole pair. (Reproduced from Nozik-Quantum Dot Solar Cells??)

This process, while still competing with other cooling routes, is also enhanced in QDs in
light of increased carrier interactions due to their small volumes. Theoretically, for an ideal
MEG yield of unity, each additional bandgap of energy possessed by an absorbed photon

should result in the creation of an additional exciton, giving rise to a staircase function plot

of the MEG quantum yield in Figure 1.6.
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Figure 1.6. Percent Quantum Yield Plot as a Function of Normalized Bandgap

The above plot of quantum yield (QY) as a function of the normalized bandgap shows the
MEG efficiency (slope = n’enpm) of a given system. P is threshold parameter that determines
whether MEG onset is hard, electron-hole pair multiplication (EHPM) begins at exactly 2E;
(P>>1) or soft (P<1). The percent quantum yield is defined as the [(#e"/h* pairs)/(single
absorbed photon)] x 100. For the idealized case (black line), for every additional bandgap
of energy possessed by the photon, an additional e-/h* pair is created. (Reproduced from
Beard et al. 12)

MEG has been observed in QDs of Si, CdSe, InAs, PbSe, PbS, and PbTe. 30 While the MEG
onset for the Pb-chalcogenides has not yet been observed at photon energies as low as 2Eg,
the MEG process has definitely been determined to occur more efficiently in semiconductor

QDs of PbSe as compared to bulk PbSe (shown in Figure 1.7).
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Figure 1.7. Quantum Yield Plot Comparing MEG Efficiency in Multiple Materials

(a) Quantum yield plot illustrating the improvement of MEG for PbSe QDs compared to
bulk PbSe. (b) Quantum yield plot of MEG for various materials. The staircase function
representing maximum MEG efficiency is shown in both plots. (Reproduced from Beard et
al.31)

While MEG has been shown to be more efficient in QDs than in bulk semiconductors,
there is still work to be done in the area of lowering the energy required for MEG onset.
Once again, the field stands to gain from purposeful manipulation of QD materials
properties. Synthesis of novel materials, which either slow cooling or enhance the MEG

onset, are desired. Synthetic achievements described in this thesis provide a basis towards

increasing our understanding of how such structures may be built.
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CHAPTER 2:

Dimers: Novel Heterostructures of the Lead Chalcogenides

Abstract

We have studied the synthesis of Pb-chalcogenide dimer structures (fused pairs of
quantum dots) via microwave synthetic techniques. Dimers ranging in length from 6-15 nm
were produced by oriented attachment of single nanocrystals with diameters of 3.1-7.8 nm.
While smaller nanoparticles likely contain more higher energy surfaces, monomers with
diameters exceeding about 5 nm appear to have the greatest affinity for dimer formation,
and therefore, gave the greatest yields of fused structures. We find a new absorption
feature in the 1st exciton dimer spectra and assign this to a splitting of the 8-fold
degenerate 1st exciton band. The 1st exciton band is split by ~ 50 meV in the dimers
produced from smaller monomers. We have also explored dimers produced by fusing two

QDs of different size to form PbSe heterostructures.
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2.1 Introduction

Multiple exciton generation (MEG) is enhanced in QDs compared to impact
ionization in bulk semiconductors.! However, MEG must be further optimized if these
unique materials are to have a significant impact on solar energy conversion technologies.
There are two basic lines of attack in order to further increase MEG yields. Increase the rate
of MEG over competing relaxation pathways or decrease the influence of competing
relaxation channels. We propose that the only way to address these issues is through
directed synthesis of nanostructures in which it would be possible to observe competing
relaxation channels. Control over morphology and composition can allow for tailoring
desirable quantum-size effects such as exciton delocalization, charge-transfer, and multiple
exciton generation (MEG).

MEG is a process that occurs in quantum-confined semiconductor nanocrystals
where upon absorption of a single high-energy photon of light more than one exciton, or
electron-hole-pair, can be produced. Absorption of a photon within a semiconductor
produces a hole in the valence band and a corresponding electron in the conduction band.
If the energy of the absorbed photon is at least twice that of the band gap (E;), then the
excess kinetic energy contained in the newly created hot-exciton can be used to boost an
additional valence band electron into the conduction band, producing another exciton.
Experimentally, Pb-chalcogenide QDs are known to exhibit MEG and exhibit a photo-energy
threshold, photon-energy for which multiple-excitons begin to be produced, of

approximately 3-times Eg. 24
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Semiconductor nano-heterostructures are unique chemical systems in which

carrier dynamics such as charge separation, carrier lifetime, and energy relaxation
pathways can be controlled through the manipulation of QD composition, surface and/or
internal structure, and geometry or shape. Each of these factors can have significant
effects on carrier dynamics as have been observed in mixed chemical systems in the
cadmium salt family. Previous work has been reported on energy transfer studies in
heterostructures of CdSe/CdS as well as CdSe/CdTe of different morphologies. 5 For the
CdSe/CdS system, manipulation of the different sizes, compositions, and morphologies
resulted in the ability to tune between Type I, Type II, and quasi Type II structures (See

Figure 1).

N e

o~ A—\\. } E
Type ] Type Il

Figure 2.1. Type I/II Band Offsets

Typical band offsets for Type I and Type II architectures. This type of band structure can be
engineered by manipulating nanoparticle sizes, compositions, and morphologies.

In the idealized Type II band alignment, researchers have observed efficient charge
separation where the photo-excited electron resides in one component while the hole
localizes in the other component, whereas in a quasi-Type Il band alignment intrinsic

energetic barriers to charge separation were discovered due to lattice mismatch for

specific QD structures resulting in one of carriers being localized in one of the components



26
but the other carrier remaining delocalized across the entire nano-heterostructure. °-13

These cadmium compounds have been extensively studied, and are model systems for how
photo-physical properties such as electron/hole cooling rates can be manipulated by
internal structure and nanoscale architecture. In one of the more striking examples, Pandey
et al. designed a structure to significantly slow down carrier cooling in a CdSe/ZnSe/CdS
heterostructure, and they provide some of the basic motivations for exploring other
semiconductor heterostructure materials such as the Pb-salt systems. 8

There are important implications for the rational design of QD systems that show
interesting photophysics which will potentially allow for greater understanding of carrier
dynamics and processes such as MEG. It is our goal to perform directed synthesis of both
Type I and Type II structures by combining quantum dots in dumbbell or peanut-shaped
structures as opposed to the typical core/shell or nanorod-type architectures that have
been investigated extensively in previous studies. Here, we are developing the synthetic
foundation that allows for purposeful manipulation of size and composition with the intent

of producing interesting light harvesting systems.

2.11. Building PbSe QD Dimers

PbSe QD-dimer structures can affect carrier relaxation pathways so as to increase
MEG yields via either a decrease in surface mediated cooling that results from a larger
volume-to-surface ratio, and/or increase the MEG rate due to the larger Coulomb

interaction of 1-dimension structures vs spherical QDs. QRods and QDs have similar Eg
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where the short axis of the rod is equal to the diameter of the QD, indicating that

quantum-confinement effects are conserved. The elongated nanocrystal could stabilize
additional charger carriers arising from MEG while reducing recombination due to
electrostatic interactions between charges and surface traps. Furthermore, PbSe QD
dimers produced from various sizes of starting monomer and Pb-chalcogenide
heterodimers could then be used to investigate energy flow in Type I (PbSe/PbSe) and

Type II (PbSe/PbS) structures.

Pb-rich
{111}

{100}

Se-rich
{111} {100}
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Figure 2.2. Evolution of Nanocrystal Shapes/Faceting as a Function of Size

Top panel shows a faceted PbSe QD with {100} and {111} faces exposed. The {100} faces
are non-polar containing alternating Pb and Se atoms, while the {111} faces are either all
terminated with Pb or Se atoms. Bottom panel shows how the PbSe QD morphology and
surface structure evolves as the QD grows. Smaller QDs are dominated by the {111}
surfaces and are octahedral or cubooctahedra while larger QDs are dominated by the {100}
faces becoming truncated cubes or cubic.

A first goal towards building PbSe dimers is an understanding of how particle fusion

occurs, at the heart of which is an understanding of the nanoparticle surface, composition,
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and structure. In 2009, Murray et al. reported the preparation of PbSe nanowires by

fusion of PbSe monomers in a process called oriented attachment. 14 Oriented attachment is
a process where two nanoparticles fuse along a particular crystal axis and has been
observed and studied in a variety of nanocrystal systems. In the case of PbSe QDs, oriented
attachment was postulated to proceed as a result of large dipole moments that form due to
the faceted nature of the NC. While {100} crystal faces are composed of stoichiometric Pb
and Se atoms, and are therefore non-polar, the idealized {111} faces can be composed
entirely of either Pb or Se. In the particular case where the top half of {111} faces are all Pb
or all Se, a large dipole moment arises within the NCs which can then facilitate alignment of
particles and eventual fusion. (There are 8 {111} faces in a truncated octahedron).
However, multiple groups have now reported on the non-stoichiometric nature of PbSe
NCs. 1517 Apparently Pb2* completely dominates the crystal surface. Furthermore, recent
modeling studies investigating the energetics of NC surfaces determined that oriented
attachment via dipole-dipole interaction is not likely due to the fully polar {111} surfaces
once predicted, but rather to nano polar domains on the surface, which are then
energetically stabilized by capping ligands. 18 This then raises the question of whether or
not PbSe QDs could be made anion-rich as well, and whether or not a mixture of the two

would facilitate dimer fusion.

2.1La. Manipulation of the Surface of PbSe QDs
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Dipole-dipole interactions, to some extent, could help the alignment and eventual

fusion of precursor nanoparticles. Since intrinsic dipole moments of a Pb-salt nanocrystal
is to a large extent governed by the surface stoichiometry, if a portion of the starting NCs
could be made anion-rich or partially anion-rich and then allowed to react with the cation-
rich particles, this could facilitate dimer formation through alignment of those particles
that exhibit different nanopolar domains, if for no other reason than to lower the surface
energy of the Se-terminated dots. The implications for anion-rich NCs extend beyond dimer
formation, however. A layer-by-layer approach to building NCs, first cation then anion-
rich, with successive surface treatments, means better control over NC morphology and
composition. Anion-rich particles may also exhibit unique opto-electronic properties in
solution, which have previously only been studied in films. These suppositions for the
possibility of synthesizing a stable, anion-terminated PbSe nanoparticle will be discussed
further in Chapter 3.

Here, we detail a solution-based methodology for preparing PbSe dimer structures
in which the yield of dimer formation from monomers is strongly controlled by reaction
conditions (temperature/reaction time), the concentration of surface ligands and the as-
prepared monomer particle size. In our studies, we did not achieve yields greater than
~40%, and therefore, we developed an organic density gradient coupled with
ultracentrifugation to separate dimers from monomers and larger oligomeric materials,
and were successful on small scales. Spectroscopic characterization of dimer samples

reveal the appearance of new absorbance and emission bands.
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2.1Lb. Materials

Selenium (99.99%), oleic acid (90%), 1-octadecene (ODE, 90%), trioctylphosphine
(TOP 90%), diphenylphosphine (DPP, 98%), anhydrous ethanol, anhydrous hexane, and
tetrachloroethylene (TCE, 99.9+%) were purchased from Aldrich and used as received.
Lead Oxide (99.999%) was purchased from Alfa Aesar. For microwave experiments, a CEM

Discover S-Class Microwave Reactor was employed.

2.1L.c. PbSe Nanocrystal Synthesis

PbSe was synthesized according to previously reported procedures. 1° Using
standard air-free techniques, 1.091 g PbO was dissolved by heating in 3.452 g oleic acid and
13.56 g of ODE. The reaction mixture was allowed to heat to 150 °C under N; with a vent
needle for approximately 1 hour at which point the solution was clear. 0.096 g of DPP was
then mixed with 15 mL of a 1 M solution of TOP-Se. This mixture was then quickly injected
into the hot Pb(oleate); solution, and the nanocrystals were allowed to grow for a time

consistent with the production of the desired nanocrystal size.

2.1Ld. General Synthesis of Pb-Chalcogenide Dimers

For a typical dimer synthesis, 50 mg of as-made QDs are first dispersed in a

minimum amount of hexane. To this dispersion 5 mL 1-octadecene and 0.35 mL of one of
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the following ligands; oleic acid, Pb(oleate);, or oleylamine, is added. Hexane is then

removed by vacuum and gentle heating, and the remaining QD solution is heated to 150 °C
for 1 hour under N then cooled to room temperature and washed twice with
Ethanol/Hexane. Standard air-free techniques are used throughout. TEM images show
appreciable numbers of dimers in the sample depending on heating time and ligand
concentration. Irrespective of ligand choice, excessive heating results in the growth of
smaller QDs to make larger QDs as well as the formation of uncontrolled larger oligomeric
material (trimers, tetramers etc.) rather than the desired dimers.

An alternative method for synthesizing dimers with reduced reaction times and
comparable dimer yields involves the use of a microwave reactor. For a typical microwave
reaction, the previously mentioned quantities of reactants are still employed. The
reactants are loaded into the reaction vessel after hexane has been removed from the
system. While monitoring both the temperature and the pressure, the reaction mixture is
heated to 150 C under vigorous stirring conditions, at which point the temperature is held

constant for 1 min 30 seconds prior to cooling to room temperature.

2.1Le. Characterization of Nanomaterials

Optical absorption data was collected on a Shimadzu UV-3600 spectrophotometer.
Transmission electron microscopy (TEM) characterization was performed on a Philips
CM200 Transmission Electron Microscope. Photoluminescence (PL) was measured on

solution-QD samples dispersed in TCE, with excitation provided by a NIR-LED (emitting at
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950). The emission and excitation spectra were fiber coupled to the emission

monochromator of the fluorescence spectrometer and measured with a two-stage
thermocouple-cooled InGaAs photodiode. The excitation LED is driven by a 15V square
wave at 25 Hz using a Stanford Research Systems (SRS) DS335 function generator. The
resulting InGaAs signal was amplified using a SRS SR530 lock-in amplifier, and spectra

were corrected for detector efficiencies using a calibrated lamp.

2.111. Results and Discussion

Cho et al. first reported the synthesis of PbSe nanowires by oriented attachment in
2005.1% Under optimized conditions, PbSe monomers fuse along similar exposed lattice
planes to produce nanowires with lengths from 3-30 wm. Each nanowire, therefore,
consists of hundreds of fused monomers. The lattice plane for which the monomers fuse
can be manipulated depending on the choice of stabilizing surfactant leading to a variety of
nanowires, such as, zig-zag, straight, and undulated. Fusion of just two particles appears to
be the rate-limiting step with subsequent attachment to form wires occurring almost
instantaneously. Therefore, modulation of growth time during nanowire synthesis has no
effect on controlling nanowire length. In our efforts, we find that removing aliquots of the
reaction mixture and quenching in cold ethanol immediately following hot
injection/nucleation shows only QD monomers in solution. In contrast, the early
precursors to nanowire formation, smaller oriented chains, have been observed in PbSe QD

samples that have been allowed to age at room temperature. * Elongated PbSe oligomers
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have also been purposefully synthesized by post-synthetically heating, as-prepared QDs

in the presence of excess oleic acid, the stabilizing ligand. 1 Hanrath et al. found that
treating oleic acid passivated PbSe QDs with pyridine also resulted in oligomeric PbSe
networks. 20 The resulting morphology was found to be size-dependent and correlated to
the exposed facets. In such reactions, PbSe oligomer chains can be produced, though no
rational experimental design has been developed to fine tune the QD chain lengths. In this
work we demonstrate that by controlling the growth time, temperature, and stabilizing
ligand for the post-treatment of as-prepared nanocrystals, that the size of nanocrystal
chains can be engineered to favor the formation of PbSe dimers as the predominant
reaction product compared to larger oligomeric materials.

PbSe dimers have been prepared from solutions of QDs with diameters ranging from
3.1 nm to 7.8 nm. Analysis of TEM images confirms that dimer formation involves
complete fusion of QD monomers. Lattice planes are observed to be continuous through
the entire structure (see inset Figure 2.3). Dimer product yields are dependent on the size
of the starting monomer. As the particle size increases, so too does the dimer yield for
those particles synthesized using an excess of oleic acid. Figure 2.4c shows dimer yields as
quantified by TEM analysis for QDs with starting diameters of 5.1, 5.9, and 7.8 nm. Upon
heating at 150 C in excess ligand, these reactions give dimer yields of 17%, 23%, and 34%
respectively. Yields were determined by averaging dimer populations versus other

reaction products over multiple TEM images taken at random to give an unbiased account.
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Figure 2.3. PbSe Dimers from 7.8 nm QDs
Dimers of PbSe prepared from 7.8 nm quantum dots in the presence of excess oleic acid.
(Inset) Continuous lattice fringes show the single-crystalline dimer product.
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Figure 2.4. PbSe Dimer Absorbance and Yield as a Function of Size

(a). Absorbance spectra for 5.1, 5.9, and 7.8 nm QDs (shaded lines) and their corresponding
dimer spectra (solid lines), showing characteristic broadening of the first exciton peak and
the appearance of shoulder feature on the blue side of the 1S1/2. Spectra normalized at 3.1
eV. (b)Absorbance spectra from (a) normalized at the 1S band. (c¢) Dimer yields as a
function of the original QD size as determined by analysis of TEM images.
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Absorbance spectra (Figure 2.4) for dimer solutions differ markedly from those of

as-prepared QDs. After a typical dimer synthesis, the first exciton peak red shifts
approximately 20-40 nm on average, and there is an apparent broadening in the lowest
energy transition. In Figure 2.4a and b we compare the absorption spectra of the starting
monomers to that of the dimer containing solutions after the reaction. The spectra in
Figure 2.4a are normalized at 3.1 eV where the absorption cross-section is independent of
size or shape, while, in Figure 2.4b the data are normalized at the peak of 1S band. As
previously mentioned, semiconductor QDs have a size dependent bandgap, which is shifted
to lower energies as the apparent diameter is increased. Therefore, the presence of larger
quantum confined materials (dimers and larger oligomers) accounts for the observed red
shift in the absorption spectrum as well as contributing to an increase in the size
distribution, resulting in broadening of the 1S absorption peak. In addition, to a shift
towards lower energies and peak broadening, dimer solutions prepared from QDs with
diameters in the range of 5-6 nm exhibit a shoulder peak, blue-shifted from the first exciton
peak (see arrows in Figure 2.4a and Figure 2.4b) For particles approaching 8 nm, this blue-
shifted shoulder appears only as a broadening of the 1S peak.

Dimer formation is sensitive to both reaction time and temperature, with higher
occurrences of large oligomeric chains at higher temperatures and longer heating intervals.
In addition to temperature and reaction time, the initial concentration of QDs appears to
play a role in the ratio of dimers to larger oligomeric material. In the typical dimer reaction
discussed above, 50 mg of QDs are dissolved in 5 mL 1-octadecene and then heated.

However, when the starting material concentration is reduced to 10 mg, an increase of
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about 6% is observed in dimer yields for reactions with 5.1 nm monomer QDs. The

increase in dimer yield can likely be attributed to the inhibition of forming large PbSe
oligomer chains by reducing particle-particle interactions, which make QD fusions less
probable. In this case, single fusion events become more likely than extended chain growth

and result in higher dimer yields and lower yields of extended-chain species.
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Figure 2.5. Analysis of Dimer Solutions from 5.1 nm Monomers

Absorbance spectra of PbSe dimer-containing solutions synthesized from 5.1 nm
monomers showing the intensity change in the characteristic blue-shifted shoulder as
dimer yield increases. In (a) spectra are normalized at high energy (3.1 eV) where the per
PbSe absorption is independent of size or shape. In (b) spectra are normalized at the first
exciton peak. Note the ** indicates the spectrum of the unreacted sample. Part (c) shows
the spectral decomposition of the 1S peak for the 31% and 25% data shown in part (a).
The 1S is decomposed into three Gaussian peaks labeled here as A1, Az, and Asz. The dashed
green lines show the contribution of each peak to the 25% spectra while the pink lines are
for the 31%. The major difference is a reduction of A; and increase in Az. Part (d) shows
contribution of A3 to the 1S band as a function of dimer concentration.

In Figure 2.5 we display the spectra of dimer solutions that have been prepared
from 5.1 nm monomers where the synthesis conditions have been varied to produce dimer
yields of 21, 25 and 31%. In Figure 2.5a the data have been normalized at high photon

energy. We have further verified that the integrated area of the 1S band is equal for the 4
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spectra shown in Figure 2.53, indicating that the oscillator strength remains constant for

these samples. For comparison we show in Figure 2.5b the data normalized at the peak of
the 1S band. In both Figure 2.5a and b the black line is the unreacted monomer spectra.
The intensity of the blue-shifted shoulder increases with increasing dimer yield and is
indicative of dimer species. We conclude that the absorption spectra contain contributions
mainly from the unreacted monomers and the dimers from the following evidence; (1) TEM
pictographs indicate that there are less than 5% larger oligomeric material; (2) A clear
isosbestic point at around 0.82 eV (best seen in Figure 2.5a) results from a decrease in the
monomer population concurrent with an increase in the dimer population. The presence of
the isosbestic point indicates that monomers and dimers have distinct spectral features.
Spectral decomposition of the 1S band indicates that in the dimer-containing
solutions there are three peaks, which we have labeled as A1, Az, and A3, for the low, middle
and high-energy peaks. In Figure 2.5¢ we show the spectral decomposition for the 25%
(green dashed lines) and 31% (pink lines) containing dimers shown in Figure 2.5a. A:
arises from unreacted monomers and its energetic position (0.78 eV) is roughly equal to
that of the monomers (0.79 eV). Our data is consistent with a splitting of the 1S band into
two peaks for the dimer spectra. A; and Az arise from the dimers and are roughly equally
split by about 50-60 meV from the monomer peak. Figure 2.5d displays the contribution of
the Az peak to the total absorbance of the 1S band plotted against the % dimers determined
via TEM analysis, indicating that this peak is directly related to the amount of dimers in
solution. An apparent isosbestic point appears at both the second and third energy

transitions (which arise from the 1P1h/2 — 1Pf), and 1P§1/2 — 1P;), transitions) as well.
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However, closer inspection shows that these isosbestic points are actually an overall

shift to lower energies (relative to the 1S level) of the 1P band as the dimer population
increases. The 2nd and 3rd exciton result from splitting of the (3x8) degenerate 1P states
into 1P12 and 1P3,2 due to the band anisotropy?!?? and mixing of interband valence
states.?3 Thus one possible explanation for Az is significantly larger splitting of the 1P3,;
band, so that these states merge with the 1S states. However, this hypothesis cannot

account for the A; and E1 bands.

Emission spectra confirm our peak assignments. Figure 2.6 shows the emission
from two different dimer solutions with differing dimer yields. Spectral decomposition of
both the absorbance and emission spectra are consistent with one another. In contrast to
the absorption band, the emission band consists of only two peaks, one from each of the
major species in solution. As in the case of the absorption spectra we labeled the two
emission bands as E; and E2 corresponding to the low and high energy bands. The dimers
(E1) only emit from the lowest energy transition corresponding to the A; band (see Figure.
2.6b inset) while the monomers emit at E; corresponding to the Az band. The splitting of
the emission and absorbance bands are approximately the same. For example, in Figure.
2.6a, the absorbance bands show a splitting of 50-60 meV, while the emission is 60 meV.

The Stokes Shift of monomers and dimers also appears roughly the same.
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Figure 2.6. Absorbance and Emission Components From Dimer-Containing Solutions
Absorbance spectra (blue) and emission spectra (red) of dimer-containing solutions
prepared from (a) 6 nm PbSe QDs monomers and (b) 5.8 nm PbSe monomers. Absorbance
spectra show 3 absorbance peaks while emission spectra display two.

We have analyzed the spectra of dimer solutions produced from 6 distinct starting
monomer QD sizes, ranging from 3.1 to 7.2 nm and plot the observed splitting as a function
of diameter in Figure 2.7. The splitting ranges from ~140 meV for the 3.1 nm to ~ 50 meV
for the largest 7.2 nm monomers. There is an approximate 5% size-dispersion in the
monomer solution and this results in an ~ 35-40 meV inhomogeneous broadening of the 1S
band, and since the splitting for the larger QDs is on the same order of magnitude as the
inhomogeneously broadened line, the larger dimers show only a broadened 1S band
compared to the distinct peaks in the smaller QDs. There are several mechanisms that can
contribute to splitting of the 1S exciton band and have been discussed by various authors.
The most likely cause seems to be intervalley coupling. 2324 Zunger et al. and Delerue et al.

have calculated the splitting that results from the intervalley coupling for spherical PbSe

QDs and find a size-dependent coupling that closely resembles the values measured here.
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2324 The Delerue calculations are shown in Figure 2.7 as the red circles and blue squares

for the conduction and valence band splitting. Zunger et al. calculated the splitting for
small and large PbSe QD and found the splitting to increase with smaller size as observed
here. Those calculations are for sphere where no or very small splittings are observed in

experimental spectra, while the measurements here are for dimers.
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Figure 2.7. 1S Band Splitting for PbSe Dimers
Blue squares are the measured splitting of the bands from the monomer band for 5 sizes of
QDs (the 5.1 nm monomers were measured three times). The red circles are the splitting
calculated from for the conduction band while the blue squares are for the valence band. 24
Varying the type of ligand and the ligand concentration has marked effects on dimer
yield. For a sample of 5.9 nm QDs, we performed a side-by-side comparison of oleylamine
ligands (Figure 2.8a) and oleic acid (Figure 2.8b) varying the concentrations of each ligand
from 1.1 to 3.3 mmols. For those samples containing oleic acid, the appearance of the blue-
shifted shoulder increases with increasing oleic acid concentration similar to what was

discussed above. This is also true for the oleylamine-containing samples, however some

striking differences are observed.
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Figure 2.8. Dimers Prepared from Oleylamine vs Oleic Acid

Absorbance spectra for dimers prepared in (a) oleylamine and (b) oleic acid as a function
of ligand concentration. Spectra are normalized at 3.1 eV. In (c) the spectral decomposition
is shown for 3.3 mmol cases of Oleic acid (red) and oleylamine (blue).

For the oleylamine-containing samples, the first exciton peaks shift to lower
energies than those in the oleic acid samples. Additionally, the appearance of the blue-
shifted shoulder with increasing oleylamine is less pronounced. From TEM image analysis,
the greatest point of contrast between the reaction products for these two samples is in the
percentage of larger oligomeric material. While the percent oligomeric material ranges
from 1-5% for the oleic acid-containing samples, samples using oleylamine produced as
much as 44% oligomeric material with an oleylamine concentration of 3.3 mmol. This
observation is consistent with that of Hanrath et al. who exposed PbSe QD solutions to
pyridine and observed that mainly oligomeric PbSe networks form. 20 Furthermore, the
dimer and oligomer species resulting from reactions with oleic acid undergo oriented
attachment predominantly along the {111} facets as compared to those formed in the

presence of oleylamine which seem to show no preference for facet-specific fusion. The

absence of a strongly absorbing high-energy shoulder to the first exciton peak, for the



43
oleylamine-containing samples, may simply be a result of competing absorbances from

multiple QD oligomer species.

It is worth noting that recent reports of PbSe nanorod formation show absorbance
spectra closely resembling those that we see for dimer formation with significant first
exciton peak broadening on the high-energy side when compared to QDs of similar
diameter. In 2010 Murray et al. reported on the first synthesis of PbSe nanorods. 2°
Repeating this experiment in our lab, we found that the reaction gives rise to elongated
structures in quantitative yields (whether straight or branched), with no remaining
monomer species. The absorbance spectrum observed for PbSe nanorods (shown in Figure
2.9) bares marked similarity to dimer-containing solutions, which also contain larger

oligomeric species.
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Figure 2.9. Absorbance for PbSe QDs and QRods with Similar 15t Exciton Transitions
(a) Absorbance Spectrum for PbSe nanorods compared to QDs with similar first exciton
transitions. (Offset for clarity). PbSe nanorods exhibit broadened first exciton peak with a
high-energy shoulder, mirroring those observed in dimer-containing samples. (b) Spectral
decomposition of PbSe QRod spectra similar to the dimer analysis, data corresponds to red
trace in part (a).
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The significant increase in oligomeric material observed when oleylamine is
employed in excess, in lieu of oleic acid, suggests possible mechanisms for the role of excess
capping reagent in dimer formation. Long-chain hydrocarbons with Lewis basic functional
head groups are typically employed as surface stabilizers for Pb-chalcogenide QDs. These
Lewis bases bind to surface Pb atoms with varying degrees of polarity depending on the
nature of the functional head group and exposed crystal facets. Interactions between
surface cations (Lewis acids) and stabilizing ligands (Lewis bases) can be characterized in
terms of hard and soft acid/base interactions (HSAB). According to HSAB, hard acids and
bases are compact and nonpolarizable while soft acids and bases are larger and more
diffuse due to inner electrons shielding nuclear charge from the outer electrons making
them more polarizable. The most stable adducts are formed from hard-hard and soft-soft
interactions. Typical surface ligands for the Pb-chalcogenides include: carboxylic acids( R-
COz2), thiols (RS-), (RNHz)amines, and phosphonic acids (R-PO3H?-). The approximate order
of increasing hardness of these ligands as Lewis bases is as follows: RS-> RNH; > R-CO2-
~R-PO3Hz. Following this line of reasoning, with Pb2* being a borderline to soft acid, soft to
intermediate base-containing ligands such as oleylamine should form the most stable bond
with the Pb?+ orbital at the PbSe QD surface. These interactions should in part explain the
comparative differences in the occurrence of oriented attachment in samples containing

oleic acid and oleylamine.

xOleic Acid + (PbSe) (PbOleate) <——= xPb(Oleate), + (PbSe) (PbOleate)

Pb-Rich QDs Etched QDs
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Given the structural nature of PbSe QDs as multifaceted crystals with a

stoichiometric core and a terminating surface shell of surfactant-stabilized Pb atoms, the
role of excess ligand may more accurately be described as one of removing or etching Pb
from the QD surface. Moreels et al. observed that during storage of oleic acid-capped QDs
under ambient conditions, some of the oleic acid ligands desorbed surface Pb to form an
equilibrium between bound ligands and free Pb(oleate); in solution. 26 As the free oleic
acid concentration is increased, so too is the amount of desorbed Pb?* forming additional
free Pb(oleate)z. Given that oleylamine should form a bond with Pb?* that is covalent in
nature, involving lone pairs on N, it must be at least as effective as oleate at stripping away
surface Pb atoms, when present in excess, and exposing unpassivated surfaces. These bare
surface sites are then less sterically hindered from undergoing fusion, and attach more
efficiently. Fusion may also be driven by the need to decrease the surface energies of these
bare surface sites. A second case to consider is that amines may not exhibit tight-binding to
all of the crystal facets of PbSe. Cho et al. observe that addition of oleylamine to the PbSe
reaction mixture induces the formation of octahedral PbSe nanoparticles. 14 This evidence
suggests that oleylamine binds more efficiently to the {111} facets, which allows for faster
growth of the {100} facets. In summary, oleylamine is very effective at removing Pb2+ from
surfaces where tight binding occurs (like the {111}) and is in dynamic equilibrium
undergoing exchange more readily at other surfaces (like the {100}). This dual interaction
thus explains why oriented attachment is so efficient in reactions containing excess

oleylamine.
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Carboxylate, a hard acid, should form a more polar bond with surface Pb atoms.

Given an excess of oleic acid, a protonated carboxylate, extraction of Pb must occur through
a proton exchange at the surface. A possible mechanism for Pb extraction is one of
Pb(oleate). leaving behind a proton in the vacant Pb site at the QD surface. This process,
like in the case of oleylamine, requires the breaking of a covalent Pb-Se bond, but now a
proton transfer must occur to the PbSe surface to make a stable Pb(oleate), molecule.
Unlike amines that undergo fast exchange at the {100} surface, oleic acid must exhibit some

kinetic hindrance to fusion associated with the proton transfer.

If dimer formation is viewed in light of this picture of exposed or ligand-free
surfaces fusing, then our size-dependent dimer formation trends in the presence excess
oleic acid also make sense. PbSe QDs are best modeled as truncated octahedra with 6-
stochiometric {100} facets and 8-high energy {111} facets that undergo surface-atom
rearrangements to lower surface energies and leave the facet Pb-terminated.’® In light of
the fact that different ligands are known to exhibit facet-specific binding affinities'427, and
that oleate-capped QDs are observed to fuse primarily along the {100} faces. This leaves
two possible mechanisms for QD-ligand interactions for oleate capped PbSe: (1) oleate
does not sufficiently passivate the {100} facets of PbSe; or (2) oleate ligands more
efficiently remove Pb atoms from the {100} surfaces. In both cases a larger {100} surface

area would lend itself to greater occurrences of oriented attachment of monomer particles.

In addition to oleylamine, Pb(oleate)2, was employed in the reaction in lieu of oleic
acid. The TEM image analysis was supported by the absorbance spectra which showed

much narrower first exciton peaks for Pb(oleate)z-containing solutions as compared to
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oleic acid, indicating a decrease in size dispersion (Figure 2.10). The difference in

interaction for Pb(oleate); reactions as compared to oleic acid-containing reactions is two-
fold. By adding Pb(oleate); in which there is presumably only a small excess of free oleic
acid molecules, there is less free ligand available to extract Pb at the QD surface. Secondly,
it is now possible that the excess Pb(oleate), molecules bind to the PbSe {100} facets either
through chemisorption or physisorption to surface Se atoms offering some steric hindrance
which impedes the occurrence of oriented attachment. This experiment directly supports
our ligand concentration-dependent dimer formation studies, which show that the higher
the concentrations of free ligand present in the reaction mixture, the greater the dimer

yields.
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Figure 2.10. Dimers Prepared with Pb(oleate): vs Oleic Acid

Absorbance spectra and resulting TEM images for dimers prepared from 7.8 nm quantum
dots in the presence of either Pb(oleate); or oleic acid. Samples were prepared by standard
Schlenk techniques.
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Various knobs can be tuned to affect the dimer concentration in the final reaction
product, however; synthetic conditions were never optimized to the extent that
quantitative dimer yields were observed. Therefore, separation techniques were utilized to
achieve effective segregation of the desired dimer species from monomers and larger QD
oligomers. Initially employed was the general technique of size-selective precipitation of
reaction products using hexane/ethanol as the solvent/non-solvent pair. This method is
commonly employed to improve size distributions in colloidal dispersions and involves
measured addition of non-solvent paired with centrifugation, which causes gradual
flocculation of the largest (least well-passivated) materials first. While this method was
successful at removing some of the largest of QD oligomers, it did not efficiently resolve
monomer and dimer species. As a result, organic density gradients were explored as a
more size-sensitive method.

In addition to PbSe homodimers (dimers composed of the same size and material)
PbSe heterostructures were also prepared using 4.6 and 7.8 nm PbSe QDs. Though
successful addition of large and small QDs was achieved (Figure 2.11), yields for PbSe
heterodimers were very low, giving only ~10% heterostructured products. In this case,

there is no mechanism that precludes the formation of PbSe homodimers as well.
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Figure 2.11. PbSe Heterodimers
TEM image showing PbSe heterodimers prepared from monomers of 2.4 and 6.4 nm. The
image clearly shows continuous lattice fringes between the particles of distinct size.

2.11L.a. Density Gradient Ultracentrifugation

Density gradients paired with ultracentrifugation have traditionally been employed
in the carbon nanotube community to separate tubes of varying physical and electronic
structures. 28 However, this technique has recently been adapted for efficient separations
of Au, CdSe, and CdSe/CdS/ZnSe core/shell nanoparticles from their dimer counterparts in
organic solvents. 2930 Density gradients using ultracentrifugation separate inhomogeneous
dispersions by two different mechanisms both of which require the use of two solvents
with disparate densities. In the first mechanism of separation, or the “true” density
gradient, solvent mixtures of varying composition are carefully layered from “heaviest” to
“lightest” into a centrifuge tube and the material to be separated, dissolved in a minimal

volume of the light solvent, is placed at the top. During centrifugation, particles separate



50
according to their different densities at different positions along the gradient. If the

particle occupies a position where the gradient density is lower than it’s own (rs<rp) then
the particle moves downwards. If rs>1p then the particle moves towards the meniscus. And
if rs=rp then no movement occurs, and the particle is said to have reached the isopycnic
position. The second mechanism of separation involves a similar set-up to the first,
however, now the materials separate strictly as a function of their sedimentation velocity.
31 In this case particles sediment according to their mass, shape, and size with no
significant diffusion back into the simultaneously created density gradient. Nanoparticle
separations employing organic density gradients most probably involve both of these
mechanisms to some degree, though an equilibrium/isopycnic position is likely not

reached.

As a proof of principle, a successful organic density gradient was prepared for
separation of 5.1 nm PbSe QDs with a high starting monodispersity. The mixture was
efficiently separated using graded solutions of 20-60% cyclohexane and carbon

tetrachloride (CCl4) shown below in Figure 2.12.
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Figure 2.12. Size-selective Separation 5.1 nm PbSe QDs

Separations show high monodispersity and sub nanometer resolution for
ultracentrifugation using organic density gradients. *QD sizes were calculated from the
first exciton peak position. Spectra are normalized at the first exciton peak.

Figure 2.12 shows marked shifts in the first exciton peak position as a function of gradient
layer. This suggests that a sub-nanometer resolution for size-selective separations is
possible using organic density gradients and ultracentrifugation. For these gausi- spherical
particles, buoyancy plays a greater role than frictional forces during density gradient
separation, since no equilibrium position is reached by the NPs in solution.

Following successful separations of QD monomers, dimers of 5.1 nm QDs were

prepared and separated as shown in Figure 2.13.
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Figure 2.13. Size-Selective Separation of Dimers from 5.1 nm Monomers

The above figure shows the effective separation of 5.1 nm QD dimer reaction products
using organic density gradients. TEM images show efficient segregation of QD populations
from dimers and larger oligomeric material.

These separations successfully segregate sub-populations of monomers with only ~4 nm
particles showing up in the first layer, ~5 nm particles and some dimer species in the
second layer, and the majority of dimers and larger oligomeric materials residing in the
bottom layer of the gradient. This procedure was repeated with 4.7 nm PbSe QDs and the

subsequent absorption spectra following separation are shown in Figure 2.14.
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Figure 2.14. Separation of 4.7 nm QD Dimer Reaction Products Using Organic Density
Gradients

(Left) Absorption spectra for post synthetic dimer reaction products, and layers 3 and 4
from the density gradient separation. (Right) TEM images showing product separations
following dimer synthesis. Spectra are normalized at the first exciton peak.

TEM analysis reveals that dimer products were predominantly separated into the third
layer, while the largest quasi-spheres are seen in layer four. TEM observations of these
large particles are confirmed in the absorbance spectrum of layer 4 which shows a
noticeable red-shift as compared to the pre-separated particles. Prior to separation, the
characteristic high-energy peak is observed in the absorbance spectrum of post-
synthesized dimers. Interestingly, for layer 3, where dimers have been observed by TEM,
there is no double peak observed in the absorption spectrum of this layer. It is tempting to
deduce that the cause of this peak therefore arises from two sub populations of QDs and is
then resolved into two separate peaks following separations. However, a look at the first

exciton peak width for these reactions suggests that size distributions are actually getting

worse following density gradient separations. We have to conclude that an unknown side-
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reaction is taking place within our QD samples during the density gradient

ultracentrifugation. One possibility is that carbon tetrachloride is etching our particles via
mobile chlorine atoms forming HCI in-situ during separation, and it may be necessary to
find an alternative co-solvent for density gradient separations. Etching of the QDs during
separations may account for the irregular particle shapes observed in Figures 2.13 and
2.14. A second caveat to both of these separations is that the product yields following
density gradient separations is only a few milligrams, which was hardly enough to make a
sample for further spectroscopic characterization. On the mg scale of these reactions,
obtaining enough dimer products to perform further spectroscopic characterization

requires multiple iterations of dimer synthesis and separation.

2.1V. Conclusions and Future Work

Both homodimers and heterodimers of PbSe were successfully synthesized via
oriented attachment of as-prepared, oleate capped PbSe monomers. Dimer yields were
affected by the size of the original nanoparticles, the capping ligand employed,
temperature, and reaction time. Each of these reaction conditions were optimized to
reduce the occurrence of large QD oligomer material and to give homodimer yields of up to
40%. A number of spectral features were observed as a result of dimer formation including
broadening and a red-shift in the first exciton peak as well as the appearance of a high-

energy shoulder peak to the first exciton. Organic density gradients paired with
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ultracentrifugation were employed to achieve moderate segregation of dimer materials

from the various reaction products, however, dimer yields following separation were low

and did not allow for further spectroscopic characterization of the dimer species.

As current dimer yields are very low, future efforts to refine synthetic
techniques towards higher yields should be explored. This may include employment of
different capping ligands to probe how preferential binding on certain crystal surfaces may

affect the appearance of nanopolar domains and in turn the degree to which the QDs fuse.

In addition to further studies with varying capping ligands, manipulation of surface
composition may also lead to higher dimer yields. Especially in the case of heterodimer
structures, it may be necessary to drive the process of oriented attachment by introducing
two monomer QD systems with different surface polarities. For instance, by making the
surface of one nanoparticle anion rich, one may drive oriented attachment to the as-
prepared cation-rich particles. One of the major obstacles that will be faced while
attempting to change the anion/cation ratio of PbSe NCs will be the problem of how to
stabilize surface anions and keep the particle dispersed in the desired organic solvent
(usually tetrachloroethylene, TCE). Thinking about new ways to deliver surface anions

may be the key to the production of such anion-rich QDs.

One of the goals of this study were to present a platform for dimer formation which
could be extended beyond homostructures to a variety of mixed material systems for
further spectroscopic and device characterization. In order to extend the synthetic methods

for producing PbSe homodimers and heterodimers to mixed material heterostructures, a
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number of challenges must first be met. First and foremost, higher initial synthetic

yields are desirable, which may be addressed through the surface modifications previously
mentioned. Initial attempts to make PbSe/PbS heterostructures were unsuccessful, and
still further challenges will arise when making heterostructures from materials with
different crystal structures, as lattice mismatches will present a barrier to dimer formation.
In this case it may be necessary to grow a core/shell particle first to ease lattice strain. If
heterodimer attempts prove successful, larger scale separations are necessary as well as
sensitive characterization techniques to confirm that the desired reaction products have
been obtained. Separations of mixed materials, as was previously show will require

density gradient optimization and most likely use of consecutive gradients.
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Chapter 3:

Control of PbSe Quantum Dot Surface Chemistry and
Photophysics Using an Alkylselenide Ligand

Abstract

We have synthesized alkylselenide reagents to replace the native oleate ligand on
PbSe quantum dots (QDs) in order to investigate the effect of surface modification on their
stoichiometry, photophysics, and air stability. The alkylselenide reagent removes all of the
oleate on the QD surface and results in Se addition; however, complete Se-enrichment does
not occur, achieving a 53% decrease in the amount of excess Pb for 2 nm diameter QDs and
a 23% decrease for 10 nm QDs. Our analysis suggests that the Se-ligand preferentially
binds to the {111} faces, which are more prevalent in smaller QDs. We find that attachment
of the alkylselenide ligand to the QD surface enhances oxidative resistance, likely resulting
from a more stable bond between surface Pb atoms and the alkylselenide ligand compared
to Pb-oleate. However, binding of the alkylselenide ligand produces a separate non-
radiative relaxation route that partially quenches PL suggesting the formation of a dark

hole-trap.
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3.1 Introduction

Precise control over quantum dot (QD) surfaces is an ongoing research challenge
that if solved should lead to a broader impact of QDs in many technological areas. Recent
studies have demonstrated that photophysical properties such as photoluminescence
(PL)Y2, carrier mobility3#, and multiple-exciton generation (MEG)>%, can depend on the QD
surface composition. A better understanding of the QD-ligand interactions and its relation
to surface chemistry will enable greater control of photophysical properties. As an
example, modifying QD surface chemistry by employing surface treatments to lead
chalcogenide (PbX, X=S,Se) QDs has produced QD-films for use in next-generation
photovoltaic structures that have achieved power conversion efficiencies greater than 5%.”
Quantum confined semiconductors offer numerous advantages over bulk semiconductors
for the design of novel opto-electronic applications such as low-cost solution processing®
and enhanced multiple exciton generation. Further advances will necessarily involve better
control over the surface defect states and their passivation.?

Though PbSe QDs are often modeled as quasi-spheres, their surfaces are in fact
multifaceted, and the relative contribution of different facets changes with particle size and
synthetic conditions. The {111} and {100} faces of the PbX rock salt crystal structure are
usually assumed to dominate the QD surface. Under this assumption, the faceted nature

follows that of a truncated-cube as shown in Figure 3.1.



63

7\
b4

Octahedron Truncated Octahedron Cuboctahedron Truncated Cube Cube

Increasing QD Size

Figure 3.1. Size Dependent Morphology for the Pb-Chalcogenides

The shape evolution followed by Pb-Chalcogenide QDs can be understood in the simplified
view of shape evolution of a truncated-cube.

The smallest QDs (~1-3 nm) exhibit the most spherical nature, and are likely truncated
octahedra dominated by 8-{111} faces. As the QDs continue to grow into a size regime
between ~3-8 nm, the interplay between growth along the <111> and <100> directions
favor the lower surface energy {100} face over the higher energy {111} faces and a
cuboctahedron results in crystal termination with roughly equal contributions from the
{100} and {111} faces. Other faces such as the {110} may also be present and recently were
postulated to be responsible for oriented growth of Pb-chalcogenide quantum sheets.10 In
the QD core, (111) planes alternate between all Pb and all Se atoms, while the (100) and
(110) planes are stoichiometric. The actual structure of the QDs likely deviates from this
simple picture, especially for smaller QDs with a larger number of exposed facets leading to
reconstructed lattice planes, as recently observed in CdSe QDs!! and calculated for PbSe
QDs1213, Atomistic calculations show that the surface energies of the various facets can
vary depending on Pb versus Se termination, how the atoms are arranged on the surface
(i.e., atomically flat vs. nano-faceted regions on the larger faces), and the ligand that

terminates the QD.1* Assuming that surface atoms are mobile at room temperature, the

particle faces will rearrange to achieve the lowest possible surface free energy, with the
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stoichiometric {100} face having the lowest surface energy. At the largest sizes, PbSe

QDs are known to undergo a sphere-to-cube transition in which all faces are terminated by
{100} surfaces.121315-17 The quasi-sphere-to-cube transition depends upon the growth
conditions along the <100> and <111> directions and should reflect the relative reactivity
of the anion precursor. While the precise contribution of different facets is difficult to
determine interesting studies have shown that the interplay between ligand-ligand and
ligand-solvent interactions along with the underlying QD morphology can be employed to
tune different QD superlattice configurations.18

Several research groups have found that as-made PbSe QDs are significantly cation-
rich.151920  Moreels et al. introduced a model of a typical PbSe QD where the core is
stoichiometric while all surface Se atoms are terminated by Pb, resulting in a Pb-rich QD
where the calculated Pb:Se ratios match the values measured using analytical techniques.®
Moreels et al. further measured a Pbexcess:0leate ratio of ~ 1, and when accounting for all
surface Pb, this results in two surface Pb atoms per one oleate ligand.?! Therefore, excess
Pb-surface atoms are not compensated by the -1 charge assigned to the oleate ligand
assuming each Pb has a +2 charge and each Se a -2 charge. Recent DFT calculations support
this 2:1 Pbsurface:acid anion ratio for both the {100} and {111} faces as the most stable Pb-
carboxylic acid bonding configuration.16-1822

Altering the anion/cation ratio at the QD surface has been shown to affect both
photophysical and electrical properties and may influence QD film performance. For
instance, PbSe QD films treated with ethanedithiol (EDT) exhibit p-type transport behavior

while hydrazine-treated films exhibit n-type behavior.23 EDT treatment of films produces
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an anion-rich environment while hydrazine treated films retain the cation-rich nature of

the as-prepared QDs. (see Figure 3.3 for details). This is consistent with the behavior of
bulk PbSe where Pb-vacancies lead to p-type behavior while Se-vacancies exhibit n-type
behavior.24 Mid-gap surface states that could serve as carrier trap sites are also highly
dependent on the QD-ligand structure. Stoichiometric ligand-free QDs do not have mid-gap
states.1217.25 However, non-stoichiometric QDs and those with ligands could have mid-gap
surface states that serve as carrier trap sites, which would be highly dependent on the QD-
ligand structure.1217 A better understanding of QD-ligand interactions and control over QD
surfaces will enable a greater control of the electrical properties of these functional QD-
solids.

Here we report the successful addition of Se atoms to the surface of PbSe QDs and
the resulting changes to the photophysical properties that arise from shifting away from
Pb-oleate termination. Se atoms are attached to the QD surface with sufficient passivation
in the form of an alkylselenide ligand. The alkylselenide reagents can be used directly in the
preparation of PbSe QDs or as a post-synthetic treatment to exchange surface oleate

ligands (See Figure 3.2).



66

® Pb
+ H-SeR’ ® O
_H-00CR R Oley
Pb-rich, oleate- R’ Octa

o 4

Figure 3.2. Mechanism of Surface Exchange from Oleate to Alkylselenide
The surface exchange of Pb-oleate-capped QDs for a Se-terminated surface occurs via
proton transfer from the alkylselenol to produce free oleic acid.

capped PbSe NC

Low-temperature PL spectroscopy reveals that addition of the alkylselenide ligand
significantly reduces non-radiative surface trap sites associated with oxidation, presumably
through a strong, relatively stable Pbsut-SeCigH37 interaction. We demonstrate that the
oxidation rate of PbSe films is reduced by the addition of the alkylselenide ligand. In
addition, a new Se-related trap state arises following treatment, as evidenced by a decrease

in photoluminescence quantum yields (PLQYs).

3.11. Results and Discussion

3.1l.a. Aklyselenide Synthesis and QD Addition

Similarly to work by Jasieniak et al. 26 on Se-treated CdSe, we successfully prepared
anion-rich PbSe QDs with an overall Pb/Se ratio of 0.96 through the addition of TOP-Se to
oleate-capped QDs. The resulting QDs were stable in excess TOP-Se and a layer of Pb could

be added to the QD surface by introduction of Pb(oleate),. However, in this case the PL
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properties continually degraded upon successive addition of Pb and Se. In contrast to

CdSe QDs, excess TOP leads to vibrational signatures that mask the optical excitonic
signatures of the PbSe QDs and therefore removing excess TOP is important. However,
after several washes to remove excess TOP-Se, the resulting QDs precipitated presumably
due to non-ligated surface Se. In order to increase the anion/cation ratio of PbSe and retain
colloidal stability, we found it necessary to develop a methodology that incorporates a
solubilizing group with the large Se anion at the particle surface, that unlike TOP, will not
leave as a neutral molecule upon washing.

Two alkylselenide reagents were prepared from adapted literature procedures,
dioctadecyl diselenide, [CH3(CH2)17Se]2 (1), and octadecylselenol, CH3(CHz)17SeH (2).2” The
selenol 2 was determined to be the active species for Pbsuf—0leate exchange via proton
transfer from 2 to form free oleic acid and a PbsuSeCigH37 group (Figure 3.2). The
diselenide 1 is easily transformed in-situ to 2 through the use of 1 equiv of
diphenylphosphine (DPP) as a reductant, analogous to the well-known reaction of
secondary phosphines with disulfides.?8 Although 2 exhibited fast ligand exchange
reactivity (1-2 min), due to its potential instability towards air and moisture, the air-stable
diselenide 1 was used for the bulk of the surface chemistry reported here, and is
convenient in the procedures developed here due to the presence of DPP (or other
secondary phosphines) in PbSe QD preparations.

Alkylselenide-terminated QDs are produced using two methods. The first method
utilizes an in-situ selenide termination via a two-injection synthesis procedure beginning

with a solution of Pb(oleate), (from lead oxide and oleic acid). The first injection solution is
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the commonly employed trioctylphosphine selenide (TOP-Se) with 0.08 equiv of DPP vs

Se to nucleate and grow oleate-capped PbSe QDs at 160 °C. After the desired growth time is
reached, a second injection of 1 in chl