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ABSTRACT OF THE DISSERTATION 

Wave Function Engineering in CdSe/PbS Core/Shell Nanocrystal Heterostructures 

by 

Brian M. Wieliczka 

Doctor of Philosophy in Chemistry 

Washington University in St. Louis, 2019 

Professor Richard A. Loomis, Co-Chair 

Professor William E. Buhro, Co-Chair 
 

Colloidal semiconducting nanocrystals hold significant potential for third generation 

photovoltaics as solution processable materials that can surpass the Shockley-Queisser limit 

through multiexciton generation. In pursuit of this goal, the synthesis and optical characterization 

of CdSe/PbS core/shell quantum dots is reported.  The spectroscopic behavior of these particles 

demonstrates their potential for use in optoelectronic devices, taking advantage of wave function 

engineering of the electron and hole. The rock salt PbS shell grows on all sides of the underlying 

zinc blende CdSe quantum dot, creating a core/shell structure. With increasing shell thickness, 

the band edge absorption and photoluminescence transitions decrease in energy as a result of 

reduced quantum confinement. At the same time, the strength of the first absorption transition 

decreases by over an order of magnitude relative to the higher energy transitions due to reduced 

electron—hole wavefunction overlap in the core/shell quantum dots. This leads to a tunable 

energetic shift of up to 550 meV between the onset of strong absorption and photoluminescence. 

These proposed changes in wave function overlap are further corroborated by effective mass 

approximation wave function calculations, which indicate a transition between quasi-type-I and 

quasi-type-II behavior. These results demonstrate the prospects for this system as luminescent 
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solar concentrators with a tunable emission energy with prospects for multiexciton generation in 

third generation photovoltaics. 

 

The same synthetic scheme can be used to synthesize CdSe/PbS core/shell nanoplatelets, 

allowing for applications requiring directional charge transport. The PbS shell growth results in a 

change of morphology of the nanoplatelets from rectangular to oval shaped with increasing 

thickness. The distinct heavy hole, light hole, and split off hole transitions in CdSe nanoplatelets 

make this system a useful tool for further probing the effects of the changing wave functions on 

the spectroscopy and dynamics. The changes to the spectral properties of the nanoplatelets were 

rationalized using a model of the differing band structures of CdSe and PbS. The band gap of 

CdSe occurs at the Γ point, where the gap between the conduction and valence bands of PbS is 

large, while the band gap of PbS is at the L point, where the gap between the conduction and 

valence bands of CdSe is large. This leads to differing absorption transition energies and 

strengths with increasing PbS shell thickness. The charge carrier wave function overlap is further 

studied by measuring the photoluminescence lifetimes, which increase with increasing shell 

thickness, suggesting the wave function overlap between the electron and hole at the band gap 

decreases. 

 

The shape changes induced during PbS shell deposition on CdSe nanoplatelets is also 

investigated by treating the nanoplatelets with a variety of chemical precursors used in the PbS 

shell synthesis. The lead precursor, lead oleate, is found to etch the CdSe nanoplatelets. 

Transmission electron microscopy images show that both the size and shape of the nanoplatelets 

change with etching, but the morphology of the product nanocrystals varies depending on the 
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lead oleate solvent. Etching in the presence of non-coordinating solvents causes the formation of 

nanodots separate from the CdSe nanoplatelets, while etching in the presence of a coordinating 

solvent, octylamine, causes the formation of nanodots attached to the CdSe nanoplatelets. 

Absorption spectroscopy of the nanoplatelets with varying etching times shows a modest shift of 

the absorption features to higher energy. With increased etching, the nanoplatelet width 

decreases, causing the quantum confinement to increase, and resulting in the observed spectral 

shift. Elemental analysis of the product nanocrystals indicates that the newly formed nanodots 

contain lead. Together, these results suggest that the etching begins from the smallest {110} 

edges of the nanoplatelets, which also explains the observed shape changes to the nanoplatelets 

during the CdSe/PbS core/shell nanoplatelet synthesis. 
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Chapter 1: Introduction 
Parts of this chapter were reproduced with permission from: Wieliczka, B. M.; Kaledin, A. L.; 
Buhro, W. E.; Loomis, R. A., Wave Function Engineering in CdSe/PbS Core/Shell Quantum 
Dots. ACS Nano. 2018, 12, 5539-5550. Copyright 2018 by the American Chemical Society.  

1.1 Motivation 
Climate change caused by anthropogenic greenhouse gas (GHG) emissions, or those 

originating from human activity, is a significant threat to humanity. Agricultural costs due to 

reduced crop yield have been estimated to be $8.5 per ton CO2 emissions.1 With climate change, 

storms will not only increase in power, but more powerful storms will occur more frequently.2 

These storms are responsible for destruction of property, death, and displacing people. While the 

effects of these storms will only increase, we already experience the effects of extreme weather; 

since 2008, 21.5 million people have been displaced every year as a result of extreme weather.3 

Agriculture will also be disrupted, putting particular strain on the poorest in developing 

countries.4   

Anthropogenic GHG emissions come from a variety of sources, but a major component 

of these emissions is from fossil fuels used for power.5 Despite recent advances in the 

deployment of renewable energy, these advances will not be sufficient to achieve the GHG 

emissions targets set by the Paris climate accords. The economically-motivated Bloomberg New 

Energy Outlook (NEO) projects carbon emissions to drop by only 37% in a most likely scenario 

and by 59% in the event of a forced phase out of coal.6 Both of these paths fall far short of the 

emissions reductions required to avert a +2 °C change in global temperatures. In the NEO 2018 

projection, GHG emissions are projected to drop by approximately 37% of their current levels, 

whereas a path to the +2° C target requires GHG emissions to drop by almost 93% by 2050.6  
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The development of new technology aimed at accelerating the transition from fossil fuels 

to renewable energy is imperative. The work on semiconducting nanoparticles presented here is 

primarily motivated by this need. This dissertation is focused on developing and characterizing 

new, solution-processable materials that could enable the production of highly efficient solar 

cells at a much lower cost. The average cost of solar power is measured in dollars per Watt of 

solar capacity. This means that the average cost of installing solar power systems can be 

decreased in one of two ways. First, the cost to produce the same capacity of solar power can be 

reduced through incremental technological advancements and economies of scale, which has 

already occurred dramatically over the past seven years.5 Second, by increasing the total wattage 

(the total efficiency) from each panel, the overall cost per watt can also be reduced. Increasing 

the efficiency of these panels is extremely important because the costs of the panel hardware, 

including the glass, AC/DC converter, and circuitry, are significant and will not change much.5 

New semiconductor systems have the potential to dramatically increase the efficiency of the 

solar cells, thereby reducing the total cost of solar power.  

1.2 Introduction to Semiconductors 
Shared electrons serve as the bases for covalent bonding. In the simplest molecule, H2, 

each hydrogen atom in its ground state contributes a single electron occupying its 1s atomic 

orbital. These two 1s atomic wave functions can constructively interfere to create a bonding 

molecular orbital (σ1s) or destructively interfere to form an antibonding molecular orbital (σ1s*). 

The bonding σ1s molecular orbital, which has a lower energy than the 1s atomic orbitals, is 

occupied by two electrons in the ground state of molecular hydrogen. The antibonding σ1s* 

molecular orbital, meanwhile, is empty in the ground state.  
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This simplistic example of diatomic molecular orbital theory serves as an example for 

how electron orbitals interact in molecules to form occupied or unoccupied states. In bulk 

materials, there are many interacting atoms, each with many electrons, that interact to form states 

grouped into bands. The highest-energy, occupied states of the unexcited material form the 

valence band (VB), while the lowest-energy, unoccupied states form the conduction band (CB). 

The difference in energy between the VB maximum (VBM) and the CB minimum (CBM) dictate 

whether the material behaves as an insulator, a metal, or a semiconductor.  

In insulators, the energetic gap between the VBM and CBM is very large. Electrons are 

stationary in the VB and require a very large amount of energy to access the CB, where they can 

be mobile. On the other hand, metals require a very small amount of energy to excite an electron 

since the VB is only partially filled. As a result, electrons in metals can be mobile in the VB 

without the large energetic transition required to access a higher energy band.  

Semiconductors represent a middle ground between insulators and metals. Like 

insulators, there is an energetic gap between the VBM and CBM (the band gap), but unlike 

insulators, this gap is relatively small. The band gap varies significantly depending on the 

semiconductor material, ranging approximately from 0.3 to 4 eV.7 This dissertation focuses on 

two semiconductors, CdSe and PbS, that have band gaps of 1.74 eV and 0.37 eV, respectively.7-9 

Of particular interest is the effects of these materials’ structure on their optoelectronic properties. 

CdSe and PbS are crystalline materials, and therefore the atoms are arranged in a 

periodic, repeating lattice. CdSe nanoparticles can be synthesized in either the wurtzite (WZ) or 

zinc blende (ZB) crystal structures.10,11 WZ is a close-packed structure forming a hexagonal unit 

cell. ZB, on the other hand, is a face-centered cubic crystal structure in which the Se atoms form 

a cubic anionic sublattice and the Cd atoms occupy half of the available tetrahedral interstitial 



4 
 

sites in the anionic sublattice.12 PbS crystalizes in the rock salt (RS) structure. RS is also a face-

centered cubic structure, similar to the ZB structure, in which the chalcogen atoms (S atoms) 

form a cubic anionic sublattice. In RS, however, the Pb atoms occupy octahedral interstitial sites 

in the sublattice.12 Due to the similarity in the ZB and RS crystal structures, particularly the 

common cubic anionic sublattice, this work focuses on CdSe in the ZB crystal structure and 

heterostructures of CdSe(ZB)/PbS(RS).  

1.3 Semiconductor Band Structure 
When an electron is promoted from the VB to the CB in a semiconductor, a region of 

electron deficiency is created in the VB, called a hole, which behaves as a positively charged 

particle. An electron’s or hole’s movement through the periodic potential of a semiconductor 

crystal can be described by the electron or hole momentum, represented by the wave vector k. 

This leads to the classification of semiconductors as one of two types, direct and indirect, based 

on the relationship between k and the band gap. In direct band gap semiconductors, the CBM and 

VBM are at the same value of k.13 In an indirect band gap semiconductor, the CBM and VBM 

have different values of k.13 Therefore, exciting an electron from the VBM to the CBM in an 

indirect gap semiconductor requires a change in the value of k or the momentum of at least one 

of the charge carriers. This can be done by coupling the electronic excitation with crystal lattice 

vibrations that carry momentum (phonons). Since the optical transitions (absorption or emission) 

must be accompanied by a coupling to phonons, these transitions are typically less intense and 

the transition probability is typically lower than the corresponding band edge transitions in direct 

band gap semiconductors. CdSe and PbS are direct band gap semiconductors. 

Since a crystal structure has well-defined atomic positions and potential energy 

landscapes that are dictated by the bonding orbitals and elements comprising the crystal, the 
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energetics of a charge carrier moving through a crystal depend uniquely on the direction of 

motion. The wave vector k describing the charge carrier momentum along these different 

crystallographic directions is affected by the atomic positions, the orientation of orbitals, and the 

electron density. Consequently, the energies of the electronic states of a crystalline 

semiconductor material depend on the value of k, leading to a band diagram, or a map that 

indicates the possible electronic energies for all directions and values of k.14 The direction of k 

can be described in the Brillouin zone, which is the equivalent of the unit cell in momentum 

space rather than in real space. The Brillouin zone differs for different types of atomic packing in 

the crystal structure. Since CdSe and PbS are both face-centered cubic, they share a common 

Brillouin zone.14 In each different Brillouin zone, different crystallographic directions 

correspond to different named points. In the face-centered cubic Brillouin zone, the (0,0,0) point 

is the * point, and (1/2,1/2,1/2) is the L point. The VB and CB energies of CdSe and PbS at the * 

and L points are shown in Figure 1-1 with the continuum of states in the VB and CB associated 

with translational kinetic energy of charge carriers within each band (shaded boxes).15,16 The 

Figure 1-1. Schematic of band energies of CdSe and PbS at the * and L points. The 
shaded boxes represent the continuum of states in the conduction (top) and valence 
(bottom) bands of the semiconductor. The energies of the band edges are relative to the 
PbS valence band maximum set at 0 eV.7-9,15,16 
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band gap of CdSe (1.74 eV) occurs at the * point, where the gap between the VB and CB of PbS 

is significantly larger (8.05 eV) than its band gap.7,9,15 The band gap of PbS (0.37 eV) occurs at 

the L point, where the gap between the VB and CB of CdSe is also significantly larger (4.40 eV) 

than its band gap.7,8,16 These band energies are important to consider in the understanding of the 

optoelectronic properties of these crystalline semiconductors (discussion continued below).  

1.4 Effective Mass Approximation 
The periodicity of the crystal structure also changes the effective mass of the charge 

carriers. In vacuum, the electron mass is a well-known constant: 9.11 × 10−31 kg. Within a 

semiconductor crystal structure, however, an electron behaves as if its mass is different, giving it 

an effective mass, 𝑚𝑒
∗ . This effective mass, which is a fitted parameter based on the curvature of 

the electronic energy plotted versus k near the CBM, is a function of the interactions between the 

excited electron (in the CB), nuclei and VB electron density in the crystal.13,17,18 The electron 

effective mass is calculated by fitting the CB energy to a parabola, Eq. (1.1) 𝐸 = ℎ2𝑘2

8𝜋2𝑚𝑒
∗, where h 

is Planck’s constant and k is the wave vector. As a result of the dissimilar electronic permittivity, 

bonding, and lattice parameters of different crystalline materials, electrons in different materials 

have different effective masses. Similarly, since holes behave as positively charged particles, the 

holes also exhibit an effective mass, 𝑚ℎ
∗ , based on the curvature of the electronic energy plotted 

versus k near the VBM. These electron and hole effective masses are commonly expressed in 

fractions of the bare electron mass (the mass of the electron in a vacuum, 9.11 × 10−31 𝑘𝑔). The 

temperature can also change the electron effective mass since the crystal structure and carrier 

interactions within a material depend on temperature. 
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1.5 Excitons 
After excitation, the electron and hole experience a mutual Coulombic attraction. If the 

Coulombic attraction is large enough, the electron and hole can be bound together with an 

equilibrium distance, termed the Bohr radius, 𝑟𝐵, forming an exciton. Since the Coulombic 

attraction between the electron and hole is determined by the permittivity of the semiconductor, 

𝑟𝐵 varies for different materials.13,17 Some materials exhibit a high dielectric constant, and there 

is significant screening of the electrons within the material. As a result, there is weak Coulombic 

attraction between the electron and hole and a large Bohr radius in these materials. On the other 

hand, in a material with a low dielectric constant there is little screening, and a strong Coulombic 

attraction and a small Bohr radius results. 

The Coulombic attraction between the bound electron and hole is analogous to that in a 

hydrogen atom. Like the electron and proton in a hydrogen atom, the electron, hole, and exciton 

in a semiconductor behave quantum mechanically with discrete energies and quantum 

mechanical wave functions. The discrete energy levels of an exciton can be approximated by the 

equation Eq. (1.2) 𝐸𝑛 = 𝜇𝑒4

6ℎ2𝑛2𝜀0
2𝜀𝑠𝑒𝑚𝑖

2 , where μ is the reduced mass of the electron and hole (𝜇 =

𝑚𝑒
∗𝑚ℎ

∗

𝑚𝑒
∗ +𝑚ℎ

∗ ), e is the charge of the electron (1.602 × 10−19 𝐶), h is Planck’s constant 

(6.626 × 10−34 𝐽 ∙ 𝑠), n is a quantum number associated with the exciton state, 𝜀0 is the vacuum 

permittivity (8.854 × 10−12 𝐹 ∙ 𝑚−1), and 𝜀𝑠𝑒𝑚𝑖 is the dielectric constant of the semiconductor 

(𝜀𝐶𝑑𝑆𝑒 = 9.4, 𝜀𝑃𝑏𝑆 = 17).17,18 The binding energy, which is the energy of the n = 1 excitonic 

level (𝐸𝑏 = |𝐸1|), is typically very weak in bulk semiconductors as a result of screening of the 

electric field by the semiconductor crystal lattice: ~5 meV in CdSe and 3.968 meV in PbS.8,9,14 In 

comparison, the electric field is significantly less screened in vacuum, and as a result, the binding 



8 
 

energy of the electron in the H atom (13.6 eV) is ~3000 times stronger. This binding energy and 

the wave function nature of the electron and hole result in an equilibrium distance between the 

electron and hole that is analogous to the equilibrium distance between the nucleus and electron 

in the hydrogen atom. The exciton Bohr radius can be approximated by the equation Eq. (1.3) 

𝑟𝐵 = 𝜀𝑠𝑒𝑚𝑖𝜀0ℏ2

𝜇𝑒2 , where ℏ is Planck’s constant h divided by 2S.19 The exciton Bohr radius is 5.6 nm 

in CdSe and 18 nm in PbS.20,21 The stronger the Coulombic interaction, the shorter the exciton 

Bohr radius. Note, the dielectric constant is known for CdSe in the WZ structure but has not been 

reported for ZB. The exciton binding energy and Bohr radius are therefore calculated for the WZ 

phase. The difference in the crystal structure may change the exciton binding energy and Bohr 

radius, but these values are expected to be close to the values for the ZB phase of CdSe. 

1.6 Quantum Confinement 
When a sample of semiconductor material is significantly larger than the exciton Bohr 

radius, an equilibrium distance between the bound electron and hole, 𝑟𝐵, is established. As the 

crystal size of a semiconductor is decreased, approaching 𝑟𝐵, the equilibrium distance between 

the electron and hole is reduced, and the wave functions of the exciton, electron, and hole 

become perturbed. The resulting energies and wave functions of the electrons and holes in these 

semiconductor nanocrystals are similar to the simplistic quantum mechanical particle in a box 

(PIB) model for size ranges in the quantum confinement regime.18 

The PIB model is easiest described for the one-dimensional (1D) case. In a 1D PIB, a 

quantum-mechanical particle is confined to a region of space by an infinite potential. The total 

energy of the quantum-mechanical particle is given by Eq. (1.4) 𝐸𝑡𝑜𝑡 = 𝑉𝑏𝑜𝑥 + 𝐸𝑛, where 𝑉𝑏𝑜𝑥 is 

a constant potential energy inside the box, and 𝐸𝑛 is the kinetic energy of the quantum-confined 
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state, given by Eq. (1.5) 𝐸𝑛 = 𝑛2ℎ2

8𝑚𝐿2. n is a positive integer used to identify the eigenstates 

(discrete wave functions) and their energies. m is the mass of the particle, and L is the length of 

the box.13 Eq. (1.5) reveals three important relationships. First, with increasing n, the energy of 

these kinetic energy states increases quadratically. Second, the smaller the mass of the quantum-

mechanical particle, the larger the kinetic energy of each state n. Lastly, the energies of the 

quantum-confined states are inversely proportional to the length of the box; with decreasing 

length, the energies of the states increase. 

Quantum confinement can occur in each of the three spatial dimensions with the 

contribution from each to the kinetic energy being additive, given by Eq. (1.6) 𝐸𝑛𝑥,𝑛𝑦,𝑛𝑧 =

𝑛𝑥
2ℎ2

8𝑚𝐿𝑥
2 + 𝑛𝑦

2ℎ2

8𝑚𝐿𝑦
2 + 𝑛𝑧

2ℎ2

8𝑚𝐿𝑧
2 or more simply Eq. (1.7) 𝐸𝑛𝑥,𝑛𝑦,𝑛𝑧 = ℎ2

8𝑚
(𝑛𝑥

2

𝐿𝑥
2 + 𝑛𝑦

2

𝐿𝑦
2 + 𝑛𝑧

2

𝐿𝑧
2) for the 

directions x, y, and z in a simple three-dimensional cuboid PIB model. In semiconductor 

nanoparticles, this model is directly applied to the electron and holes. The mass of the particle is 

the effective mass of either the electron or hole, the length corresponds to the dimensions of the 

nanoparticle, and the potential inside the box is determined by the CBM (VBM) for the electron 

(hole). While in a bulk semiconductor, the electrons and holes occupy bands, in semiconductor 

nanoparticles, the electrons and holes occupy discrete kinetic energy states shifted to higher 

energies due to quantum confinement. The band gap of quantum confined nanoparticles is 

therefore greater than the bulk band gap by an amount approximated by 𝐸1,1,1 =

ℎ2

8
( 1

𝑚𝑒
∗ + 1

𝑚ℎ
∗ ) ( 1

𝐿𝑥
2 + 1

𝐿𝑦
2 + 1

𝐿𝑧
2). 

Different shapes of particles can result in varying quantum confinement in different 

dimensions. In semiconductor quantum dots (QDs), which are small, approximately spherical 

nanoparticles, the electron and hole are confined in the radial dimension.22 The wave functions 
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and energy levels for this spherical quantum-confinement system are determined by solutions of 

the spherical Bessel functions and depend on two quantum numbers, n and l. The energies, 𝐸𝑛,𝑙
𝑒 , 

of the quantum confined states of the electron can be approximated by Eq. (1.8) 𝐸𝑛,𝑙
𝑒 = ℎ2𝜙𝑛,𝑙

2

2𝜋2𝑑2𝑚𝑒
∗, 

where 𝜙𝑛,𝑙 is the value of the nth root of the spherical Bessel function, and 𝑑 is the diameter of 

the QD. Similarly, the quantum confined states of the hole (𝐸𝑛,𝑙
ℎ ) can be approximated using the 

hole effective mass Eq. (1.9) 𝐸𝑛,𝑙
ℎ = ℎ2𝜙𝑛,𝑙

2

2𝜋2𝑑2𝑚ℎ
∗ . The transition energy, 𝐸𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛, between a 

particular electron and hole state can be approximated by Eq. (1.10) 𝐸𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 = 𝐸𝑔
𝑏𝑢𝑙𝑘 +

 𝐸𝑛,𝑙
ℎ +  𝐸𝑛′,𝑙′

𝑒  where 𝐸𝑔
𝑏𝑢𝑙𝑘 is the bulk band gap. Since the transition energy can be calculated 

between electron and hole states with dissimilar n and l quantum numbers, n’ and l’ are used to 

describe the quantum numbers n and l associated with the electron state. The band gap energy of 

the QDs, 𝐸𝑔 is equal to the transition energy for n = 1 and l = 0 for both the electron and hole, 

𝐸𝑔 =  𝐸𝑔
𝑏𝑢𝑙𝑘 +  𝐸1,0

ℎ +  𝐸1,0
𝑒 . The order of the spherical Bessel functions (0, 1, 2… or S, P, D…) 

corresponds to the angular momentum quantum number, l, of the wave function. The indexed 

number of the root of the wave function gives the principal quantum number, n. For example, the 

0th order spherical Bessel function, Eq. (1.11) 𝑗0(𝑥) = sin (𝑥)
𝑥

, is used for the energies of the S 

wave functions.23,24 The value of the first root of this function, 𝜙1,0 = 3.14, is used for the n = 1 

state, or the 1S wave function, and the value of the second root, 𝜙2,0 = 6.28, is the solution for 

the n = 2 state, or the 2S wave function. The spherical Bessel functions corresponding to l = 1 

and l = 2 are Eq. (1.12) 𝑗1(𝑥) = sin (𝑥)
𝑥2 − cos (𝑥)

𝑥
 and Eq. (1.13) 𝑗2(𝑥) = ( 3

𝑥3 − 1
𝑥
) sin(𝑥) −

3
𝑥2 cos (𝑥), and the nth roots are precisely known.24 The different 𝜙𝑛,𝑙 can be used to estimate 𝐸𝑛,𝑙 

for a QD with a given composition and size. 
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In semiconductor quantum wires, which have cylindrical shapes with a single, long 

dimension (much longer than the Bohr radius), but have a small diameter, the electron and hole 

experience 2D confinement.25 These wave functions and energies are determined by solutions to 

the cylindrical Bessel functions, which are also dependent on two quantum numbers n and l that 

similarly correspond to the nth root of the lth order of the cylindrical Bessel function.26 Similar to 

the QDs, the energy of the quantum confined states for each charge carrier in QWs can be 

estimated with Eq. (1.14) 𝐸𝑛,𝑙
𝑒 = ℎ2𝜙𝑛,𝑙

2

2𝜋2𝑑2𝑚𝑒
∗ for the electron or Eq. (1.15) 𝐸𝑛,𝑙

ℎ = ℎ2𝜙𝑛,𝑙
2

2𝜋2𝑑2𝑚ℎ
∗  for the 

hole except the 𝜙𝑛,𝑙 term here is the value of the nth root of the cylindrical Bessel function, not 

the spherical Bessel function, and 𝑑 is the nanowire diameter. 

Lastly, 1D confinement can occur in semiconductor nanoplatelets (NPLs) with large 

lateral sizes (lengths and widths) and very small thicknesses. These thicknesses can be as small 

as 3.5 monolayers of the semiconductor and can be controlled with high precision for cadmium 

chalcogenide NPLs.27-30 The very small thickness of the NPLs gives rise to quantum 

confinement, while the two lateral dimensions of the NPLs, length and width, are large enough 

that they do not significantly contribute to the confinement energies. As a result, the quantum 

confinement in NPLs is best described using the 1D PIB model, Eq. (1.5).27,31 If the length and 

width of the nanoplatelet approach the size of the exciton Bohr radius, the charge carriers can be 

weakly confined in these dimensions, but the energies of the NPLs tend to be dominated by the 

thickness, especially for very thin nanoplatelets. 

With decreasing sizes, the carriers in the semiconductor nanoparticles experience 

increasing quantum confinement, and the energy of the electron (hole) in an excited system 

increases (decreases) relative to the bulk CBM (VBM). This directly affects the energy of the 

first absorption transition. In bulk materials, absorption transitions access a continuum of states 
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at or above the bulk band gap. The band gap absorption transition in semiconductor nanocrystals 

must access quantized or discrete states corresponding to the lowest energy quantum numbers for 

both charge carriers (n = 1, l = 0 for QDs, n = 1, l = 0 for QWs, and n = 1 for NPLs) that are 

shifted to higher energy than the bulk due to quantum confinement. Above the band gap, 

absorption transitions in semiconductor QDs must access discrete states (corresponding to larger 

quantum numbers) while absorption transitions in NPLs or QWs must access states with a 

discrete onset and a continuum above. For example, the bulk band gap of zinc blende CdSe is 

1.74 eV, but the lowest energy absorption transition in a zinc blende CdSe QDs can be tuned 

from 2.6 to 2.0 eV for 2 to 5 nm diameter particles, respectively.9,32,33 Controlling the sizes of 

nanomaterials and thus the degree of quantum confinement is therefore a powerful method for 

tuning the absorption and emission energies of a semiconductor.  

1.7 Core/Shell Heterostructures 
While tuning of the band gap energy of a semiconductor is possible through varying the 

degree of quantum confinement by changing the particle’s size, these changes are relatively 

limited. A heterostructure, or the combination of at least two different semiconductors with at 

least one interface, is a potent method of tuning both the optical properties, such as the band gap 

energy, and the excitonic properties, such as the excitonic binding energy and 𝑟𝐵.34  

Nanoparticle heterostructures can occur in one of several physical conformations, but this 

dissertation will focus on core/shell semiconductor heterostructures (Figure 1-2). A core/shell 

heterostructure is one in which a semiconductor nanocrystal (the core) is overcoated with a 

different semiconductor (shell). In Figure 1-2, the possible energies of the VB and CB of the core 

(red) and shell (black) are represented by shaded boxes.  
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The band alignment of the core and shell CBM and VBM changes the overall electronic 

and optical properties of the heterostructure. The electron and hole can be treated as point 

charges that, upon excitation, must be at the same point in real space for a strong absorption 

transition. Additionally, since momentum must be conserved, the absorption transition must 

occur between charge carriers with the same value of k. After excitation, the electron and hole 

quickly relax to the lowest energy states via phonon coupling. Radiative recombination from the 

lowest energy electron and hole states can then lead to photoluminescence (PL). As a result of 

these limitations, the strongest absorption transitions in a heterostructure are vertical while the 

PL transitions can be either vertical or diagonal in a band energy diagram, as in Figure 1-2. For 

charge carriers to be at the same point in real space, the absorption transition must occur between 

the VB of the shell and the CB of the shell or the VB of the core and the CB of the core (so-

called “vertical” transitions) and cannot occur between the VB of the shell and the CB of the 

core (a “diagonal” transition).  

Figure 1-2. Schematic of band energies in core/shell heterostructure types. The bulk 
continuum of states are represented by shaded red (core) and black (shell) boxes. The 
higher (lower) energy band states correspond to the conduction (valence) bands.  
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The bulk band alignments of the core and shell can be classified as different types, three 

of which are important for this work: type-I, inverse type-I, and type-II. 

Type-I. In type-I heterostructures, the VBM of the core is higher in energy than the VBM 

of the shell, while the CBM of the core is lower in energy than the CBM of the shell. Vertical 

absorption transitions at high energy can occur in either the core or shell, but absorption at lower 

energy (near the core bulk band gap) can only occur in the core. The electron (hole) in type-I 

heterostructures usually relax to the lowest (highest) energy state in the CB (VB). PL is therefore 

typically only the result of radiative recombination between the core CB and VB states. 

Inverse Type-I. In inverse type-I heterostructures, the VBM of the shell is higher in 

energy than the VBM of the core, and the energy of the CBM of the shell is lower than the CBM 

of the core. Similar to type-I heterostructures, high energy absorption events can occur between 

the VB and CB of either the core or the shell. Absorption at low energy, however, can only occur 

between VB and CB states in the shell. Relaxation of the charge carriers into their lowest energy 

states results in emission from the shell. Additionally, since charge carriers typically relax to 

states in the shell, they are available for extraction in an electronic device.  

Type-II. In type-II heterostructures, the band gaps of the core and shell materials are 

offset. In this type-II example, the lowest energy CBM is in the core region while the highest 

energy VBM is in the shell, as shown in Figure 1-2. In type-II heterostructures, the absorption 

transition must occur either in the core or shell, but in the example shown, the electron relaxes 

into the core while the hole relaxes into the shell. Emission can occur between the core CB and 

the shell VB states, which is significantly lower in energy than the first strong absorption 

transition. 
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Careful design of a heterostructure can be used to leverage the energetic differences 

between the CBM and VBM of two different materials to drive efficient charge separation or 

combination. Type-II heterostructures can spatially separate electron and hole wavefunctions so 

that the charge carriers can be separately steered towards different spatial regions, such as the 

anode and cathode in a device.34,35 The opposite scenario, in which the semiconductor band 

potentials lead to the electron and hole occupying the same region in a heterostructure (type-I) 

leads to charge combination, which is particularly useful for the efficient emission of light.36,37 

While the tuning of band gap energies in QDs through size and quantum-confinement effects is 

now common, a core/shell heterostructure provides two additional degrees of freedom for tuning 

the energetics of the nanoparticle: the shell material and thickness.  

1.8 Wave Function Engineering 
To a first approximation, the behavior of the charge carriers in a heterostructure can be 

predicted by treating them as point charges, but like core nanocrystals, the electron and hole 

states are quantized with discrete energies and wave functions that are more complex than the 

VBM and CBM energies. In nanocrystals with a single composition, the PIB model can be used 

to estimate the quantum confinement energies and wave functions of electrons and holes. The 

states in a core/shell heterostructure can be calculated using a perturbed PIB model that depend 

on (1) the dimensions of the core and shell, (2) the effective masses, and (3) the VBM and CBM 

in the different regions.  

These perturbations to the simple PIB model in heterostructures can be used to control 

the localization of the charge carrier wave functions, called wave function engineering. Apart 

from changing the wave function behavior by selecting two semiconductors with desired CBM 

and VBM offsets, the electron and hole localization can be tuned by changing the core size or 
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shell thickness. While the ZnSe/CdSe bulk band alignment is classified as inverse type-I, the 

charge carrier localization ranges from type-I (thin shell) to type-II (moderate shell thickness) to 

inverse type-I (thick shell) with a fixed core size.38 

It is tempting to view the bulk CBM and VBM potentials as strict indicators of electron 

and hole localization in core/shell heterostructures. For example, an electron in the CB of a type-

I core/shell bulk heterostructure would have the lowest potential in the core and would therefore 

be expected to be localized in the core. In a quantum-confined semiconductor nanoparticle, 

however, the electrons and holes behave quantum mechanically, and where they are likely to be 

found in the nanoparticle is dictated by the probability density, or 𝛹2 of the state. The potential 

energy mismatch plays a role in determining the wave function and associated eigenstate energy, 

but it is not always a straightforward predictor.  

Heterostructures comprised of CdSe and CdS serve as a good example of this complexity. 

CdSe/CdS core/shell QDs are formally a type-I system based on the bulk band edges, and both 

the electron and hole might be expected to be localized in the core region of the QDs.7 Consider 

a heterostructure with a 3.0 nm thick CdS shell grown on a 3.8 nm diameter CdSe core.39 For 

these QDs, the energy of the lowest quantum-confinement state in the CB is above the CBM of 

the CdS shell, and the electron wave function can sample the entire QD. The energy of the 

lowest quantum-confinement state in the VB is above the VBM of the CdS shell, and the hole 

wave function remains localized in the core region of the QD. Due to quantum confinement, the 

electron has significant wave function amplitude (and therefore radial probability density) in the 

shell.39 Since the lowest state of the electron in these CdSe/CdS core/shell QDs is delocalized 

and that of the hole is localized, the general type-I and type-II classification breaks down, and 

this type of heterostructure is commonly referred to as quasi-type-II. Like type-II 
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heterostructures, the wave function overlap of the electron and hole in a quasi-type-II system is 

reduced, despite the type-I alignment based on the bulk CBM and VBM energies, but the 

separation of the carriers is incomplete. 

1.9 k-space Engineering 
Core/shell heterostructures comprised of semiconductors with CBM and VBM at 

different points in k space offer another opportunity for tuning the optoelectronic properties of 

nanoparticles. As mentioned in Section 1.3, CdSe and PbS are both direct band gap materials, 

but the band gaps occur at different points in k space, illustrated in Figure 1-1. The bulk band 

energies for a CdSe/PbS core/shell heterostructure are shown in Figure 1-3. The bulk band 

alignment of CdSe/PbS core/shell nanocrystals is type-I at the * point,14 but at the L point, the 

alignment is inverse type-I.14 Thus, if a photon is absorbed at low photon energies near the * 

point both the electron and hole will be confined to the core. At higher excitation energies, the 

electron or hole states accessed could be delocalized over the entire nanoparticle. The carriers 

would relax down to the lowest states within the core region and may radiatively recombine. In 

Figure 1-3. Schematic of band energies of CdSe/PbS core/shell nanocrystals at the Γ and 
L points showing type-I and inverse type-I heterostructure behavior, respectively, based on 
the bulk band energies. The bulk continua of states of CdSe (red) and PbS (black) are 
represented by shaded boxes.7-9,15,16 
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contrast, an electron photoexcited from the VB to the CB at the L point could remain localized in 

the shell region at lower excitation energies as a result of the inverse type-I band alignment. At 

higher excitation energies, the electron and hole states accessed could be delocalized, but the 

carriers would promptly relax to the CBM and VBM of the PbS shell before radiatively 

recombining. In principle, it is possible for the highly excited charge carriers to evolve from the 

* point to the L point, or vice versa, but in order to do so there must be efficient coupling with 

phonons to conserve momentum (or wave vector) while doing so.  

This picture of two contrasting band alignments for CdSe/PbS heterostructures becomes 

more complicated when quantum-confinement of either the electron or hole in either the core or 

shell region of a nanoparticle. The size of the core and the thickness of the shell combined with 

the effective masses of the charge carriers in the different regions of the heterostructure will play 

roles in dictating the quantum-confinement energies and the properties of the wave functions. 

Ultimately, the electron and hole wave functions will dictate the strengths of the transitions 

between the different quantum-confinement states.  

1.10 Absorption and Photoluminescence Spectroscopy 
Throughout this dissertation, I use absorption and PL spectroscopy to probe and 

characterize the energies and properties of the wave functions in CdSe/PbS core/shell 

nanocrystals. For core-only nanocrystals, quantum confinement dictates the absorption and 

photoluminescence (PL) transition energies. As stated in Section 1.6, reducing the size of the 

nanocrystal more strongly confines the charge carriers, leading to higher transition energies 

through increased quantum confinement. The first absorption transition energy in type-I 

semiconductors can be measured by absorption spectroscopy and its optical band gap energy can 

be used to approximate the average size of semiconductor nanocrystals.33,40,41 Like the first 
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absorption peak, the PL peak energy of core nanocrystals increases with reduced nanocrystal 

size, but the PL energy is shifted to lower energy relative to the first absorption peak energy. 

This shift to lower energy is called the Stokes shift, which can be the result of factors including 

the coupling of electronic transitions with phonons or inhomogeneous nanocrystal size 

distributions.42  

The absorption and PL transition energies can change differently with shell deposition 

and can be indicative of the heterostructure band alignment (type-I, type-II, etc.). In ZnSe/CdSe 

core/shell QDs, the absorption and PL were used to identify different heterostructure type 

regimes corresponding to different CdSe shell thicknesses.38 Thus, these optical techniques are 

powerful tools to probe wave function engineering. In thin-shell ZnSe/CdSe core/shell QDs, the 

electron and hole remain localized in the core, leading to type-I behavior evidenced by a small 

Stokes shift between the first absorption peak and the PL peak. The band edge absorption and PL 

peaks also shift slightly to lower energy with shell growth as a result of reduced confinement. In 

the type-II regime (moderate CdSe shell thickness), the Stokes shift increases dramatically since 

the charge carriers relax to different band edges. The electron relaxes to a quantum confined state 

in the shell while the hole relaxes to a quantum confined state in the core. Both the absorption 

and PL transitions between these two states are relatively weak due to the reduced wave function 

overlap. Furthermore, the PL associated with the diagonal transition across the core/shell 

interface is observed at significantly lower energies than the first strong absorption transition, 

resulting in a large Stokes shift.43 Lastly, for the thick CdSe shell ZnSe/CdSe QDs, both the 

electron and hole are localized in the shell, causing inverse type-I behavior. In this regime, since 

the PL and lowest-energy absorption transitions involve states in the same spatial region, the 

Stokes shift is small (like in the type-I regime) and the band edge absorption and PL peaks shift 
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together to lower energies with increasing shell thickness as a result of reduced quantum 

confinement. These optical transitions are therefore a powerful method for probing both the 

degree of quantum confinement and the charge carrier behavior in heterostructures.  

1.11 Transition Strengths 
The optical spectroscopy measurements used to probe the quantum confinement states 

and heterostructure type rely on allowed electronic transitions that must adhere to a series of 

quantum mechanical selection rules. The first selection rule for an optical transition in a PIB is if 

the change in the principal quantum number ('n) is zero. Several hole (nh, black) and electron 

(ne, red) wave functions are plotted in Figure 1-4, labeled with the principal quantum number n, 

ranging from 1 to 3. Transitions between these states, ne– nh (1e–1h, 1e–2h, 1e–3h and 2e–2h in 

panels a-d) demonstrate the 'n = 0 selection rule. These wave functions can be complex with 

real and imaginary components, and so the transition strength is dependent on the integrated area 

Figure 1-4. One dimensional particle in a box wave functions for hole (black) and electron 
(red) with varying principal quantum number, n. The product of the electron and hole wave 
functions is in blue. 

𝛥𝑛 = 0, න 𝛹1ℎ𝛹1𝑒 = 1 𝛥𝑛 = 1, න 𝛹2ℎ𝛹1𝑒 = 0 𝛥𝑛 = 2, න 𝛹3ℎ𝛹1𝑒 = 0 𝛥𝑛 = 0, න 𝛹2ℎ𝛹2𝑒 = 1 
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of the complex conjugate of the hole times the electron wave functions. In a simplistic view of 

these wave functions, the transition strength can be approximated as being proportional to the 

square of the integrated area of the product of the hole and electron wave functions, |∫ ΨℎΨ𝑒|2. 

This product of the hole and electron wave functions is plotted in blue in Figure 1-4. When 

'n = 0 (1e–1h, Figure 1-4a and 2e–2h, Figure 1-4d), the symmetry of the two wave functions 

match, and the integrated area of the product is one, resulting in a strongly allowed transition. On 

the other hand, for 'n = 1 or 'n = 2 (Figure 1-4b, 1-4c), the hole and electron wave functions do 

not have the same symmetry (i.e. they are not both symmetric or both antisymmetric around the 

center point). Therefore, the integrated area under the product of the wave functions is zero, 

resulting in a forbidden transition. The 'n = 0 selection rule is not strictly observed for optical 

transitions in semiconductor nanocrystals due to the fact that nanocrystals are not strictly PIB 

systems. Ekimov et. al. found that several 'n ≠ 0 transitions had significant probability and 

contributed to the overall absorption spectrum of CdSe QDs.44 This is the result of the non-

infinite walls at the edges of the QDs.  

A second selection rule for PIB systems is the 'l = 0 rule.44 Again, since the transition 

probability is proportional to |∫ ΨℎΨ𝑒|2, the symmetry of the angular component of the wave 

functions is important to the transition strength. The 1Se–1Sh transition ('l = 0) is allowed 

because the spherical wave functions of the hole and electron have the same symmetry around 

the center of the QD. On the other hand, the 1Se–1Ph transition is forbidden since the two wave 

functions have differing symmetry around the center point. The 1Se wave function is symmetric 

around the center point, having a positive phase on both sides, but the 1Ph wave function is 

antisymmetric around the central point, having a positive phase on one side and a negative phase 

on the other. After multiplying these two angular wave functions together, the integrated area is 
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zero since the positive and negative areas cancel, resulting in no transition probability for the 

1Se–1Ph transition. 

As stated above, core/shell heterostructures impact the wave function amplitude in 

different regions, changing the absorption transition strength and energies. For example, the 

charge carrier behavior can be similar to that predicted for point charges in a type-II potential 

energy landscape, such as in the type-II heterostructure in Figure 1-5a. The separation of the 

lowest energy electron and hole wave functions causes significant changes to the spectroscopic 

properties of these nanocrystals, demonstrated by the sketched wave functions in Figure 1-5a. As 

before, the range of bulk CB and VB energies of the core (red) and shell (black) are plotted. 

Sketched n = 1 (blue) and n = 2 (purple) wave functions are plotted at their eigenstate energies 

(dashed lines). For simplicity, only the first two electron and hole wave functions are illustrated, 

but there are other states at energies above (below) these electron (hole) states.  

Figure 1-5. Spectroscopic behavior of type-II (a) and quasi type-II (b) core/shell 
heterostructure assuming a 1D PIB model. Bulk continuum of valence and conduction band 
states (shaded boxes) of core (red) and shell (black). The eigenstate energies (dashed lines) 
and wave functions (solid lines) for the 1e and 1h states (blue) and 2e and 2h (purple) are 
sketched. The lowest energy observed absorption and PL transitions are labeled as arrows. 
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In this type-II example, the 1e and 1h wave functions are strongly influenced by the VBM 

and CBM, and the electron is primarily localized in the core while the hole is primarily localized 

in the shell. Since the absorption transition strength is dependent on the wave function overlap, 

the absorption transition between the lowest energy electron and hole quantum confinement 

states, 1e–1h, is very weak. The first strong absorption transition energy is therefore a higher 

energy transition, such as the 2e–2h (maroon arrow), in which both the electron and hole wave 

functions have significant amplitude in both the core and shell. After excitation, the charge 

carriers relax to the lowest energy states, 1e and 1h, before they radiatively recombine. The PL 

energy in this type-II heterostructure is determined by the difference in energy between the 1e 

and 1h quantum confinement states (black arrow). The Stokes shift between the strong absorption 

and the PL is therefore large in type-II heterostructures due to the difference in transition energy 

between the two lowest energy states (PL) and the lowest energy transition with strong wave 

function overlap (strong absorption).  

Quantum confinement effects can also give rise to quasi-type-II behavior even with type-

I or inverse-type-I bulk band alignments. Sketched n = 1 (blue) and n = 2 (purple) wave 

functions for a type-I core/shell QD based on the bulk VBM and CBM alignment are plotted in 

Figure 1-5b. In this case, the 1h wave function amplitude is primarily located in the core due to 

the large difference in the VBM energies of the core and shell. On the other hand, the 1e wave 

function has significant amplitude in both the core and the shell due to the relatively small 

difference in the CBM energies of the core and shell. The 1e–1h absorption transition strength is 

weaker compared to the same transition in the core QDs due to the reduced wave function 

overlap, and is therefore classified as a quasi-type-II heterostructure due to the partial charge 

separation. Unlike type-II behavior (Figure 1-5a), there is significant band edge wave function 
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overlap, and so the 1e–1h transition dictates both the first observed absorption transition and PL 

transition energies, leading to a relatively small Stokes shift. Like in core nanocrystals, both 

inhomogeneous size distributions and coupling of electronic transitions to phonons can result in 

a Stokes shift in these core/shell QDs.  

1.12 Shockley–Queisser Limit 
Many solar cell architectures rely on semiconductors to absorb sunlight and convert that 

energy to electricity in the form of an excited electron and hole. In these solar cells, an active 

semiconductor layer absorbs sunlight and generates excited charge carriers, which are collected 

at electrodes. When the energy of an incident photon is lower than the semiconductor band gap, 

the light cannot excite an electron, and so light is not absorbed. When an incident photon has an 

energy equal to that of the band gap, the light is absorbed and the solar energy is used to create 

electronic energy by exciting an electron and hole, which are subsequently collected at the anode 

and cathode, respectively (barring any losses). Lastly, when an incident photon has an energy 

greater than that of the band gap, an excited electron and hole are generated with excess kinetic 

energy. That is, the electron and hole are prepared above or below the CBM and VBM, 

respectively. These charge carriers typically relax to the band edge before collection at the 

electrodes, releasing the excess energy as heat by coupling to the phonon modes of the 

semiconductor.  

This method of collecting solar energy in a single junction solar cell presents a 

compromise in the choice of the semiconductor band gap energy. If the band gap is very small, 

then a very high fraction of the incident photons is collected, but a significant portion of the 

energy of each photon is lost as heat as the charge carriers relax to the band edge. On the other 

hand, if the band gap is very large, each photon absorbed imparts significant energy, but 
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relatively few photons are absorbed because a greater fraction of the solar spectrum has an 

energy less the band gap.  

Given the energy dependence of the intensity of sunlight reaching the surface of the 

Earth, an optimal band gap can be calculated, which limits the total efficiency of a single 

junction solar cell. This limitation is called the Shockley-Queisser limit after the two authors 

who described the limit in the 1960s.45 For Earth, this optimal band gap is 1.1 eV and the 

maximum efficiency of a solar cell using this band gap is 33%.45 The Shockley-Queisser limit of 

33% efficiency can be overcome through advanced architectures of solar cells, for example, 

through the use of multiple layers of semiconductors with varying band gap energies. These 

strategies, however, typically lead to more complex engineering and higher costs.46  

1.13 Multiexciton Generation 
One mechanism for surpassing the 33% Shockley-Queisser limit is multiexciton 

generation (MEG). The MEG mechanism requires an incident photon to have an energy of at 

least twice the band gap of the semiconductor of the solar cell.47 After this highly energetic 

photon is absorbed, hot-carrier relaxation can lead to the generation of additional charge carriers, 

improving the overall efficiency. This can only occur if the hot charge carrier’s excess energy is 

at least equal to the band gap. In order to generate two excitons with a single photon, the energy 

of the absorbed photon must be greater than or equal to the energy of the band gap, 𝐸𝑝ℎ ≥ 2𝐸𝑔. 

To generate three excitons, 𝐸𝑝ℎ ≥ 3𝐸𝑔. MEG can increase the maximum efficiency of a solar 

cell from 33% to 66% by eliminating thermal energy losses of the photogenerated carriers.48 

Semiconducting nanoheterostructures could allow for greater solar cell efficiency through 

MEG47,49 and wavefunction engineering35,50-53 with the manufacturing ease and cost savings of a 

simple device architecture. These materials also benefit from their solution processability. The 
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different spatial regions and energetics in heterostructures can provide a medium for MEG. Here, 

photons can be absorbed in one material within a heterostructure that has a high-energy band 

gap, for example in the core of a core/shell QD, and the generated charge carriers can be 

transferred to the spatial region of the second material that has a low-energy band gap, the shell. 

It is the coupling of the high-energy absorption material with the low-energy material and the 

efficient transfer of the charge carriers between them that can lead to MEG. Cirloganu et al. 

demonstrated the viability of this strategy in quasi-type-II PbSe/CdSe core/shell QDs;52 a narrow 

band gap PbSe core is coated with a wider band gap CdSe shell. Ultimately, the holes are 

localized in the cores of these PbSe/CdSe heterostructures, and they would not be easily 

extracted into the circuit of a solar cell. In contrast, an inverse type-I heterostructure would be 

better suited for MEG and the subsequent extraction and collection of both electrons and holes in 

a device. While inverse type-I core/shell heterostructures have been made,38,54 they have not yet 

been synthesized with a narrow band gap semiconductor shell, such as PbSe or PbS, on a high-

energy core material that would be conducive for MEG, such as CdSe or CdS. In order to 

achieve efficient transfer of the photogenerated charge carriers from the high band gap core to 

the low band gap shell the heterostructures should have a defect-free, epitaxial interface. The 

electron and hole should also transfer quickly from the core to the shell with minimal non-

radiative pathways, such as Auger relaxation and phonon coupling, that would compete with the 

efficiency of MEG.48 Though CdSe/PbS core/shell heterostructures are candidates for enhanced 

MEG as compared with PbS nanocrystals alone, the fact that the VBM and CBM are at different 

k points in CdSe and PbS could complicate the MEG process. In order for excited charge carriers 

to transfer energy from a * point state to the L point in order to conduct MEG, the charge 
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carriers must couple with phonons. The efficiency of this coupling and the transfer of energy 

from states at the * point to states at the L point is unknown and could prevent efficient MEG. 

1.14 Luminescent Solar Concentrators 
Wavefunction engineering in core/shell QDs also enables their use as luminescent solar 

concentrators (LSCs). In LSCs, relatively diffuse sunlight is collected over a large area by 

absorption and subsequent directed reemission onto a relatively small area containing a solar cell 

or other optoelectronic device.55-57 A major key to an efficient LSC is the ability to absorb light 

over a broad frequency range and to emit light in a narrow frequency range at lower photon 

energies. These lower-energy photons are then absorbed by another medium and converted to 

electricity. The narrower the frequency range of the emission and the more it is energetically 

separated from the absorption frequencies the better the efficiency of the entire photovoltaic 

device. Core/shell heterostructures have been proposed for this use.37,58 The growth of a CdS 

shell on CdSe QDs reduces the band edge absorption-emission overlap due to increased 

absorption at energies greater than the bulk CdS band gap.58 This strategy, however, limits the 

energies of strong absorption in the core/shell QDs. Specifically, CdSe/CdS core/shell QDs 

strongly absorb only at energies greater than the bulk CdS band gap, 2.42 eV, and the energy of 

this strong absorption is not tunable by shell thickness.14 Type-II systems would be excellent 

candidates for LSCs since they have no absorption-emission overlap due to their large Stokes 

shift. These materials, however, often suffer from reduced emission intensity as a result of the 

separation of the electron and hole wavefunctions.43,54 

1.15 Overview of Dissertation Research 
During my dissertation research, I have synthesized CdSe/PbS core/shell QDs and NPLs 

and studied their optical properties to probe the energies and wave functions of the quantum 
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confinement states. The bulk band alignment of CdSe/PbS is an inverse type-I heterostructure, 

which has potential for use in solar cell designs aimed at exceeding the Shockley-Queisser limit. 

Despite this predicted behavior, I will show that the CdSe/PbS core/shell nanocrystal samples I 

synthesized do not behave as an inverse type-I heterostructures using optical spectroscopy. 

Instead, the optical properties change with the PbS shell thickness; with increasing shell 

thickness, the strength of the band edge absorption transition decreases relative to the high 

energy transitions. Effective mass approximation calculations of CdSe/PbS core/shell QDs 

indicate the importance of the difference in the hole effective masses in CdSe and PbS to the 

optoelectronic properties. These calculations did not consider the different band structures of 

CdSe and PbS, which complicates the interpretation of the optical spectra. CdSe/PbS core/shell 

NPLs are potentially a simpler system, following the simpler pseudo-1D quantum confinement. 

The spectra of these NPLs collected as a function of shell thickness suggest the band gaps being 

at different points in k space may have impacts on their utility in solar cell designs. 

I also investigated differences in the PbS shell synthesis on CdSe QD and NPL cores. The 

PbS shell growth is isotropic on CdSe core QDs, with shell growth on all sides of the QDs, 

whereas the PbS shell growth is not isotropic on CdSe core NPLs. I will show that lead oleate 

(the lead precursor used in the PbS shell synthesis) causes facet-dependent chemical etching of 

the CdSe NPLs, causing these differences in the PbS shell synthesis on CdSe QDs and NPLs. 

This is inferred from the transmission electron microscope images of the NPLs as the overall 

shape of the NPLs changes from the characteristic rectangular form. While this work did not 

ultimately test the CdSe/PbS core/shell nanocrystals for MEG, it is an important step towards 

this type of solar cell. Nevertheless, the wave function tunability could be useful in a variety of 

optoelectronic applications, particularly in LSCs. 
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Chapter 2: Methods 
Parts of this chapter were reproduced with permission from: Wieliczka, B. M.; Kaledin, A. L.; 
Buhro, W. E.; Loomis, R. A., Wave Function Engineering in CdSe/PbS Core/Shell Quantum 
Dots. ACS Nano. 2018, 12, 5539-5550. Copyright 2018 by the American Chemical Society.  

2.1 Synthesis 

2.1.1 Materials 
The following chemicals were purchased from commercial sources and used without 

further purification: Pb(Ac)2⋅3H2O (99.999%), oleic acid (90%, technical grade), octadecene 

(90% technical grade), methanol (99.9% HPLC grade), toluene (99.9% HPLC grade), 

thioacetamide (ACS reagent grade, 99%), octylamine (99%), chloroform (ACS reagent grade), 

Cd(NO3)2⋅4H2O (98%), methanol (anhydrous), 40% tetrabutylammonium hydroxide in water, 

docosanoic acid (99%), sodium hydroxide (ACS reagent grade, ≥97.0%), myristic acid (99.5%), 

selenium dioxide (≥99.9%, trace metals basis), 1,2-hexadecanediol (90%, technical grade), 

Cd(Ac)2⋅2H2O (99.99%), Se (99.99%, trace metals basis), methylcyclohexane (≥99%, 

anhydrous), Lead(II) oxide (99.999%), acetonitrile (99.5%), trifluoroacetic acid (99%), 

trifluoroacetic anhydride (≥99%), triethylamine (≥99%), isopropanol (≥99.5%), CdCl2 (99.99%, 

trace metals basis), ZnCl2 (99.99%, trace metals basis), sodium oleate (≥99%), nitric acid 

(concentrated, trace metals grade). 

2.1.2 Preparation of Lead Oleate 
Lead oleate was prepared using two previously published procedures.1,2 There was no 

discernable difference in the results using the differently prepared lead oleate. 

Preparation from Pb(Ac)2 Lead Oleate (Pb(oleate)2) was prepared based on the synthesis 

published by Chang et al.1 1.138 g Pb(Ac)2⋅3H2O (3 mmol) and 1.188 g oleic Acid (6.66 mmol) 
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were dissolved in 23.67 g octadecene (30 mL) to prepare a solution of 0.1 M Pb(oleate)2. The 

solution was heated under vacuum at 100°C overnight with stirring, and formed a white solid. 

This 0.1 M solution was diluted with octylamine to form the 0.01 M Pb(oleate)2 in octylamine 

solution that was used for the PbS shell precursor.  

Preparation from Lead Trifluoroacetate Lead oleate was also prepared according to the 

method published by Hendricks et. al.2 Lead (II) oxide (5.0 g, 22.4 mmol) and acetonitrile 

(10 mL) were loaded in a 100 mL round bottom flask. The mixture was chilled on an ice bath for 

about 10 minutes with stirring. Trifluoroacetic acid (0.35 mL, 4.57 mmol, 0.2 equiv.) and 

trifluoroacetic anhydride (3.1 mL, 22.0 mmol, 0.98 equiv.) were injected into the solution. On 

injection, the color was reduced immediately, and after 10 minutes the solution was clear and 

colorless. The solution was warmed to room temperature. To a 500 mL flask, oleic acid 

(12.7185 g, 45 mmol, 2.01 equiv.) triethylamine (5.123 g, 50.6 mmol, 2.26 equiv.), and 

isopropanol (90 mL) were added. The lead trifluoroacetate solution was added to the oleic acid 

solution (1 mL at a time), and a white solid was immediately formed. The flask was heated to 

reflux, which caused the dissolution of the solid. The solution was allowed to slowly cool to 

room temperature (≥ 2 hours) in the warm heating mantle used for refluxing before it was stored 

overnight in a −20 °C. As the solution cooled to room temperature, large quantities of white, 

fluffy solid formed. The solid was isolated from the solution by filtration over a 250 mL glass 

frit, and a spatula and mortar and pestle were used to break up the largest chunks. This solid was 

washed with 5-150 mL aliquots of methanol. The first two aliquots of methanol were used to 

transfer residual solid from the flask into the glass frit. The solid was then dried under vacuum 

for 6.25 hours. The yield was 13.240 g (78.1% yield, 16.943 g theoretical yield).  
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2.1.3 Preparation of Cd(myristate)2 
In a 100 mL Erlenmeyer flask, 1.5424 g Cd(NO3)2⋅4H2O (5 mmol) were dissolved in 

50 mL anhydrous methanol. In a 1 L Erlenmeyer flask, 599.97 mg NaOH (15 mmol) and 3.425 g 

myristic acid (15 mmol) were dissolved in 500 mL anhydrous methanol. The solution of 

cadmium nitrate was added dropwise to the myristate solution, 1 drop/sec, with very vigorous 

stirring, and a significant amount of white precipitate formed. The solid was collected by vacuum 

filtration, and the white solid was washed using cold anhydrous methanol. The white solid was 

dried overnight under vacuum at 60 °C. 

2.1.4 Preparation of Cd(docosanoate)2 

1.5424 g Cd(NO3)2⋅4H2O (5 mmol) were dissolved in 50 mL of anhydrous methanol. In 

a 5 mL volumetric flask, 3.2435 g tetrabutylammonium hydroxide solution (40% by wt. in 

water) were diluted to 5 mL in methanol to prepare a 1 M solution. 5.1087 g docosanoic acid 

(15 mmol) were dissolved in 500 mL anhydrous methanol. The solution of tetrabutylammonium 

hydroxide was added over the course of ~5 minutes to the solution of docosanoic acid. The 

solution of cadmium nitrate was added dropwise to the docosanoate solution, 1 drop/sec, with 

very vigorous stirring, and a significant amount of white precipitate formed. The solid was 

collected by vacuum filtration, and the white solid was washed using cold anhydrous methanol. 

The white solid was dried overnight under vacuum at 60 °C. 

2.1.5 Synthesis of CdSe Core Quantum Dots (QDs) 
The zinc blende CdSe core QDs were synthesized using the method of Cao et al.3 After 

synthesis, the QDs were washed three times by precipitation with methanol, centrifugation, and 

redispersion in toluene. After the third washing procedure, the QDs were resuspended in a 

quantitative amount of toluene. 
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Synthesis of 3 nm ZB CdSe Cores. 79.2 mg Cd(docosanoate)2, 11.1 mg SeO2, 25.8 mg 

1,2-hexadecanediol, and 4.9707 g (6.3 mL) octadecene were loaded into a Schlenk flask. The 

flask was degassed by alternately reducing the pressure to 300 mtorr under vacuum and filling 

with nitrogen three times. The flask was heated to 240 °C in a heating mantle at a rate of 

24 °C/minute under 300 RPM stirring. At 240 °C, the solution was very pale yellow. 0.1 mL 

oleic acid were delivered dropwise starting 4 minutes after the solution reached 240 °C (pale 

yellow solution), and the oleic acid addition was finished 5.5 minutes after reaching 240 °C 

(yellow-gold solution). The solution continued to change color to gold-orange, orange, and 

orange-red before it was removed from the heat 10 minutes after the solution reached 240 °C. 

The solution was then allowed to cool to room temperature. 

Synthesis of 4 nm ZB CdSe Cores. 56.7 mg Cd(myristate)2, 11.1 mg SeO2, and 4.9707 g 

(6.3 mL) octadecene were loaded into a Schlenk flask. The flask was degassed by alternately 

reducing the pressure to 300 mtorr under vacuum and filling with nitrogen three times to 

atmospheric pressure. The flask was immersed in a salt bath at 256 °C (which corresponds to an 

internal temperature of the reaction solution of 240 °C) under 300 RPM stirring. The solution 

reached 240 °C in 6 minutes, and the color of the solution progressed from pale yellow to bright 

yellow, gold, orange, and red. 10 minutes after reaching 240 °C, when the reaction solution 

appeared red, 0.1 mL oleic acid were injected at a rate of 1 drop/10 sec. The reaction was 

allowed to proceed another 5 minutes during which time the solution turned much darker red, 

after which the reaction solution was removed and allowed to cool. 

2.1.6 Synthesis of CdSe Core Nanoplatelets (NPLs) 
170 mg Cd(myristate)2 and 11.836 g ODE (15 mL) were loaded into a three-neck round 

bottom flask with a stir bar. The flask was connected to a Schlenck line by a side arm adapter 
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and a water-cooled condenser with mineral oil bubbler. A septum fitted with a thermocouple was 

used on the third neck of the flask for addition of reagents and monitoring the temperature. The 

mixture was degassed under vacuum at 100 °C with 200 RPM stirring for 30 minutes before 

12 mg Se were added. Nitrogen was flowed from the Schlenck line through the flask and 

condenser and out through the bubbler. The temperature was increased at an average rate of 

15 °C per minute to 240 °C. In a typical synthesis, at approximately 195 °C, the reaction solution 

began to change color from clear and colorless to very pale yellow. As the temperature continued 

to increase, the solution became increasingly intense yellow before becoming golden yellow, 

typically around 205-210 °C. At this time, 40 mg of freshly ground Cd(Ac)2⋅2H2O were swiftly 

added, and the color changed to red. Once the reaction reached 240 °C, the temperature was held 

constant for 5 minutes. After 5 minutes at 240 °C, the reaction flask was removed from the heat 

and quenched to 150 °C in cold tap water. The product solution was cooled in air to 70 °C, at 

which point a solution of 2 mL oleic acid in 10 mL methylcyclohexane was added. The reaction 

was cooled to room temperature before purification. 

 The desired 4.5 ML CdSe NPLs were purified from 3.5 ML CdSe NPLs and CdSe QDs 

through centrifugation and filtration. First, the as-synthesized reaction solution was centrifuged 

at 4500 RPM for 10 minutes. The red-orange supernatant, rich in CdSe QDs, was decanted from 

the yellow solid (NPL enriched). This solid was redispersed in 5 mL methylcyclohexane and 

filtered through a 200 micron syringe filter before the absorption spectra was checked for 

product purity. In rare circumstances, this purification was sufficient to obtain a sample of pure 

4.5 ML CdSe NPLs. More often, additional purification was required to remove 3.5 ML CdSe 

NPLs and CdSe QDs. The removal of 3.5 ML CdSe NPLs was accomplished by centrifuging the 

solution at 3000 RPM in 10-minute increments. This caused the 3.5 ML NPLs to come out of 
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solution as a solid and permitted the supernatant (containing the desired 4.5 ML NPLs) to be 

decanted. The removal of QDs was achieved through successive washing by precipitation, 

centrifugation, and redispersion. A single washing cycle consists of adding 1 mL methanol, 

centrifuging at 1500 RPM, decanting the supernatant (enriched in CdSe QDs), and redispersing 

the solid (enriched in CdSe NPLs) in 5 mL methylcyclohexane. After each cycle, the purity of 

the CdSe NPLs was checked using absorption and photoluminescence spectroscopy, and the 

washing process was continued until the spectra contained only features associated with the 

4.5 ML NPLs without contributions of QDs or 3.5 ML NPLs. 

2.1.7 Determination of Shell Precursor Quantities for Core/Shell QDs 
The sizes and concentrations of the CdSe QDs suspended in the stock solutions were 

determined by optical spectroscopy.4 For each ML of PbS desired, the QDs were estimated to 

increase in radius by 0.343 nm, which is the distance between two layers of close packed sulfur 

atoms in the PbS cubic unit cell. The volumes of the shell were calculated assuming the core and 

core/shell QDs adopt a spherical morphology and the number of lead and sulfur atoms were 

calculated using the unit cell volume (209.16 Å3). The amounts of TAA and Pb(oleate)2 were 

calculated with lead as the limiting reactant and a 130:1 TAA:Pb(Oleate)2 ratio. See Table A1-1 

(Appendix 1), for an example set of reagents for a series of core/shell QDs. 

2.1.8 Synthesis of PbS Shells on CdSe QDs 
The quantities used in this synthetic procedure are for the deposition of 3 ML PbS on 

3 nm CdSe cores, but in general the desired amount of TAA and Pb(oleate)2 is dependent on the 

total PbS desired. 200 PL of the stock solution of CdSe QDs in toluene were added to a vial. 

15 mg TAA (amount dependent on desired shell thickness), octylamine (50 µL), and chloroform 

(2 mL) were added. The solution was sonicated for 5 minutes, or until all of the TAA dissolved, 
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sometimes taking as long as 8-10 minutes when larger amounts of TAA were used. After 

sonication, 20 µL of 0.01 M Pb(oleate)2 in octylamine solution were added every 5 minutes with 

vigorous stirring after each addition until 150 µL of 0.01 M Pb(oleate)2 were added. Over the 

course of adding the Pb(oleate)2, the solution changed from bright orange to a darker orange, and 

then to a brown solution, depending on the final thickness of the shell. In addition, a black 

precipitate was observed. The vial was then allowed to sit for 3 hours before isolating the 

product.  

After three hours, the vial was centrifuged at 4500 RPM for 5 minutes to fully separate 

the black precipitate to the bottom of the vial. The colored supernatant was carefully decanted by 

pipette before the solvent was reduced to approximately one quarter of its original volume under 

a stream of dry nitrogen gas. The core/shell QDs were then precipitated by adding methanol and 

isolated by centrifuging at 1500 RPM for 5 minutes. The supernatant, which contains excess 

TAA, was decanted and discarded before the precipitated core/shell QDs were redispersed in 

toluene. This purified product was used for characterization. 

2.1.9 Determination of Shell Precursor Quantities for Core/Shell NPLs 
The average lateral size (LS) of the CdSe NPLs was determined from TEM images. The 

concentration of the CdSe NPL stock solution was determined by optical spectroscopy by 

measuring the absorbance of the solution and using the previously published molar extinction 

coefficient.5 For each ML of PbS desired, the size of the NPL was estimated to increase in each 

dimension by 0.343 nm, the distance between two layers of close packed sulfur atoms in the PbS 

cubic unit cell. The volume of the shell was calculated assuming the shell was deposited 

isotropically on all sides of the core NPL, and the number of lead and sulfur atoms were 

calculated using the unit cell volume (209.16 Å3). The amounts of TAA and Pb(oleate)2 were 
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calculated with lead as the limiting reactant and a 130:1 TAA:Pb(Oleate)2 ratio. See Table A2-1 

(Appendix 2), for example set of reagents for a series of core/shell QDs. 

2.1.10 Synthesis of PbS Shells on CdSe NPLs 
The quantities used in this synthetic procedure are for the deposition of 4 ML PbS on 

31.5 nm × 8.3 nm 4.5 ML CdSe core NPLs, but in general the desired amount of TAA and 

Pb(oleate)2 were dependent on the total thickness of the PbS desired. 200 PL of the stock 

solution of CdSe NPLs in methylcyclohexanes were added to a vial. 5.3 mg TAA (amount 

dependent on desired shell thickness), octylamine (100 µL), and chloroform (2 mL) were added. 

The solution was sonicated for 5 minutes, or until all of the TAA had dissolved, sometimes 

taking as long as 10-15 minutes when larger amounts of TAA were used. After sonication, 20 µL 

of 0.01 M Pb(oleate)2 in octylamine solution were added every 5 minutes with vigorous stirring 

after each addition until 53 µL of 0.01 M Pb(oleate)2 was added. Over the course of adding the 

Pb(oleate)2, the solution changed from bright yellow to a darker orange, and then to a brown 

solution, depending on the final thickness of the shell. In addition, a black precipitate was 

observed. The vial was then allowed to sit for 3 hours before isolating the product.  

After three hours, the vial was centrifuged at 4500 RPM for 5 minutes to fully separate 

the black precipitate to the bottom of the vial. The clear, colored supernatant was carefully 

decanted by pipette before the solvent was reduced to approximately one quarter of its original 

volume under a stream of dry nitrogen gas. The core/shell NPLs were then precipitated by 

adding methanol and isolated by centrifuging at 1500 RPM for 5 minutes. The supernatant, 

which contains excess TAA, was decanted and discarded before the precipitated core/shell QDs 

were redispersed in toluene. This purified product was used for characterization. 
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2.1.11 CdSe NPL Etching Experiments 
 A series of precursor solutions were prepared: 0.01 M sodium oleate in methanol, 0.01 M 

oleic acid in toluene, 0.01 M lead oleate in n-octylamine, and 0.1 M lead oleate in octadecene. 

30 µL aliquots of CdSe NPLs in methylcyclohexane were added to each of seven vials with 

2 mL toluene. The CdSe NPLs in the first control vial were not treated with any chemical or 

physical process other than dilution and subsequent isolation. The CdSe NPLs in the other vials 

were treated with one of the following: 100 µL of the 0.01 M sodium oleate in methanol, 100 µL 

0.01 M oleic acid in toluene, 100 µL 0.01 M lead oleate in n-octylamine, 100 µL n-octylamine or 

10 µL 0.1 M lead oleate in octadecene, or 10 minutes of sonication. After 3 hours, the 

nanoparticles were isolated from the solution. 1 mL methanol was added to each vial, and the 

nanoparticles were isolated by centrifuging at 4500 RPM for 5 minutes. The product was 

redispersed in approximately 0.5 mL toluene. 

2.2 Optical Spectroscopy 

2.2.1 Absorption Spectroscopy 
Samples for optical characterization were prepared by taking a small amount of the 

reaction product in solution and diluting it in toluene. Extinction spectra were recorded using a 

commercial spectrometer with an integration sphere to minimize scattering. The energies of the 

absorption features in the spectra were identified by taking the second derivative of each 

extinction spectrum. 

Calibration check of absorption spectrometer. Before data were collected on the 

absorption spectrometer, a holmium oxide standard was used to verify the wavelength 

calibration.  
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Correction of extinction spectra for scattering. Extinction spectra were collected using a 

forward-facing integration sphere, but some scattering of light was still present in the spectra. To 

correct for this scattering, the low-energy region of each extinction spectrum, below the QD or 

NPL band edge, was fitted to the equation 𝐴 = 𝑚𝜆−4 + 𝑏, where 𝜆 is the wavelength. This 

correction was applied to all extinction spectra except for the CdSe/PbS core/shell QD sample 

with 8.1ML PbS on 3nm CdSe core and the sample with 7.3ML PbS on 4nm CdSe core. 

2.2.2 Photoluminescence Spectroscopy 
PL spectra were collected using a commercial fluorimeter using a xenon arc lamp for 

excitation and a PMT or a CCD for emission collection. For PLQY measurements, the sample 

was placed in the center of an integration sphere, allowing the collection of all light, including 

scattering and emission. The intensity of the first absorption peak was kept between 0.05 and 0.1 

absorbance units for optimal signal and to prevent reabsorption of emitted light. The intensity 

profiles of the emission spectra were corrected using an instrument response function created 

using standard reference materials.6-10  

Calibration of fluorimeter. The abbreviated procedure for wavelength and instrument 

calibration and creation of instrument response function is as follows. The emission 

monochromators were calibrated for wavelength using a mercury pen lamp. The excitation 

monochromator was then calibrated using scattered light measured by the calibrated emission 

monochromator. Once all emission and excitation monochromators were calibrated based 

fundamentally on the narrow mercury pen lamp emission lines, emission spectra of the SRMs 

were collected and used to create an instrument response function over the full spectral range 

(320-830 nm) using previously published procedures.6-10 
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2.2.3 Time-Resolved Photoluminescence Spectroscopy 
 PL lifetimes were collected using the doubled output of a Ti:Sapphire laser (200 fs pulse 

duration) for excitation at 450 nm (2.755 eV) and a time-correlated single-photon 

photomultiplier tube detector and electronics. A monochromator was used to collect the light 

emitted at the sample’s peak emission energy. The fluence of the excitation was 

1.55 nJ cm−2 pulse−1. Using the reported absorption cross section of 1.2 × 10−13 cm−2 to 

8.0 × 10−14 cm−2 for CdSe NPLs with a lateral size of 230 nm2, the expected number of excitons 

per pulse per NPL was estimated to be 2.81 × 10−4 to 4.21 × 10−4, respectively.  In order to 

ensure that multiexcitons were not generated with the same pulse, the repetition rate of the 

excitation laser was varied between 1.61 × 105 and 8.06 × 104 pulses per second, and the highest 

repetition rate that gave the same PL decay trace was used in order to minimize the collection of 

stray light.  

 Each PL intensity decay profile was fitted to a multiexponential curve. No wrap-around 

was observed in the PL intensity decay data, but some noise (for example, counts from stray light 

sources) was observed. This noise was subtracted with a baseline offset equal to the average 

number of counts before the excitation pulse arrived. The average PL lifetime was calculated 

using Equation 2.1 where 𝐴𝑛 is the amplitude of each exponential decay component and 𝜏𝑛 is the 

lifetime of that component. The percent contribution 𝑓𝑖 of each lifetime component to the total 

PL counts was then calculated using Equation 2.2.  

𝜏𝑎𝑣𝑒 =
∑ 𝐴𝑛𝜏𝑛2𝑛
∑ 𝐴𝑛𝜏𝑛𝑛

 Eq. 2.1 

𝑓𝑖 =
𝐴𝑖𝜏𝑖

∑ 𝐴𝑛𝜏𝑛𝑛
∗ 100% Eq. 2.2 
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2.3 Physical Characterization 

2.3.1 Transmission Electron Microscopy 
Samples for TEM analysis were washed a total of two times by precipitation with 

methanol, centrifugation at 4500 RPM for 5 minutes, and redispersion in toluene before a TEM 

grid with carbon film was dipped in the lightly colored solution. TEM images were collected on 

commercial instruments operating at 200 keV in the Institute of Materials Science & Engineering 

at Washington University in St. Louis. 

2.3.2 X-Ray Diffraction  
Samples for TEM analysis were washed a total of two times by precipitation with 

methanol, centrifugation at 4500 RPM for 5 minutes, and redispersion in toluene. Powder x-ray 

diffraction patterns were collected on a commercial instrument in the Department of Earth and 

Planetary Sciences at Washington University in St. Louis using Cu Kα radiation (1.5418 Å) and a 

low background silicon holder. The samples were drop cast from a concentrated solution of the 

purified CdSe/PbS QDs onto a silicon low background holder, and the solvent was allowed to 

evaporate. 

2.3.3 Inductively Coupled Plasma Mass Spectrometry 
 Nanocrystal samples for ICP-MS elemental analysis were prepared by washing a total of 

two times by precipitation with methanol, centrifugation at 4500 RPM for 5 minutes, and 

redispersion in toluene. On the final washing cycle, the particles were not resuspended and 

instead were dried under vacuum. For samples that were already washed twice and redispersed, 

the solvent was reduced under vacuum.  

The samples were then digested in acid using a microwave digester. First, the microwave 

vessels were cleaned by adding 2 mL nitric acid to each vessel. The vessels were then heated in 
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the microwave to 180 °C over the course of 20 minutes, held at 180 °C for 20 minutes, and 

allowed to cool to room temperature over 20 minutes. The nitric acid was poured out and the 

vessels were thoroughly rinsed with Millipore water. Each sample was dissolved in 1 mL nitric 

acid and transferred to a clean microwave vessel. The same digestion program was run 

(20 minute ramp to 180 °C, 20 minute hold at 180 °C, and 20 minute cooling to room 

temperature), and the sample was diluted in 5% nitric acid in Millipore water to a concentration 

range of approximately 1-200 ppb. This dilution factor varied depending on the sample but was 

commonly achieved by diluting the digested nitric acid by a factor of 100. 

The ICP-MS data were collected using a commercial spectrometer in the Nano Research 

Facility in the Department of Energy, Environmental & Chemical Engineering at Washington 

University in St. Louis using 3 replicates for each sample or standard measured. A blank 

consisting of the same 5% nitric acid solution used for sample preparation was collected at least 

after every 4 samples to ensure appropriate background subtraction. The instrument response 

was calibrated using a series of standards made at 1, 10, 100, and 200 ppb concentrations in the 

relevant metal ions. 

2.4 Effective Mass Approximation Calculations 

2.4.1 Calculation Parameters 
Effective mass approximation calculations simulating a spherical core/shell 

heterostructure were performed using bulk conduction band (CB) and valence band (VB) 

potentials of –3.865 eV and –5.541 eV in the CdSe core and –4.35 eV and –4.72 eV in the PbS 

shell, respectively.11,12 The effective masses utilized in the calculations are me*(CdSe) = 0.12me, 

me*(PbS) = 0.105me, mhh*(CdSe) = 2.14me, and mh*(PbS) = 0.108me.13-15 The spin-orbit 

splitting was 420 meV.16 
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2.4.2 Wave Function Calculations for Spherical CdSe/PbS Core/Shell QDs 
Calculations using the method described by Haus et al.17,18 were performed in Maple 

2017 using an infinite wall at the overall surface of the QDs and Coulombic interactions were 

calculated using dielectric constants of 10.2 and 17.2 in CdSe and PbS, respectively.14,19  

Calculations using the method described by Kaledin et al.20 were performed using a soft 

wall at the overall surface of the QDs, using the ionization potential of octylamine (–8.5 eV) to 

approximate the energy of the highest occupied molecular orbital while the energy of the lowest 

unoccupied molecular orbital was approximated to be 0 eV.21 The bare electron mass was used 

as the effective mass of the electron and hole outside the QD. Coulombic interactions were 

calculated using dielectric constants of 10.2, 17.2, and 2.4 in CdSe, PbS, and toluene (the 

surrounding solvent), respectively.14,19,22 Calculations using this method were solved using 

Fortran. 

Calculations using the method by Poulsen et al.23 were performed in Maple 2017 using a 

soft wall at the edge of the QDs and the ionization potential of octylamine (–8.5 eV) to 

approximate the energy of the highest occupied molecular orbital while the energy of the lowest 

unoccupied molecular orbital was approximated to be 0 eV.21 The bare electron mass was used 

as the effective mass of the electron and hole outside the QD. Coulombic interactions were not 

incorporated in this model. 

2.4.3 Wave Function Calculations for Core/Shell NPLs 
Calculations for modeling a core/shell NPL were based on a one-dimensional double-

well particle in a box model with infinite potentials at the boundaries of the box. The wave 

functions for the first shell region (the first well), the core region, and the second shell region 

(the second well) were Equations 2.3, 2.4, and 2.5, respectively, where 𝑑𝑡𝑜𝑡 is the total thickness 

of the core/shell NPL. 
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ψ𝑠(x) = A ∗ sin(𝑘𝑠𝑥) Eq. 2.3 

ψ𝑐(x) = B ∗ cosh(𝑘𝑐(𝑥 −
𝑑𝑡𝑜𝑡
2
)) Eq. 2.4 

ψ𝑠(x) = B ∗ sin(𝑘𝑠(𝑑𝑡𝑜𝑡 − 𝑥)) Eq. 2.5 

The coefficients A and B were solved using the transcendental equation obtained from 

the boundary conditions. The values of the solved wave functions must be equal at each 

interface, Equations 2.6 and 2.7. The slopes of the wave functions divided by the effective mass 

(𝑚∗) in each region must also be equal to each other at each interface, Equations 2.8 and 2.9. The 

solvable transcendental equations at each interface were found by dividing Equation 2.6 by 

Equation 2.8 (for the first interface) and dividing Equation 2.7 by Equation 2.9 (for the second 

interface). 

ψ𝑐(𝑥𝑖𝑛𝑡,1) = ψ𝑠(𝑥𝑖𝑛𝑡,1) Eq. 2.6 

ψ𝑐(𝑥𝑖𝑛𝑡,2) = ψ𝑠(𝑥𝑖𝑛𝑡,2) Eq. 2.7 

1
𝑚𝑐

∗
𝑑ψ𝑐(𝑥𝑖𝑛𝑡,1)

𝑑𝑥
= 1

𝑚𝑠
∗
𝑑ψ𝑠(𝑥𝑖𝑛𝑡,1)

𝑑𝑥
 Eq. 2.8 

1
𝑚𝑐

∗
𝑑ψ𝑐(𝑥𝑖𝑛𝑡,2)

𝑑𝑥
= 1

𝑚𝑠
∗
𝑑ψ𝑠(𝑥𝑖𝑛𝑡,2)

𝑑𝑥
 Eq. 2.9 

The Maple 2017 code used to solve the 1D double-well particle in a box model is 

included in Appendix 4. 
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Chapter 3: Wave Function Engineering in 
CdSe/PbS Core/Shell Quantum Dots  
Reproduced with permission from: Wieliczka, B. M.; Kaledin, A. L.; Buhro, W. E.; Loomis, R. 
A., Wave Function Engineering in CdSe/PbS Core/Shell Quantum Dots. ACS Nano. 2018, 12, 
5539-5550. Copyright 2018 by the American Chemical Society.  

3.1 Introduction 
In the efforts we report here, we have focused on synthesizing and characterizing 

CdSe/PbS core/shell QDs that have an inverse type-I heterostructure based on bulk band 

energies.1,2 As such, the CdSe/PbS QDs could be capable of MEG, could behave as an LSC, and 

could permit the efficient separation and extraction of photogenerated charge carriers. The 

efficiencies of these dynamics will depend on the relative energies of the conduction and valence 

band states as dictated by both the diameter of the core and thickness of the shell. With small 

dimensions of the core and shell, the effective masses of the charge carriers in the different 

regimes of the heterostructure will also impact the properties of the wave functions and the 

energetics of the states. The effective masses of the electrons in CdSe, me*(CdSe) = 0.12me, and 

PbS, me*(PbS) = 0.105me, are quite similar, but there is a notable difference in the effective 

masses of the holes in CdSe, mhh*(CdSe) = 2.14me for the heavy hole, and PbS, mh*(PbS) = 

0.108me.3-5 The large difference between mhh*(CdSe) and mh*(PbS) could likely lead to 

significant changes in the energies and spatial regions spanned by the wave functions of the 

quantum-confined states in the valence band of the CdSe/PbS QDs as the diameter of the CdSe 

core and the thickness of the PbS shell is varied. 

We synthesized CdSe/PbS core/shell QDs with two different CdSe core diameters, 3.0 

and 4.2 nm, referred to as 3 and 4 nm, and varying shell thicknesses to study the effects of the 

degree of quantum confinement on the energetics of the charge-carrier states and the spatial 
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regions sampled by the electron and hole wave functions. These properties were probed for each 

sample by recording traditional extinction and photoluminescence (PL) spectra of ensembles of 

the QDs suspended in solution. The spectra indicate the CdSe/PbS QDs with PbS shell 

thicknesses of several monolayers or more have promise for LSC applications. The interpretation 

of the spectral data is bolstered using three different models to estimate the properties of the 

lowest-energy quantum-confined electron and hole wave functions for the CdSe/PbS QDs with 

different shell thicknesses. 

3.2 Results and Discussion 

3.2.1 Synthesis   
Numerous PbE/CdE (E = S, Se, Te) heterostructures have been previously synthesized 

through cation exchange resulting in PbE/CdE core/shell QDs,6,7 PbSe/CdSe axially 

heterostructured nanorods,8 and CdE/PbE Janus particles – particles where one half of the QD is 

CdE with the other half PbE made through cation exchange with additive growth.9 Since Cd-for-

Pb cation exchange complicates the additive growth of a Pb chalcogenide shell at elevated 

temperatures,8,9 we chose to base our CdSe/PbS core/shell QD syntheses on a previously 

reported room-temperature shell synthesis. Due to the rock salt (RS) crystal structure of PbS, the 

synthesis was attempted using zinc blende (ZB) CdSe core QDs to minimize the strain and lattice 

mismatch at the core/shell interface; the RS and ZB structures share a similarly structured 

chalcogenide sublattice, and the lattice constant of ZB CdSe is 6.050 Å, while the lattice constant 

of RS PbS is 5.936 Å, only a 1.9% difference.10 The CdSe core QDs having diameters of 3 and 4 

nm were synthesized using the method of Cao et al.11 (details provided in Chapter 2.1). 

The PbS shell-growth scheme used here is a derivative of the room-temperature method 

reported by Mahler et al. for making CdSe/CdS core/shell nanoplatelets.12 In adapting this 
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synthesis for the formation of PbS on CdSe QDs, thioacetamide (TAA) and lead oleate 

(Pb(oleate)2) were used as the PbS shell precursors. The approximate increase in volume of the 

final core/shell QDs was used to calculate the number of unit cells, and therefore the number of 

sulfur and lead atoms, required for each shell thickness (Table A1-1 in Appendix 1). The 

Pb(oleate)2 was the limiting reagent, and the TAA was used in large excess. When the TAA was 

not in excess, very large PbS crystals nucleated. Black precipitate formed immediately after the 

lead precursor was added, and we found this to be an aggregate of CdSe QDs overcoated by a 

matrix of PbS (Figure 3-1). A yellow, clear solution of core/shell CdSe/PbS QDs was isolated 

from the black precipitate by centrifugation. By slowly adding the Pb(oleate)2, 20 µL every 5 

min, the amount of PbS precipitate was reduced or virtually eliminated in the synthesis of the 

thinnest PbS shells. Ultimately, the shell-growth synthesis was conducted using varied quantities 

of shell precursors to control the final thickness up to a maximum of ~8 monolayers (ML).  

After treatment with lead and sulfur precursors, the particles adopt a core/shell structure 

under these synthetic conditions, in contrast to previous syntheses of CdSe/PbS heterostructures, 

which have resulted in anisotropic Janus particles or cation exchange.6-9 A representative series 

Figure 3-1. Representative TEM image of aggregation of CdSe QDs with 
overgrown PbS.  
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of CdSe core, 3 nm diameter, and CdSe/PbS core/shell QDs are shown in Figure 3-2 with the 

number of monolayers indicated on the top right of each image. The relationship between the 

amount of shell precursors used and the resulting shell thicknesses was verified by measuring the 

diameters of the CdSe/PbS core/shell QDs observed in TEM images. Consistent with a RS 

Figure 3-2. Representative TEM images of CdSe/PbS core/shell QDs with 3 nm cores 
labeled with the number of PbS monolayers. Each image is 50 nm × 50 nm.  
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crystal shell structure, the particles became increasingly cubic as the shell thickness increased. 

Similar TEM images of the QDs synthesized using the 4 nm diameter cores are included in 

Figure 3-3. The size dispersions as a percentage of the average diameter remain the same with 

increasing size, 9.5-13%, for both the 3 nm and 4 nm core samples (see Figure A1-1 and Table 

A1-2 in Appendix 1).  

The core/shell structure of these CdSe/PbS QDs is not always noticeable in the TEM 

images since the QDs are randomly oriented on the TEM grid. We collected multiple TEM 

images as a function of tilting angle to bring the crystal lattice of some of the QDs into better 

Figure 3-3. Representative TEM images of CdSe core and CdSe/PbS core/shell QDs 
with 4 nm cores labeled with the number of PbS monolayers. Each image is 
50 nm × 50 nm.  
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alignment to strongly diffract electrons and verify the core/shell structure of the QDs. At 

particular angles, the crystal lattice of the CdSe core, strongly diffracts the electron beam while 

the PbS shell does not diffract as strongly, allowing a contrast between the core and shell to be 

observed in the TEM images. With increasing shell thickness, the contrast between the CdSe 

core and PbS shell materials becomes increasingly pronounced as illustrated in Figure 3-4, which 

contains TEM images of QDs with 8.3 ML (2.85 nm) thick PbS shells grown on the 3 nm CdSe 

cores. The images indicate these CdSe/PbS QDs are core/shell structures and the PbS does not 

grow anisotropically on the CdSe QDs, as would be observed for Janus particles or dot-in-rod 

structures. Direct Cd-to-Pb cation exchange previously relied on high temperatures and 

preferential hard soft acid base theory to explain why cation exchange occurs in certain 

circumstances.8 Notably, despite the presence of both hard and soft bases in this synthesis 

(octylamine and oleate), the reaction results in shell growth rather than cation exchange, which 

we hypothesize is a result of the room-temperature synthesis. To test this hypothesis, the core 

CdSe QDs were treated with octylamine and Pb(oleate)2 without TAA. Neither the morphology 

Figure 3-4. TEM images of CdSe/PbS 8.3 ML core/shell QDs (3 nm core and overall 
diameter = 8.5 nm) without tilting (top row) and with 10° tilting (bottom row), revealing the 
contrast between the CdSe cores and PbS shells. Each image is 20 nm × 20 nm.  
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nor the spectral features of the QDs changed, indicating that the Cd-to-Pb cation exchange does 

not occur under these conditions.  

We found the adopted approach for synthesizing CdSe/PbS core/shell QDs is limited in 

the range of shell thicknesses that can be grown on the CdSe cores. While the resulting shell 

thickness is closely related to the quantities of precursors added for synthesizing thin PbS shells, 

1-4 ML, the final PbS shell thickness is less reliable for syntheses attempting to grow more than 

4 ML. Attempts at growing shells thicker than 4 ML resulted in a significant amount of the 

aggregated CdSe/PbS product, which likely complicates the ratio of CdSe QDs to PbS shell 

precursors. Several other methods to synthesize CdSe/PbS core/shell QDs were attempted, 

including the use of different lead and sulfur precursors, different ratios of lead and sulfur 

precursors, and using CdSe wurtzite (WZ) core QDs. These efforts were unsuccessful and the 

precipitation of black CdSe/PbS aggregates was typically observed (see Table A1-3 in Appendix 

1 for details). 

3.2.2 Crystal Structure   
The powder XRD patterns of the different samples of the CdSe/PbS core/shell QDs were 

compared to identify the crystal structures of the cores and shells. The XRD spectra of the QDs 

made with 4 nm diameter CdSe cores are included in Figure 3-5. The gray (bottom) and magenta 

(top) XRD patterns are the simulated spectra for ZB CdSe and RS PbS structures, respectively. 

The 111 reflection at 2θ = 25.4° is the most intense peak in the ZB CdSe structure, while the 

most intense peak of the RS PbS structure is the 200 reflection at 2θ = 30.1°. The 200 reflection 

is systematically absent in the ZB pattern, making it an excellent indicator of the crystal structure 

of the PbS shell. Both ZB and RS patterns exhibit moderate 220 and 311 reflections, but are at 

slightly different angles due to the differing CdSe and PbS lattice parameters.  
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The CdSe core QDs were confirmed to be ZB – 0 ML pattern (black). If the PbS shell 

adopted the underlying ZB structure, it would exhibit a pattern similar to the CdSe core, but 

slightly shifted to higher 2θ values due to the smaller lattice parameter of PbS. Immediately after 

adding a PbS shell, the 200 reflection (2θ = 30.1°) is present at relatively low intensity in the 

XRD pattern for 0.6 ML CdSe/PbS QDs (red). It is possible that the PbS adopts a ZB structure 

and the 200 reflection is only present due to a break in symmetry at the core/shell interface. In 

this scenario, the 200 diffraction peak would remain very weak relative to the other diffraction 

peaks, since it would only result from reflections at the interface. Instead, the intensity of the 200 

reflection increased relative to the other peaks in the XRD spectra recorded for the thicker shells, 

and we concluded that the PbS shell adopted the RS crystal structure. As the PbS shell became 

the dominant component in the core/shell QDs based on volume, the ratios of the peak intensities 

approached the PbS RS simulated pattern. In the XRD pattern for the thickest shell, the QD was 

Figure 3-5. XRD spectra of CdSe/PbS QDs (4 nm CdSe cores) and varying shell 
thicknesses (labeled on the right in #ML). Simulated stick patterns for bulk CdSe ZB and PbS 
RS structures are included at the bottom and top, respectively.  
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approximately 89% PbS by volume, and the 111 and 200 peaks were nearly equal in intensity. 

The 220 and 311 XRD peaks shifted to slightly higher angles with the addition of the shell. This 

suggests the lattice constant of the CdSe/PbS QDs was intermediate between the CdSe ZB and 

the PbS RS values for thin shells. The 220 and 311 peaks only reached the PbS RS 2θ angles at 

the thickest shell, 7.3 ML, at which point we presume the XRD signal was dominated by the 

large volume of the PbS RS shell. 

In principle, the CdSe ZB cores could change to a RS structure during shell growth, but 

this conversion occurs under very high pressures, between 6.6 and 7.1 GPa.13 In contrast, the 

CdSe QDs experience only 0.95 GPa of compressive pressure exerted by the PbS shell, assuming 

bulk lattice parameters, and up to 1.8 GPa of pressure using the calculated lattice parameters.14-18 

Furthermore, in the RS structure, the 200 peak is more intense than the 111 peak. This is not 

observed in the XRD data with the 111 peak remaining dominant, even up to a shell thickness of 

7.3 ML (blue). While the 111 and 200 XRD peak intensities suggest this conversion does not 

occur, the XRD peak breadths complicates this conclusion. Finally, the extinction spectra 

presented below are indicative of the CdSe ZB phase and not the RS phase. Despite the RS phase 

of the PbS shell, we conclude that the shell grows epitaxially from the CdSe core and the core 

maintains its ZB crystal structure. High-resolution TEM images confirm the preferential 

Figure 3-6. High-resolution TEM image of CdSe/PbS core/shell QDs showing continuous 
atomic lattice throughout the CdSe/PbS QDs. 
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crystallographic alignment of the core and shell, demonstrating epitaxial growth in these 

CdSe/PbS QDs (Figure 3-6).  

Strain arising from the smaller lattice parameter of the PbS RS shell than the CdSe ZB 

core could play a role in the electronic and energetic properties of the CdSe/PbS core/shell QDs. 

The CdSe ZB core-only QDs have a lattice constant of 6.144 Å calculated from the 111 

reflection, which is slightly larger than the bulk value of 6.050 Å.10 This 1.6% tensile strain 

indicates 0.8 GPa of stress based on the calculated Young’s modulus for CdSe, which is 

consistent with previously reported strain values for this size of QD.14,19,20 This lattice spacing 

decreases with the addition of the PbS shell, down to 5.927 Å for the thickest shell, which is only 

0.15% smaller than the PbS bulk value of 5.936 Å.10 This reduction in lattice parameter indicates 

a compressive strain of 3.6% compared to the CdSe ZB core-only QDs. This compressive strain 

in the CdSe/PbS core/shell QDs will likely give rise to a shifting of the conduction and valence 

bands to higher energies and a larger band gap than there would be with only quantum 

confinement.21 

3.2.3 Spectroscopy   
Characterization of Band Gap Energies.  Extinction and PL spectra of the CdSe/PbS 

core/shell QDs were recorded to probe the energetics of the quantum-confined states and to 

identify changes in the spatial overlap of the electron and hole wave functions as the shell 

thickness was varied. All spectral data were collected with samples having absorbance values 

between 0.05 and 0.1 at the first absorption peak. The extinction spectra for CdSe/PbS core/shell 

QDs are plotted as solid lines in Figure 3-7, normalized to the same extinction at the energy of 

the lowest feature, the 1Se–1Sh absorption band. The spectra are labeled with the number of PbS 

MLs for that sample, lower left in each panel, and are offset for clarity. The extinction spectra of 
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the 3 and 4 nm CdSe core-only QDs, black, exhibit at least three distinct absorption features 

resulting from quantum confined states at lower energies, and there is a gentle rise in the 

absorbance with increasing photon energy.   

In general, the absorption and PL spectra are observed to shift to lower energies with 

increasing PbS shell thickness (Figure 3-7, red through purple spectra). Specifically, the 1Se–1Sh 

absorbance features shift by a total of 280 meV for the 3 nm core/8.1 ML sample and 155 meV 

for the larger 4 nm core/7.3 ML sample. These 1Se–1Sh features remain above 1.74 eV, the CdSe 

ZB bulk band gap,4 and they do not approach the band gap of bulk PbS, 0.37 eV.3 See Figure 

A1-2 in Appendix 1 for details of accurately identifying the lowest-energy, 1Se–1Sh transition 

energies. These band edge transition energies suggest that one or both of the charge carrier wave 

functions delocalize into the shell region of the QD, causing the shift to lower energy, but the 

Figure 3-7. Extinction spectra (solid lines) and PL spectra (dashed lines in the insets) of 
CdSe QDs and CdSe/PbS core/shell QDs with core diameters of 3 nm (a) and 4 nm (b) 
labeled with the number of monolayers (lower left in each panel). The extinction spectra are 
normalized at the lowest-energy, 1Se−1Sh absorption feature, and the PL spectra are 
normalized at their peaks.  
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energies are still dominated by the CdSe core. There is a repeatable, abrupt shift of the 1Se–1Sh 

feature to 40(10) meV higher energy observed between the spectra recorded for the samples with 

1.8 ML (orange) and 2.5 ML (yellow) shells and 4 nm diameter cores. The 1Se–1Sh feature then 

continues to lower energies with increasing shell thickness. For the 3 nm diameter samples, the 

first absorbance spectral features stop shifting to lower energies between the 6.4 ML (blue) and 

7.1 ML (light purple) spectra and remain at the same energy within the noise of the absorption 

spectra. These features that contrast the general trend of shifting to lower energies both occur at 

energies just below 2.1 eV in the extinction spectra.   

The PL spectra recorded for the 3 and 4 nm core diameter CdSe/PbS QD samples, Figure 

3-7 (inset, dashed lines), are dominated by single features associated with radiative 

recombination of the electrons and holes via the 1Se–1Sh transitions that are Stokes shifted just 

slightly from the lowest-energy absorption feature by 31-90 meV. The energies of the PL 

features recorded for the different CdSe/PbS QD samples mimic the trends of the first absorption 

peaks with shifts to lower energies with increasing shell thickness; total shifts of 304 and 148 

meV for the 3 and 4 nm core samples, respectively, were measured (Table A1-4 in Appendix 1). 

Consistent with the absorption data collected for the 4 nm diameter CdSe cores, the PL peak in 

the spectrum recorded for the 2.5 ML thick PbS shell sample (yellow) is observed 34(8) meV to 

higher energy than the PL peak in the 1.8 ML thick shell sample (orange). The PL peak in the 

spectrum of the 7.1 ML PbS thick shell, 3 nm diameter CdSe core sample is also observed to 

shift to just slightly higher transition energies than the peak in the 6.4 ML sample, 9(7) meV, but 

this very small shift is reversed by a subsequent 10(8) meV shift to lower energy for the 8.1 ML 

sample.  
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The PL spectrum of the 3 nm CdSe core-only QDs (black) contains some very broad low-

energy trap emission centered ~600 meV below the band edge PL peak,22 and a PL quantum 

yield (PLQY) of just 3.50(9)% was measured when exciting at 2.61 eV for these CdSe QDs. This 

trap PL was greatly diminished with the addition of a thin, 1.5 ML shell (red), and was 

eliminated for the QDs with thicker shells, 2.9 ML and greater. Despite the ZB/RS crystal 

structure mismatch at the core/shell interface, the PbS shell passivates the surface of the CdSe 

core and minimizes the density of low-energy surface trap states that are associated with the sub-

bandgap emission. Though these loss mechanisms are reduced, the PLQY values decrease with 

the addition of the PbS shell; the PLQYs range from 0.10(1) to 1.37(7)% for the 3 nm core 

diameter CdSe/PbS core/shell QDs with a dependence on excitation energy.23,24 The PL spectra 

of the 4 nm CdSe QDs do not contain trap emission, and the PLQY is higher, 12.9(4)%, when 

exciting at 2.76 eV. The addition of the PbS shell on these larger core CdSe QDs lowers the 

PLQY values to 0.21(2) to 10.2(3)% with a dependence on excitation energy. A summary of the 

PLQY data is included in Table A1-5 in Appendix 1.  

The 1Se–1Sh transition energies also support the conclusion from the XRD data that the 

CdSe core remains in the ZB phase. The bulk band gap of RS CdSe is 0.67 eV, but that value can 

increase for quantum confined nanostructures; a band gap of 1.5 eV was reported for 2 nm 

diameter CdSe RS QDs.13 If the strain exerted by the PbS RS shell caused the CdSe core crystal 

to transform from ZB to RS, the energies of the 1Se–1Sh absorption and PL features would 

dramatically decrease, likely down to ~1 eV.13,25 A dramatic shift of  the spectral features to 

lower energies with shell growth is not observed. 

Characterization of Wave Function Overlap.  The bulk band alignment of CdSe ZB and 

PbS RS indicate an inverse type-I band alignment.1 Even though quantum-confinement effects 
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would alter the energetics of the core and shell differently with varying core diameter and shell 

thickness, the inverse type-I band alignment would be achieved with very thick shells. At this 

extreme, the electrons and holes would both become localized in the shell region of the QDs, and 

the band gap would approach the PbS value, 0.37 eV. This is not observed. Instead, the energies 

of the 1Se–1Sh absorption and PL features follow a general trend of shifting to lower energies 

with increasing shell thickness, but the energies remain greater than the bulk CdSe ZB band gap 

energy. There is no evidence of absorption or emission to lower energies. This suggests the 

electron and hole wave functions are not becoming localized in the PbS shells, even with the 

thickest shells synthesized.  

In previous experiments performed on ZnSe/CdSe QDs, there was clear evidence in the 

extinction spectra for an inverse type-I heterostructure.26,27 Specifically, the extinction spectra 

contained absorption features at lower energies that were associated with transitions of electrons 

and holes both confined within the shell region, and other absorption features at higher energies 

that were associated with transitions of electrons and holes that are localized preferentially 

within the core region of the QDs. Similar features are not observed in the extinction spectra of 

the CdSe/PbS core/shell QDs; no low-energy absorption features are observed to grow in with 

shell thickness.  

Evidence for distinct core and shell transitions were previously reported in type-I 

heterostructures. Specifically, the spectra contain one absorption and one PL feature associated 

with the core and one absorption and one PL feature associated with the shell.28-30 This dual 

emission can only occur if a) there is a large potential barrier at the core/shell interface that 

results in two separate quantum-confined regions or b) the intraband relaxation is slow compared 

to the radiative lifetime so that there is a probability for emission from the excited states prior to 
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relaxation to the band edge. For the CdSe/PbS core/shell QDs, the lack of absorption below the 

CdSe bulk band gap energy suggests that there is not a separate lower-energy band edge 

associated with only the PbS shell region even though the volume of the PbS shell becomes 

dominant. This also excludes the possibility of a second emission feature associated with the PbS 

shell. As mentioned, the observed PL feature smoothly shifts with the first absorption feature to 

lower energies, maintaining a Stokes shift of 20-70 meV (Appendix 1, Table A1-4), with shell 

growth. All of the spectroscopic evidence indicates these materials do not have an inverse-type-I 

band alignment.  

Significant changes in the shapes of the CdSe/PbS QD extinction spectra are noticeable 

with increasing shell thickness, Figure 3-7. Most notably, the absorbance of the lowest-energy, 

1Se–1Sh feature decreases relative to the absorbance at higher transition energies with increasing 

shell thickness for both the 3 and the 4 nm core-diameter samples. Quantitative changes in the 

absorbance values are difficult to determine as the concentrations of the CdSe/PbS QDs in 

solution and the absorption coefficients are not accurately known. In order to emphasize the 

relative changes of the absorption at lower versus higher excitation energies, the spectra of the 

core-only and 7.1 ML CdSe/PbS QDs with 3 nm core diameters are plotted in Figure 3-8a with 

the spectra normalized to the same extinction at an energy of 1.5 eV above the 1Se–1Sh feature in 

each spectrum. For the core-only sample (black), the extinction at the peak of the 1Se–1Sh feature 

is 40.8% of that measured 1.5 eV to higher energy, at 3.862 eV. This percentage decreases with 

shell thickness as the absorbance of the 1Se–1Sh feature continues to decrease relative to the 

absorbance at higher excitation energies. By a PbS shell thickness of 7.1 ML (purple) the 

absorbance at the 1Se–1Sh feature is only 3.4% of the absorbance measured 1.5 eV higher in 

energy, 3.563 eV. Similar absorbance decreases are observed in the 4 nm extinction spectra, 
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Figure 3-8b. Here, the absorbance at the peak of the 1Se–1Sh feature for the core-only sample 

(black) is 30.5% of the absorbance measured 1.5 eV to higher energy, at 3.668 eV. This 

percentage decreases by an order of magnitude, down to 3.1%, for a 4.3 ML PbS shell grown on 

the 4 nm CdSe core (green) at 3.563 eV. Since these spectra are collected using a forward-

collecting scattering sphere and back scattering was corrected after data acquisition, the 

scattering in these spectra is negligible and thus the differences in extinction represent 

differences in absorption.   

The energetic shift between the strong absorption and band-edge PL can also be 

quantified by integrating the extinction spectrum rather than relying on an arbitrary 

normalization point. The absorption spectra were integrated starting from high energy, 4.2 eV, 

just below the onset of absorption by ligands, down through the absorption of the QDs. The 

extinction spectra for the samples with the thickest PbS shells were not integrated since the 

scattering for those spectra could not be corrected. Since the shift between strong absorption and 

Figure 3-8. Normalized extinction spectra of (a) 3 nm CdSe core QDs (black) and 7.1 ML 
CdSe/PbS core/shell QDs (purple) and (b) 4 nm CdSe core QDs (black) and 4.3 ML 
CdSe/PbS core/shell QDs (green). The spectra are normalized to the same value at 1.5 eV 
above each 1Se−1Sh absorption peak, indicated by tics.  
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PL is important for use as LSC, these integral curves are plotted versus the difference between 

the absorbance energy and the PL peak. These curves are plotted for QDs with 3 nm CdSe cores, 

Figure 3-9. For the 3 nm CdSe cores, the integrated absorption signal reaches 98% of the total 

integrated signal just 65 meV above the peak of the PL spectrum. The energetic shift between 

this 98%-level and the PL peak increases with shell growth, reaching 550 meV above the PL 

peak for the CdSe/PbS QDs with a shell thickness of 7.1 ML. Similar data were calculated for 

the 4 nm CdSe cores (see Figure A1-3 in Appendix 1), and the 98% level increased from 71 eV 

to 516 eV above the PL peak with the growth of a 4.3 ML PbS shell. These differences could 

simply result from differing levels of quantum confinement rather than changes in absorption 

spectral shape since a larger spectral region is integrated for the CdSe/PbS QDs. When 

comparing the two core-only samples, however, there is only a 6 meV difference between the 

98%-level absorbance for the two samples resulting from the 193(6) meV difference in spectral 

window. Therefore, we conclude that the increased strength of absorption transitions at high 

energies in the CdSe/PbS core/shell QDs causes these large energetic shifts, offering promise for 

their use in LSCs. These properties can also be exploited for biological imaging by matching the 

Figure 3-9. Normalized integral curves of absorption spectra for CdSe and CdSe/PbS QDs 
with 3 nm diameter cores versus shift between absorption and PL energy. The spectra are 
normalized to a total of 100%, and the 98% level is indicated with a dashed line.  
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broad, strong absorption to one biological window for excitation while the QD emission is tuned 

to a second, significantly lower-energy spectral window.6,31-33  

We propose these significant changes in the ratios of the absorbance values measured 

near band gap versus higher excitation energies with PbS shell growth are a direct result of 

dissimilar modifications of the electron and hole wave functions. Consider the CdSe/PbS QDs 

with the thickest shells. The lowest-energy quantum-confined state of the electron, 1Se, samples 

both the core and shell regions, and the lowest-energy state of the hole, 1Sh, largely remains in 

the core region, a significant decrease in the overlap of the ground state electron and hole wave 

functions would result. With a decrease in wave function overlap, the absorption coefficient for 

this low-energy transition would decrease. This partial separation of band edge charge carrier 

wave functions is classified as a quasi-type-II heterostructure.34-36 In contrast, the absorption 

coefficients for transitions between higher energy states that remain delocalized over the entire 

region of the QDs, e.g., 3Se–3Sh, may remain high. The modification of the electron and hole 

wave functions with shell growth may also enhance the oscillator strengths of higher-energy 

transitions with 'n z 0 that are typically weak or forbidden in spherical, core-only QDs, e.g., 

1Se–3Sh. 

3.2.4 Electron and Hole Wave Function Calculations   
The electron and hole wave functions of the low-lying quantum-confined states in the 

CdSe/PbS core/shell QDs were calculated to probe how they may be changing with PbS shell 

growth and to verify the proposed quasi-type-II behavior of these QDs. Specifically, calculations 

using three different single-band effective-mass approximation (EMA) models were 

performed.37-40 The full set of energies and radial probability density (RPD) functions for all 

three methods are included in Appendix 1, and the results from the three models are consistent 
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with each other with only subtle differences. Some of the results obtained using the analytical 

method developed by Haus et al. and implemented by Vlaskin et al. are presented to summarize 

how the RPD functions change with shell thickness.37,38 

The radial particle-in-a-box potentials representing the 3 nm core CdSe/PbS core/shell 

QDs with PbS shell thicknesses of 0, 1.5, and 2.9 ML are plotted in Figure 3-10a-c (black).1,2,41-

43 The calculated quantum-confined energies (red dashed) and RPD functions (red solid) for the 

1Se and 1Sh states are superimposed on the minimum conduction band and maximum valence 

band potentials. The electron and hole RPD functions change dissimilarly in part because of the 

effective masses of the charge carriers in the core and shell regions of the QDs. The electron has 

a very similar effective mass in the CdSe core, me* = 0.12me, as it does in the PbS shell, me* = 

0.105me,3-5 and the small values result in a delocalization of the 1Se RPD function over the entire 

Figure 3-10. Radial probability densities calculated using the method by Haus et al.
37,38

 of 
the 1Se (red) state in the conduction band (CB) and the 1Sh (red) and 3Sh (blue) states in the 
valence band (VB) superimposed on the potentials (black) and state energies (dashed) for 
the 3 nm core CdSe/PbS core/shell QDs. The panels are for shell thicknesses of (a) 0 ML, 
(b) 1.5 ML, and (c) 2.9 ML.  
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QD, even for the samples with the thickest shells. In contrast, there is a large difference between 

the effective masses of the hole in the CdSe core, mhh* = 2.14me for the heavy hole, and in the 

PbS shell, mh* = 0.108me.3-5 This significant difference results in the localization of the 1Sh RPD 

function in the core region CdSe/PbS QDs, where the effective mass is much larger, with little 

probability density found in the shell region as long as the energy of the hole state lies above the 

energy of bulk CdSe. The resultant character of the CdSe/PbS QDs with thin shells, d1.5 ML, is 

quasi-type-I with only a small delocalization of the 1Se RPD into the shell and the localization of 

the 1Sh RPD function in the core region, Figure 3-10a,b. The calculations suggest this system 

evolves into a quasi-type-II band alignment with increasing shell thickness. By a shell thickness 

of 2.9 ML, Figure 3-10c, there is a significant reduction in the overlap of the 1Se and 1Sh wave 

functions, as only 62% of the 1Se RPD is in the core region while 99% of the 1Sh RPD remains 

in the core region of the QD. This reduction in overlap results in a notable reduction in oscillator 

strength of the near band gap 1Se–1Sh transition, which would lead to the significant decrease in 

absorbance observed experimentally for the lowest-energy transitions.  

The calculations indicate the different effective masses in the valence band also influence 

the nature of the higher-lying hole quantum-confined states. The calculated energies and RPD 

functions of the n = 3 heavy hole state, 3Sh, are also included in Figure 3-10 (blue). This state 

initially remains confined in the core region of the CdSe/PbS QD, but then spreads over the 

entire QD by a shell thickness of 2.9 ML for the 3 nm core sample. Absorptive transitions with 

'n > 1 within a spherical QD with infinite potential walls are not allowed due to symmetry 

constraints, but they have been observed in the spectra of QDs.44,45 The dissimilar effective 

masses and band alignments in the CdSe/PbS core/shell QDs can further reduce the influence of 

the particle-in-a-sphere 'n = 0 selection rule. As a result, the oscillator strength for the 1Se–3Sh 
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transition and other 'n z 0 transitions will likely increase in comparison to that of the 1Se–1Sh 

transition with increasing shell thickness. Based on these simple EMA calculations, we propose 

that indeed the low-lying transitions in the CdSe/PbS absorption spectra, such as the 1Se–1Sh 

transition, become weaker and the higher-energy transitions, such as the 1Se–3Sh transition, 

become stronger with shell growth. This scenario would still result in radiative recombination of 

the electrons and holes being observed near the band gap with only a small Stokes shift of the PL 

emission from the 1Se–1Sh absorptive transition, as is observed experimentally.  

The observed energies of the 1Se–1Sh transitions can also be used to identify the point at 

which the QD heterostructure changes from quasi-type-I to quasi-type-II.21 The 1Se–1Sh 

absorption peak (solid) and PL peak (open) energies are plotted versus the number of monolayers 

for samples with 3 (squares) and 4 nm (circles) diameter CdSe cores in Figure 3-11. Initially, 

small increases in shell thickness dramatically reduces the 1Se–1Sh transition energy as the 

degree of quantum confinement of the electron changes.  For QDs with thicker shells, however, 

there are only small changes to the 1Se–1Sh transition energies with additional PbS MLs. The 

transition from quasi-type-I to quasi-type-II behavior is most obvious for samples with 3 nm 

Figure 3-11. Transition energies of the 1Se−1Sh absorption peaks (solid symbols) and PL 
peaks (open symbols) for CdSe QDs and CdSe/PbS core/shell QDs versus number of shell 
monolayers. The data for the 3 and 4 nm diameter CdSe cores are black squares and red 
circles, respectively. The error bars, based on spectral noise and feature curvature, are 
smaller than the data points. The bulk CdSe ZB band gap is 1.74 eV.

4 
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CdSe cores, occurring at ~5 ML, while the shift to higher energy complicates the identification 

of this transition in the series with 4 nm CdSe cores. Nevertheless, the energetic difference 

between samples with 4 nm cores with 4.3 ML and 7.3 ML is only 50 meV, despite the 1.9 nm 

increase in diameter.  

It is important to note that these calculations are not quantitative, nor do they reveal the 

full picture of the behavior of the electron and hole states in these CdSe/PbS QDs. The band gaps 

predicted by the calculations do not match the experimentally determined values. With 

increasing PbS shell thickness, t4.0 ML, the calculated 1Sh state becomes localized in the shell 

region, and a notable shift of the band gap to lower energies, approaching the PbS bulk band gap, 

is predicted. Since the experimentally observed band gap remains just above the bulk CdSe band 

gap for the CdSe/PbS QDs synthesized, it appears other factors not included in these simple 

EMA models are also influencing the energetics and properties of the quantum-confined states 

(see Figures A1-12 and A1-13 in Appendix 1). Incorrect alignment of the bulk CdSe and PbS 

bands could also play a factor in predicting the energetics and wave functions of the electrons 

and holes.46,47  

3.2.5 Potential Effects of Strain and Crystal Structure   
We propose one of the deviations between the measured and calculated 'E values results 

from lattice strain, which was not modeled in the simple EMA calculations performed. Strain 

caused by lattice mismatch in core/shell heterostructures can be significant and cause deviations 

from expected trends solely based on quantum confinement.21 In this system, the smaller RS PbS 

(5.936 Å lattice constant) experiences tensile strain while the ZB CdSe core (6.050 Å lattice 

constant) experiences compressive strain.10 Since the 1Sh–1Se transitions are dominated by the 

CdSe core, the compressive strain on the core would impact the observed spectral features. 
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Compressive strain shifts the 1Sh–1Se transition to higher energies, countering the expected shifts 

to lower energies due to decreasing quantum confinement. Based on the difference between the 

bulk lattice constants of CdSe and PbS (1.9% strain), the maximum calculated shift to higher 

energy of the CdSe band gap is ~41 meV (see Appendix 1 for more details). Since the as-

synthesized CdSe QD lattice parameter is larger than the bulk value, however, this strain-induced 

change could be as great as ~75 meV.  

This strain-induced change in band gap is likely significantly more important for the 

core/shell QDs with 4 nm cores. First, the magnitude of strain is larger for a larger core and 

second, the quantum confinement is weaker in a larger core, reducing the degree to which the 

electron reduces its energy through reduced quantum confinement in the core/shell QDs. Strain 

could be the source of the unusual, abrupt shift to higher energy seen in the CdSe/PbS QDs with 

4 nm CdSe cores. Without being able to measure the lattice parameters of the CdSe and PbS 

phases separately, it is unclear precisely how much strain contributes to the trends in band gaps. 

Additionally, since strain shifts the valence and conduction band edge energies, these strain 

effects could impact the band offsets between the core and shell, and therefore impact the 

electron and hole radial probability density calculations. 

3.3 Conclusions 
We have synthesized CdSe/PbS core/shell QDs with varying shell thicknesses that are 

dictated by the quantities of shell precursors. XRD data confirm that the PbS shell adopts the RS 

structure despite a mismatch with the CdSe ZB core lattice. The growth of the PbS shell on the 

CdSe core results in a significant reduction of the absorbance near the band gap relative to higher 

energies. We propose the absorbance changes result from changes in the spatial overlap of the 

electrons and holes, and this rationale is supported by EMA calculations. The wave functions of 
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the lowest energy electron and hole states in QDs with shell thicknesses of a few MLs become 

partially separated, and these absorptive transitions become weaker. In contrast, the wave 

functions of higher energy states maintain significant overlap and maintain significant oscillator 

strength. These large differences in oscillator strength result in the energetic separation, up to 

550 meV shift based on the 98% integrated absorption, between the absorption and PL spectral 

windows that is essential for use in luminescent solar concentrators as well as biological 

imaging.31,32,48,49 Compared to other LSC candidates, the range over which this energetic 

separation can be tuned is larger for the CdSe/PbS QDs due to the ability to change both the 

diameter of the CdSe core and the thickness of the PbS shell. Ultimately, the large differences 

between the bulk band gap energies of the core versus the shell indicate their potential for 

improved efficiencies in solar cells through MEG if these core and band gap energies can be 

achieved on the nanoscale. The synthesis of CdSe/PbS core/shell QDs demonstrates the first step 

towards MEG in an inverse-type-I core/shell QD system.   
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Chapter 4: Spectroscopy of CdSe/PbS 
Core/Shell Nanoplatelets 
4.1 Introduction 

As stated in Chapter 1, semiconductor nanocrystals (NCs) can be synthesized in a variety 

of shapes and sizes in each dimension, changing the energies and densities of the quantum 

confinement states. Shape modification of NCs can also tailor properties such as light absorption 

and emission, charge transport, and charge separation.1 Quantum dots (QDs), such as those 

studied in Chapter 3, are confined in all three dimensions.2,3 Increasing the NC length in one 

dimension results in quantum wires (QWs) with confinement in two dimensions.4 Carriers in 

zinc blende (ZB) CdSe nanoplatelets (NPLs) are strongly confined in one dimension with 

thicknesses varying for 3.5 up to 8.5 monolayers (ML), but are (at most) weakly confined in the 

length and width dimensions.5-7 Zinc blende (ZB) CdSe NPLs have generated significant interest 

because their shape results in unique optical and assembly properties.8-10 

Optically, the energies of absorption and photoluminescence (PL) features are primarily 

dictated by the thickness of the CdSe NPLs. These NPLs have atomically flat top and bottom 

surfaces, which lead to strong, uniform quantum confinement of the charge carriers in the 

thickness dimension of the NPLs. Since the large lateral dimensions of the NPLs only weakly 

confine the charge carriers (at most), the band edge optical features are extremely sharp with 

minimal inhomogeneous broadening. Due to the quasi 1D quantum confinement in CdSe NPLs, 

absorption transitions involving different hole states and the same electron state are observed. 

The bulk ZB CdSe valence band (VB) has three low-lying states, the heavy hole (hh), light hole 

(lh), and split off hole (soh) with different curvatures and effective masses.10 While the hh and lh 



86 
 

bulk band edge potentials are degenerate at the gamma point, the soh band is separated by 

0.42 eV.11 Transitions from each of these different hole states access the same electron state in 

the CB, including the transition between the lowest energy electron state and the lowest energy 

hh state (1e–1hh), the lowest energy lh state (1e–1lh), and the lowest energy soh state (1e–1soh). 

After electronic excitation, the photo-generated electron-hole pair forms an exciton since the 

binding energy of ~165 meV (calculated for 4.5 ML CdSe NPLs) is significantly larger than the 

thermal energy at room temperature (kT = 25.7 meV).11,12 Additionally, the NPL shape and 

electronic structure cause unique optical polarization of the absorption and PL transitions, 

leading to circularly polarized emission from the face of the NPL and linearly polarized emission 

from the edges of the NPL.9,13,14  

Similarly, the NPL shape results in unique assembly abilities. The flat NPL faces, aligned 

ligands, and strong van der Waals interaction between the large NPL faces can be exploited to 

stack and self-assemble the NPLs in devices. Since the NPL geometry causes directional, 

polarized light emission, self-assembled NPLs also exhibit directional, polarized emission in 

devices.9 Compared to QDs, the NPL’s longer dimensions could be used for charge transport, but 

the dimensionality and high level of quantum confinement in as-synthesized CdSe NPLs leads to 

extremely large exciton binding energies, hindering charge separation and conduction.10-12 

Post-synthetic modification of semiconductor NPLs can help tailor the properties of these 

particles while retaining the advantages of “two-dimensional” crystals over “zero-dimensional” 

QDs, such as charge transport. The NC properties and charge carrier dynamics can be tuned 

through ligand exchange15,16 and heterostructure growth.17-21 Ligand exchange can passivate trap 

sites on the semiconductor surface,22,23 shift the NC band edge energies,24 modify the band gap 

energy,15,16,25 and induce charge transfer and/or separation.26 Semiconductor NPL 
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heterostructures can be synthesized to exhibit either type-I17,18 or type-II21 behavior in either a 

core/shell or core/crown heterostructure morphology. In a core/crown NPL, the thickness of the 

NPL does not change, and the lateral dimensions of the NPL are extended by the addition of a 

second semiconductor material. For example, in 4.5 ML CdSe/CdTe core/crown NPLs, the 

4.5 ML CdSe NPLs are extended in length and width by the addition of a 4.5 ML thick CdTe 

crown surrounding the core on the four small sides without changing the thickness.21  While 

crown growth is anisotropic, shell growth is isotropic, resulting in crystal growth on all facets of 

the core NPL. For example, CdS growth occurs on all facets of the core CdSe NPL, creating a 

CdSe/CdS core/shell NPL.17,18  

These two heterostructure types, type-II CdSe/CdTe core/crown NPLs and type-I 

CdSe/CdS core/shell NPLs, tune the optoelectronic properties of the NCs. In the type-II 

CdSe/CdTe core/crown NPL, the electron and hole are spatially separated, resulting in a 

significantly longer PL lifetime and a large Stokes shift between the first absorption feature and 

the PL.21 Despite the separation of the electron and hole wave functions in these type-II 

CdSe/CdTe core/crown NPLs, the photoluminescence quantum yield (PLQY) was as high as 

46%.21 Alloying the core/crown to form a CdSe/CdSexTe1−x/CdTe core/alloy/crown structure 

improves the PLQY to as high as 70% by reducing interfacial strain.21 The CdS shell in the type-

I CdSe/CdS core/shell NPLs effectively passivates the CdSe core, increasing the PLQY from 20 

to 40%.17,18 A type-I heterostructure with a larger potential barrier between the NPL surface and 

core, as in CdSe/CdZnS core/shell NPLs, can raise the PLQY to as high as 60%.17 These 

heterostructures provide an opportunity to tune the NC properties for a wide range of 

applications, including incorporation in light emitting diodes, photocatalysis, imaging, and 

photovoltaic devices.  
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In Chapter 3, the CdSe/PbS core shell QD system was analyzed using the inverse-type-I 

band alignment of the CdSe and PbS bulk band gaps, which was understood to cause 

heterostructure tunability from quasi-type-I to quasi-type-II depending on the PbS shell 

thickness.27 Effective mass approximation calculations indicated that the electron and hole wave 

function localization is not simply the result of differing conduction and valence band energies, 

but also the result of the charge carriers’ effective masses. The study in Chapter 3 did not 

consider the effect of differing band structures for the CdSe and PbS semiconductors. This 

difference makes the CdSe/PbS core/shell system particularly attractive for tuning the 

optoelectronic properties. The differences in the band structure at different values of the wave 

vector k could allow additional tuning of the absorption transition energies and strengths. As 

stated in Chapter 1, the band alignment of the CdSe/PbS core/shell heterostructure NCs at the * 

point is a type-I configuration, while the band alignment at the L point is an inverse-type-I 

alignment. The band edge wave functions can therefore change between states dominated by 

CdSe (* point) or PbS (L point) depending on shell thickness.  

We report here the synthesis of CdSe/PbS core/shell NPLs based on the previously 

reported synthesis of CdSe/PbS core/shell QDs.27 Transmission electron microscopy (TEM) and 

inductively coupled plasma mass spectrometry (ICP-MS) were used to monitor morphological 

and compositional changes to the NPLs. Optical characterization through steady-state absorption 

and PL spectroscopies was used to probe the quantum confinement of the charge carrier states. 

Fitting of the absorption features close to the band edge was used to study changes to the hh and 

lh wave functions. The spectroscopic changes were understood using a model of quantum 

confinement at the * and L points in CdSe/PbS core/shell NPLs. Time-resolved PL was used to 

further examine the effective heterostructure type with changing shell thickness.  
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4.2 Results and Discussion  

4.2.1 Synthesis.  
The CdSe core NPLs were synthesized with a length of 30(3) nm, width of 8(1) nm, and 

thickness of 4.5 ML (1.22 nm) with Cd-terminated top and bottom facets using a slightly 

modified procedure as reported previously.28 The 4.5 ML NPLs were purified from 3.5 ML NPL 

and QD byproducts through a modified precipitation and filtration process. See Chapter 2 for full 

details on the synthesis and purification of the CdSe NPLs.9 The PbS shell synthesis used to 

make the CdSe/PbS core/shell NPLs is similar to the procedure for making CdSe/PbS core/shell 

QDs.27 This room-temperature synthesis uses ZB CdSe core NPLs in order to reduce structural 

mismatch between the CdSe core and the PbS shell since the ZB and rock salt (RS) structures 

share a common cubic anionic sublattice.  

After synthesis and purification, the absorbance of the CdSe NPL stock solution was 

measured quantitatively and the lateral sizes of the NPLs were measured from transmission 

electron microscopy (TEM) images in order to calculate the concentration of NPLs in the stock 

solution.29 See Figure A2-1 for histograms of the length, width, and thickness of these CdSe core 

NPLs. These NPL concentration and size data were used to calculate the quantities of shell 

precursors required for a desired shell thickness, assuming isotropic growth on all sides (see 

Table A2-1 in Appendix 2 for more details). A 200 µL aliquot of the CdSe NPLs in 

methylcyclohexane was added to a vial containing 50 µL octylamine. This dispersion of NPLs 

was diluted with 2 mL chloroform, and the desired quantity of thioacetamide (TAA, S precursor) 

was added. This solution was sonicated for 5-10 minutes, until all TAA dissolved, which was 

indicated by the solution changing from bright yellow to orange, indicative of sulfide 

deposition.17 A 0.01 M solution of lead oleate (Pb(oleate)2, lead precursor) in octylamine was 
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added over time at a rate of 20 µL every 5 min until the desired quantity of Pb(oleate)2 was 

added. After the reaction proceeded for three hours, the product CdSe/PbS core/shell NPLs were 

isolated from remaining shell precursors and homogeneously nucleated PbS (black solid). This 

black solid, which we showed to be homogeneously nucleated PbS in the CdSe/PbS core/shell 

QD synthesis,27 was first removed by centrifuging at 4500 RPM (3260 g) for 5 min. The clear 

solution, containing the desired product, was decanted from the black precipitate 

(homogeneously nucleated PbS). The solution was reduced to about 25% its original volume 

under a stream of dry nitrogen gas, 1 mL methanol was added to induce flocculation, and the vial 

was centrifuged for 5 min at 4500 RPM (3260 g). The pale yellow solution, which contains 

excess shell precursors, was decanted, using excess methanol to carefully wash away the 

supernatant. The solid CdSe/PbS core/shell NPLs were redispersed in 1 mL toluene. 

4.2.2 Morphological Changes.  
Unlike the synthesis of CdSe/PbS core/shell QDs, which results in growth of PbS on all 

surfaces of the CdSe QD, the growth of a PbS shell on CdSe NPLs results in anisotropic changes 

in the morphology of the CdSe/PbS core/shell NPLs. Starting with CdSe NPLs with a relatively 

large aspect ratio (i.e. 30(3) L × 8(1) W nm NPLs that are more rectangular than square in 

shape), the NPLs increase in thickness, decrease in length, and increase in width (Figure 4-1). 

See Figure A2-1 for histograms of the length, width, and thickness of these CdSe/PbS core/shell 

NPLs.  

Clustering results in some of the NPLs being positioned on their sides in the TEM 

images, permitting the thickness of the NPLs to be measured. This is very common in the CdSe 

core-only NPLs (see Figure A2-2 in Appendix 2), but the CdSe/PbS core/shell NPLs do not 

appear to cluster as readily. Still, a few CdSe/PbS core/shell NPLs stand on end, allowing for the 
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thickness of the NPLs to be measured, confirming the direct relationship between increasing PbS 

shell reagents and thickness. Representative TEM images of the CdSe/PbS core/shell NPLs 

standing on end are shown in Figure 4-2. A change in the uniformity of thickness along the 

length of the NPLs is observed with increasing shell thickness, and the NPL thickness variation 

increases. While the profiles of 2.7 and 3.4 ML CdSe/PbS core/shell NPLs appear to be 

relatively smooth, the profiles of the 4.7 and 6.9 ML CdSe/PbS core/shell NPLs are more varied 

along the length of the NPLs. Slight variations in the angle of the crystal lattice and the NPL’s 

alignment with the electron beams cause some difference in contrast along the length of the 

NPLs, which is also observed in CdSe core NPLs (Figure A2-2). In the high-resolution scanning 

transmission electron microscope (STEM) image of 6.9 ML CdSe/PbS core/shell NPLs, the shell 

growth appears to be particularly uneven, with a “dog-bone”-like profile, i.e. the ends are thicker 

than the middle. Furthermore, in this STEM image, the contrast between the core and shell can 

be observed, confirming the core/shell morphology. Optical spectroscopy measurements further 

confirm the increase in shell thickness observed in these TEM images (discussion below).  

2.5 ML 3.6 ML 4.7 ML 6.9 ML 0 ML a 

2.5 ML 3.6 ML 4.7 ML 6.9 ML 0 ML b 

Figure 4-1. Representative TEM images of CdSe/PbS core/shell NPLs labeled with the 
number of PbS monolayers. (a) Each image is 125 nm × 125 nm. (b) Each image is 50 nm × 
50 nm, highlighting changes in shape of the NPL face with increasing shell thickness. 
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TEM images indicate the lateral size and shape of the NPLs change dramatically with 

shell growth. Instead of isotropic growth of a shell in all directions, as observed in the CdSe/PbS 

core/shell QDs,27 or in CdSe/CdS core/shell NPLs,17,18 the length decreases from 30(3) nm for 

the CdSe core NPLs to 20(3) nm for the 4.5 ML CdSe/PbS core/shell NPLs, and the width 

increases from 7(1) nm to 9(1) nm for the growth of the 4.5 ML shell. In addition, the shape 

changes dramatically, from the starting rectangular shape to more oval-type shapes (Figure 4-

1b).  

2.7 ML 3.4 ML 

3.4 ML 4.7 ML 

6.9 ML 

8.5(1) nm 

1.3(1) nm 

5.9(2) nm 
9.47(5) nm 

Figure 4-2. Edge view of CdSe/PbS core/shell NPLs with the average PbS shell thickness in 
number of monolayers labeled in the upper left of each image. The high resolution STEM 
image of a single 6.9 ML CdSe/PbS core/shell NPL demonstrates contrast between core and 
shell as well as thickness variation along the length of the NPL. 
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Though the shape of the NPL faces changes with increasing shell thickness, the shape is 

relatively smooth and does not show the same signs of islanding as other core/shell NPLs. Both 

CdSe/CdS core/shell NPLs, synthesized by a similar method, and CdSe/CdS core/shell quantum 

belts have distorted shapes with the CdS shell appearing to grow in separate crystal domains 

similar to Stranski-Krastanov growth.17,30 This may arise from the large lattice mismatch 

between the CdSe core and CdS shell (4%).17,30 While the PbS shell growth is uneven in 

thickness, as seen in Figure 4-2, the NPL shape is not distorted in the same way, presumably due 

to the significantly smaller 1.9% difference in the bulk lattice constants (6.050 Å in ZB CdSe and 

5.936 Å RS PbS).31 Due to this low lattice mismatch and the presence of an epitaxial interface in 

the CdSe/PbS core/shell quantum dots,27 we hypothesize that the interface in the CdSe/PbS 

core/shell NPLs is also epitaxial. This is supported by the synthesis of some CdSe/PbS core/shell 

NPL samples with high quantum yield (see below). 

With the loss of CdSe from the four corners of the CdSe NPL in the transition from 

rectangular CdSe core NPLs to the oval CdSe/PbS core/shell NPLs, it is possible that the 

increasing thickness is not the result of PbS deposition, but from the re-deposition of etched Cd 

and Se. In order to determine if this is occurring, we analyzed the Pb:Cd ratio of the CdSe/PbS 

core/shell NPLs using inductively coupled plasma mass spectroscopy (ICP-MS). The Pb:Cd ratio 

increases with increasing shell thickness in accord with the measured shell thickness from 0.7 

(1.4 ML) to 1.5 (2.7 ML) to 3.9 (4.8 ML) (see Table A2-3 in Appendix 2 for full results). We 

therefore conclude that Cd etched from the CdSe NPL during shell deposition is not redeposited 

as the shell in either an alloy or as a pure cadmium chalcogenide shell. 
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4.2.3 Optical Spectroscopy.  
Extinction and PL spectra were recorded to investigate the effects of the PbS shell on the 

energetics of the quantum-confinement states and the wave function overlap of the 1e–1hh and 1e–

1lh transitions. See Tables S4 and S5 in Appendix 2 for details of the spectroscopic methods and 

results, including measured Stokes shifts, PL full width at half maximum (FWHM) values, PL 

excitation energies and PLQYs of each sample. All spectra were collected with an absorbance of 

between 0.05 and 0.1 at the lowest energy absorption peak (1e–1hh). The baseline of the 

extinction spectra were corrected for scattering, except for the CdSe/PbS 3.4 ML sample, which 

could not be corrected. The extinction spectra are plotted as solid lines in Figure 4-3, normalized 

to the same extinction at the energy of the lowest energy feature, the 1e–1hh absorption peak. The 

PL spectra, plotted as dashed lines in Figure 4-3b, are also normalized to a maximum of unity at 

the PL peak near the band gap. The spectra are offset for clarity. The PL spectra were collected 

at multiple excitation energies to ensure that there were no other PL features other than those 

identified in Figure 4-2. The CdSe NPL cores (black) exhibit characteristic, well-defined 

absorption transitions corresponding to the 1e–1hh, 1e–1lh, and 1e–1soh transitions. The transition 

energies were identified by taking the second derivative of the extinction spectra (see Figure A2-

3 in Appendix 2) and are labeled in Figure 4-3 using tick marks. The CdSe core NPLs (PLQY of 

4.8% and 7.9% for different batches) exhibit narrow, band edge PL (FWHM of 43 meV fitted to 

a single Gaussian peak) and broad, low-energy trap PL centered at approximately 1.75 eV. See 

Figure A2-4 for emission profile of CdSe core NPLs demonstrating trap emission. The band 

edge NPL emission is Stokes shifted by only 9 meV from the 1e–1hh absorption peak. 

In the PbS shell deposition reaction, the CdSe core NPLs are first treated with TAA, 

which caps the NPLs with a layer of sulfide. This process results in the shifting of the first 

absorption and PL peaks to significantly lower energy (by ~100 meV) and a quenching of the 
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PL; the PLQY drops from 7.9% for CdSe core NPLs to <0.01% for CdSe core NPLs treated with 

TAA.  

With PbS shell deposition, the absorption and PL peaks of the CdSe/PbS core/shell NPLs 

shift to lower energy with increasing shell thickness by up to 480 meV. We attribute the 

Figure 4-3. Extinction spectra (solid lines) and PL spectra (dashed lines) of CdSe NPLs and 
CdSe/PbS core/shell NPLs showing full UV-Vis absorption (a) and band edge region (b). The 
energies of the first three absorption transitions, identified from the second derivative, are 
labeled as tick marks for each spectrum. Spectra are offset for clarity. 
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monotonic shift of the absorption and PL band edge transitions to lower energy to reduced 

quantum confinement of the electron and hole. Quantum confinement in the as-synthesized 30(3) 

L × 8(1) W × 1.22 T nm CdSe NPLs is dominated by confinement in the thickness dimension. 

Using a simple 3D particle in a box model, as described in Chapter 1, the effective masses of the 

electron and hh in CdSe (me* = 0.12me, mhh* = 2.14me),32,33 and the dimensions of the NPLs, the 

contribution of confinement in each dimension to the to the 1e–1hh transition energy can be 

estimated. Quantum confinement in the length, width, and thickness of the NPL increases the 

optical band gap by approximately 0.004, 0.052, and 2.223 eV, respectively. This simple 3D PIB 

model significantly overestimates the band gap, but demonstrates that confinement of charge 

carriers in the thickness of the NPL is significantly stronger than confinement in the length or 

width. We conclude that the shift of the band gap transition to lower energy with increasing PbS 

shell thickness is principally the result of reduced quantum confinement in the NPL thickness. 

Reduced confinement in the width of the NPL could have a small contribution to this trend. 

Additionally, the charge carriers could sample both the large band gap core and small band gap 

shell, reducing the optical band gap. Since the band gap of these particles does not approach the 

bulk PbS band gap, however, we believe that reduced quantum confinement dominates these 

band edge optical trends. 

Although the PL is quenched with TAA treatment, the PL recovers for the CdSe/PbS 

core/shell samples. Table A2-5 details the values of the PLQY for the core and core/shell 

samples synthesized, with a maximum PLQY ranging from 17–21%, which is significantly 

greater than the value for the CdSe core NPLs used for those samples (4.8%). The shell growth 

in the 2.5, 3.4, and 4.7 ML samples eliminates the trap emission present in the CdSe core NPL 

sample, suggesting the core/shell interface is relatively free of defects (see Figure A2-4 for 
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emission spectrum of trap emission in CdSe core NPLs). The 6.9 ML CdSe/PbS core/shell NPL 

sample, however, does show significant trap emission below the absorption transition edge. This 

could be the result of poor surface passivation, demonstrating the presence of surface traps and 

population or occupation of these traps.  

With PbS deposition, the widths of the PL and absorption features increase. Since the top 

and bottom facets of the as-synthesized CdSe core NPLs are atomically flat and the NPLs are all 

4.5 MLs in thickness, there is little inhomogeneous broadening of the absorption and 

photoluminescence features associated with variations of the thickness within and between the 

core-only-NPLs. This uniformity in quantum confinement results in a narrow PL FWHM of 

43 meV for the CdSe core NPLs. The breadth increases to a PL FWHM as large as 100 meV for 

the CdSe/PbS core/shell NPLs (see Table A2-4).10 This is likely because the PbS shell is not 

atomically smooth, and the width of the absorption and PL features increases due to the reduced 

homogeneity. The changes in the lateral size and shape of the NPLs could also contribute to this 

inhomogeneity, since the length, width, and shape of the CdSe/PbS core/shell NPLs have larger 

variations than the starting CdSe core NPLs. Similar broadening was also observed in CdSe/CdS 

core/shell NPLs in which the thickness inhomogeneity increases noticeably in high-resolution 

STEM images.17 With increasing shell thickness, the Stokes shift modestly increases from 

10 meV (CdSe core NPLs) to as large as 33 meV (CdSe/PbS core/shell NPLs). Though the 

Stokes shift value increases by a factor of three, this is consistent with uneven PbS shell growth, 

similar to the CdSe/CdS core/shell NPLs.17 The modest Stokes shift is not consistent with a type-

II heterostructure, which would cause a dramatic increase in the Stokes shift.21  
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4.2.4 Change in Absorption Transition Strength.  
With increasing PbS shell thickness, the strength of the absorption transitions near the 

band edge and at high energies are observed to change relative to each other. In the case of the 

CdSe/PbS core/shell QDs (Chapter 3), we reasoned that the electron and hole wave functions are 

strongly affected by the electron and hole effective masses in the core and shell, but the effective 

mass approximation (EMA) calculations did not take into account the differences in band 

structure of CdSe and PbS. To help elucidate how the changing wave functions may contribute to 

the strengths of different excitation transitions, we studied the first two absorption transitions in 

CdSe core and CdSe/PbS core/shell NPLs (1e–1hh and 1e–1lh) as an indicator for the wave 

function overlap of the same electron wave function with different hole wave functions.  

 Since the area of the peak is proportional to |∫ 𝜓𝑒𝜓ℎ|2 (where 𝜓𝑒 is the electron wave 

function and 𝜓ℎ is the hole wave function), the relative area of the absorption transitions should 

provide a direct probe of the wave function overlap. The lowest-energy region of the absorption 

spectra, including only the first two features, were fitted to the sum of two Gaussians. The two 

fitted Gaussians are plotted in Figure A2-5 (red and blue) and the sum of these two Gaussians  

(black) is plotted for reference compared to the extinction data (gray squares). The fitting 

parameters and errors of the fitting are summarized in Table 4-1. Based on the centroid and 

curvature of the spectra, the error in the peak identification is 5-10 meV (see Table A2-4 in 

Appendix 2), which is approximately an order of magnitude greater than the error in the fit. With 

increasing shell thickness, the FWHM of the 1e–1hh feature increases from 39.4(6) meV (CdSe 

core NPLs) to 61.3(5)–75.2(9) meV (CdSe NPLs with TAA and CdSe/PbS core/shell NPLs). 

The FWHM of the fitted 1e–1lh feature, on the other hand, does not change monotonically, 

starting at 174(4) meV for the CdSe core NPLs and ranging from 157(2)–217(1) meV for CdSe  
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NPLs with TAA and CdSe/PbS core/shell NPLs. The trend in the FWHM of the 1e–1hh Gaussian 

is clearly visible when plotting the truncated extinction spectra with the first absorption transition 

at the same energy (Figure 4-4); the onsets of the first absorption feature for the CdSe/PbS 

core/shell NPLs (orange, yellow, green, and purple) are clearly different than that of the CdSe 

    0 ML 0 ML with S 2.5 ML 3.4 ML 4.7 ML 6.9 ML 

Heavy 
Hole 

Energy  2.4305(3) 2.3107(2) 2.1114(3) 2.0555(3) 2.0026(5) 1.9668(7) 
FWHM  0.0394(6) 0.0613(5) 0.0752(9) 0.0646(7) 0.063(1) 0.073(2) 
Area 0.0410(8) 0.0385(5) 0.061(2) 0.068(1) 0.068(2) 0.070(3) 

Light 
Hole 

Energy 2.589(2) 2.4646(4) 2.2786(5) 2.2131(6) 2.1678(9) 2.1472(9) 
FWHM 0.174(4) 0.217(1) 0.201(2) 0.157(2) 0.157(3) 0.184(3) 
Area 0.161(3) 0.349(1) 0.336(3) 0.256(3) 0.273(4) 0.416(7) 

Ratio of Areas 3.9(1) 9.1(1) 2.2(2) 3.76(7) 4.0(1) 5.9(3) 
ΔElh−hh 0.159(2) 0.1539(4) 0.1672(6) 0.1576(7) 0.165(1) 0.180(1) 

       

Table 4-1. Results of fitting the 1e–1hh and 1e–1lh transitions to the sum of two Gaussians. 
The energy (eV), full width at half maximum (FWHM, eV), and integrated area of each 
Gaussian are included. The ratio of areas is the ratio of the area of the light hole peak to the 
heavy hole peak. ΔElh−hh is the difference in energy between the light hole and heavy hole 
absorption transitions (eV). The fitting error (for the Energy, FWHM, and Area) and the 
propagated error (for Ratio of Areas and ΔElh−hh) are denoted in parentheses. 

Figure 4-4. Extinction spectra of CdSe core and CdSe/PbS core/shell NPLs normalized to 
the first absorption peak and plotted with respect to the energy of the first fitted Gaussians. 
The energies of the first and second fitted Gaussians are labeled with tics. See Table 4-1 for 
energies of 1e–1hh and 1e–1lh transitions. 
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core NPLs (black) or the CdSe NPLs with TAA (red). The ratio of the 1e–1lh to the 1e–1hh 

Gaussian areas generally increases with increasing thickness, indicating that the overlap between 

the 1e and 1lh wave functions increases relative to the overlap of the 1e and 1hh wave functions. 

This ratio does not increase monotonically, suggesting that other factors could also be at play 

that are affecting the absorption transition strengths.  

Plotting the first two absorption transitions at the same energy (as in Figure 4-4) also 

reveals an important trend in the hole effective mass with increasing shell thickness. While in 

CdSe NPLs, the splitting between the 1e–1hh and 1e–1lh features decreases with increasing NPL 

thickness,34 the splitting energy remains approximately constant in CdSe/PbS core/shell NPLs 

(see values in Table 4-1). Since the transitions associated with these features are between two 

different hole states with the same electron state, the relative difference in light hole and heavy 

hole effective mass can be inferred with changing shell thickness by using a simple one-

dimensional effective mass approximation calculation. The difference in energy between the two 

features (ΔElh−hh, Eq. 4.1) can be rewritten using the 1D PIB model to include terms for the bulk 

transition energy and quantum confinement of the electron, light hole, and heavy hole (Eq. 4.2). 

This simplifies to the terms for the quantum confinement of the light hole and heavy hole (Eq. 

4.3), which can be further simplified to Eq. 4.4. The difference in energy between the light hole 

and heavy hole features is therefore proportional to 1 𝑚𝑙ℎ⁄ − 1 𝑚ℎℎ⁄  (Eq. 4.4). Therefore, as the 

difference in the mass of the hh and lh increases or as the mass of both the hh and lh decrease, 

ΔElh−hh increases. In the case of the CdSe/PbS core/shell NPLs, ΔElh−hh remains relatively 

constant with increasing shell thickness. ΔElh−hh of the CdSe core NPLs is 157(2) meV while 

ΔElh−hh of the CdSe/PbS core/shell NPLs ranges from 141(2) to 179(1) meV (see Table 4-1). 

Since the size of the box (L) increases with increasing shell thickness, the difference in mlh and 



101 
 

mhh must be increasing with increasing shell thickness or the masses of both charge carriers must 

be decreasing with increasing shell thickness. See Table A2-6 in Appendix 2 for full details. 

It is also possible that, instead of the relative masses changing, the effective length of the 

box is changing differently for the lh and hh. For example, if the hh tunnels into the shell more 

than the lh, the quantum confinement energy of the hh would decrease more quickly than the lh. 

Since the quantum confinement energy of the lh, having a smaller effective mass, is expected to 

decrease more quickly with increasing shell thickness, this difference in the effective length of 

the box could allow the splitting between the hh and lh features to remain constant with 

increasing shell thickness. Since the quantum confinement of the hh is so small (~0.118 eV) 

compared to the lh (~2.105 eV) in the CdSe core NPL assuming a simple 1D PIB model, it is 

unlikely that a difference in the effective box length is sufficient to offset the difference in 

effective mass. Furthermore, since the lh is at a higher energy due to the increased quantum 

confinement and smaller mass, we expect the lh to tunnel into the shell more than the hh. In this 

case, the energetic splitting between the 1e–1lh and 1e–1hh features is expected to decrease with 

increasing shell thickness. 

∆𝐸𝑙ℎ−ℎℎ = 𝐸𝑙ℎ − 𝐸ℎℎ Eq. 4.1 

∆𝐸𝑙ℎ−ℎℎ = (𝐸𝑏𝑢𝑙𝑘 + ℎ2

8𝑚𝑙ℎ𝐿2⁄ + ℎ2

8𝑚𝑒𝐿2⁄ ) − (𝐸𝑏𝑢𝑙𝑘 + ℎ2

8𝑚ℎℎ𝐿2⁄ + ℎ2

8𝑚𝑒𝐿2⁄ ) Eq. 4.2 

∆𝐸𝑙ℎ−ℎℎ = ℎ2

8𝑚𝑙ℎ𝐿2⁄ − ℎ2

8𝑚ℎℎ𝐿2⁄  Eq. 4.3 

∆𝐸𝑙ℎ−ℎℎ = ℎ2

8𝐿2⁄ (1 𝑚𝑙ℎ⁄ − 1 𝑚ℎℎ⁄ ) Eq. 4.4 

Since the hh and lh absorption features shift together, it could be reasoned that the overall 

shift is solely due to changing of quantum confinement of the electron state in the CB. This 

rationalization is likely not correct. If the PbS shell only decreases the quantum confinement 
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energy of the electron state, then the difference in energy between the hh and lh features would 

remain constant. It is unclear why this would be the case. The large effective mass of the hh, 

mhh* = 2.14me, could cause the hh to primarily be localized in the CdSe core.32,33 With 

increasing PbS shell thickness, therefore, the hh localization would prevent the quantum 

confinement energy from decreasing with increasing PbS shell thickness. The lh and electron in 

CdSe, however, have very similar effective masses, me* = 0.12me and mlh* = 0.16me.32,33 Any 

difference in the hh and electron behavior on the basis of a difference in effective mass would 

not apply to the lh state. Therefore, the localization of the hole states in the CdSe core on the 

basis of effective mass cannot explain the constant splitting between the hh and lh absorption 

features. Without another plausible reason for the hole eigenstate energies to remain constant, it 

is unlikely this is the case.  

As the strength of the 1e–1hh and 1e–1lh transitions change with increasing shell thickness, 

the absorption profile also changes at much higher energy. Above the n = 1 transitions, the 

absorptivity of the CdSe core NPLs does not increase dramatically until approximately 3.8 eV, 

where the absorbance is twice that of the band edge feature. The absorption of the CdSe/PbS 

NPLs at higher energies, however, increases dramatically with increasing shell thickness relative 

to that of the 1e–1hh feature. The change in transition strength was approximated by normalizing 

the extinction spectra at 1.5 eV above the band edge 1e–1hh transition (see Figure 4-5). The CdSe 

core NPLs have a band edge transition that is 66.6% the intensity of the transition at 1.5 eV 

higher energy. The band edge 1e–1hh transition of the 6.9 ML CdSe/PbS core/shell NPLs, 

however, is just 7.1% the intensity compared to the higher energy absorption. Since the peak 

widths change, likely due to the loss of the atomic smoothness of the top and bottom facets, this 

renormalization of the extinction spectra does not allow the direct comparison of absorption 
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transition strength, but the change in transition intensity is significantly greater than the change 

in the peak area. Normalized at high energy, the 1e–1hh transition decreases in intensity by almost 

an order of magnitude (9.4 times) between the CdSe core and the 6.9 ML CdSe/PbS core/shell 

NPLs. This change is significantly greater than expected due to broadening of the spectral lines, 

which would only decrease the 1e–1hh intensity by a factor of 0.59 based on the fitting of the 1e–

1hh transitions.  

4.2.5 Wave Function Changes at Different Values of k.  
Differences in CdSe and PbS Band Structure.  The optical spectra and carrier relaxation 

dynamics in a core/shell NPL heterostructure depend on the alignment of the VB & CB, the 

dimensionality of the core and shell, the effective masses of the electrons and holes in the core 

and shell regions, and the wave functions of the quantum confinement states in these perturbed 

particle-in-a-box systems. As stated in Chapter 1, CdSe and PbS have different band structures 

with their band gaps at different values of k, shown schematically in Figure 4-6 for the * point 

(panels a-d) and L point (panels e-h). The bulk continuum of VB and CB states are represented 

by shaded boxes. The VB and CB energies at different points in k were found by comparing the 

Figure 4-5. Extinction spectra of CdSe core NPLs and 6.9 ML CdSe/PbS core/shell NPLs 
normalized to the same extinction 1.5 eV above the first absorption peak (tic marks). 
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relative changes in band structure diagrams to the reported valence band maximum (VBM) and 

conduction band minimum (CBM) at the band gap. For example, the absolute energies of the 

VBM and CBM of CdSe at the * point (its band gap), are at −5.541 and −3.865 eV with respect 

to vacuum (0 eV), respectively.33 According to the CdSe band structure diagram, which was 

digitized from Szemjonov et. al.,35 the VB and CB states at the L point are shifted by −0.711 and 

+2.01 eV compared to the band edge positions at the * point, for an absolute band energy of 

Figure 4-6. Bulk continuum of valence and conduction band states (shaded boxes) of CdSe 
(red) and PbS (black) at the * point (a-d) and L point (e-h) plotted as a function of position in 
CdSe core (a, e) and CdSe/PbS core/shell nanoplatelets with thin shell (b, f), moderately 
thick shell (c, g), and very thick shell (d, h). Hypothetical eigenstate energies of the least 
quantum confined conduction and valence band states for the core and core/shell 
nanoplatelets are plotted as solid blue lines.  
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−6.252 and −1.855 eV at the L point, respectively. At the PbS band gap at the L point, the VBM 

and CBM are at −4.72 and −4.35 eV, respectively, while at the * point, the VB and CB are at 

−7.564 and 0.486 eV.36,37 These band energies lead to a type-I band alignment at the * point and 

an inverse type-I band alignment at the L point (Figure 4-6b-d, 4-6f-h).  

Effective mass approximation calculations at these two points in k would be beneficial in 

understanding the optoelectronic properties of the CdSe/PbS core/shell NPLs. Unfortunately, this 

is not possible since the effective mass approximation breaks down for CdSe at the L point and 

for PbS at the * point. The effective masses of the charge carriers in CdSe and PbS are well 

known since the band energies close to the band gap can be approximated to be parabolic with 

respect to k. The CdSe core has a single CB at the band gap with me* = 0.12me.32,33 In the CdSe 

VB at the * point, there are two degenerate hole states with dissimilar effective masses, 

mhh* = 2.14me and mlh* = 0.16me.32,33 At the band gap (L point) in PbS, the charge carriers have 

very small effective masses, me* = 0.105me and mh* = 0.108me.38 Away from the band gap, the 

CdSe CB and VB edges at the L point go through an inflection point and are not parabolic. The 

CB (VB) state of PbS at the * point is at a local energetic maximum (minimum) and is therefore 

not parabolic. As a result, the effective mass approximation is not valid for these scenarios. We 

can, however, speculate how the charge carrier behavior is affected by the band alignment when 

an electron is excited at each point in k (* and L). The suggested eigenstate energies depicted in 

Figure 4-6 are strictly representations of how the eigenstate energies at the * and L points could 

change with increasing shell thickness and should not be considered a prediction of the 

eigenstate energy for a particular shell thickness. 

At the * point, we expect the type-I band alignment to confine the charge carriers to the 

CdSe core, though the charge carrier wave functions can tunnel into the PbS shell, reducing the * 
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point transition energy. The energies of the band edge electron, hh, and lh states are 

schematically represented by solid blue lines in Figures 4-6a, 4-6b, 4-6c, and 4-6d in order of 

increasing PbS shell thickness. The electron and hole are strongly confined in the CdSe core 

(Figure 4-6a). After adding a thin PbS shell (Figure 4-6b), the quantum confinement is reduced 

as the charge carriers tunnel into the PbS shell. We expect this tunneling to continue with 

increasing shell thickness (Figure 4-6c), but the * point transition energy should not reach the 

bulk CdSe band gap even for a very thick shell (Figure 4-6d) since the charge carriers will 

always be confined by the relatively large gap between the CB and VB in the PbS shell.  

At the L point, the charge carrier behavior is expected to be slightly more complicated, 

potentially transitioning from type-I to inverse type-I behavior, Figure 4-6e, 4-6f, 4-6g, and 4-6h. 

The gap between the quantum confinement electron and hole states in the CdSe core is very large 

(Figure 4-6g). After adding a thin PbS shell, the lowest energy L point transition could still be 

extremely large (larger than the gap between the VB and CB of CdSe at the L point, Figure 4-6f) 

due to the very small electron and hole effective masses in PbS. If this is the case, the electron 

and hole wave function amplitude could be greatest in the CdSe core and have strong overlap, 

indicative of type-I behavior. With increasing PbS shell thickness, as the strength of the quantum 

confinement decreases, the eigenstate energy of the electron would drop below the CdSe CB 

energy (Figure 4-6g). Likewise, the eigenstate energy of the hole would rise above the CdSe VB 

energy. For these eigenstate energies in a CdSe/PbS core/shell NPL with a moderately thick PbS 

shell, the electron and hole could be primarily localized in the PbS shell due to the potential 

barrier between the eigenstate energy and core band edges. On the other hand, since the charge 

carriers’ localization is also based on their effective masses, which is unknown for CdSe at the L 

point, they could have varying degrees of localization in the core and shell. As a result, one of 
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the wave functions (or both) could significantly tunnel into the core while the other charge 

carrier is localized in the shell, resulting in varying wave function overlap and absorption 

transition strength. Tunneling of the wave function into the core is also dependent on the 

difference between the core band edge and the charge carrier’s eigenstate energy; a small 

difference results in more tunneling of the wave function while a larger difference in energy 

results in less tunneling. For a thick PbS shell (Figure 4-6h), the charge carrier eigenstate 

energies are expected to approach the PbS bulk band gap with increasingly exclusive localization 

in the PbS shell. This inverse type-I heterostructure behavior would be characterized by strong 

wave function overlap. These charge carriers would also be available for extraction from the 

NPL into a device, such as a solar cell.  

In this model, the lowest energy absorption transition could occur at different values of k 

depending on the PbS shell thickness. For CdSe core NPLs, the lowest energy absorption 

transition is at the * point. The lowest energy * point absorption transition is expected to be the 

smallest energy transition even for a thin PbS shell. For some PbS shell thickness, however, the 

absorption transition energy at the L point must be smaller than the * point band edge transition.  

Application of the * and L Point Model to CdSe/PbS Core/Shell NPLs. This model could 

help explain two key trends in the absorption spectra of the CdSe/PbS core/shell NPLs. First, the 

1e–1hh feature energy decreases with increasing PbS shell thickness. Second, the absorption 

transition strength at high energies dramatically increases versus the 1e–1hh transition.  

The absorption spectra of the synthesized CdSe/PbS core/shell NPLs are consistent with 

this model. With increasing PbS shell thickness, the lowest energy absorption feature (1e–1hh) 

decreases in energy, but does not reach the bulk CdSe band gap. This matches the expected 
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trends depicted in Figure 4-6b, 4-6c, and 4-6d since the charge carriers in the CdSe core will 

always be confined by the large energetic gap between the VB and CB in PbS at the * point.  

At the same time, the dramatic changes in the absorption transition strength could be the 

result of separate absorption transitions at the * and L points. As stated above, the absorption 

transition strength is proportional to the electron and hole wave function overlap, |∫ 𝜓𝑒𝜓ℎ|2, but 

it is also affected by the total volume of the NPLs. To a first approximation, the low energy 

absorption at the * point must occur within the CdSe core (though the PbS shell can contribute 

due to tunneling of the charge carrier wave functions), and so the absorptivity at the * point 

would remain relatively constant with increasing shell thickness since the volume of the core 

remains relatively constant. On the other hand, the absorptivity at the L point would change 

significantly with increasing PbS shell thickness. The bulk L point absorption transition in the 

CdSe core is so large (4.397 eV) that absorption into these states was not measured (0 ML, 

Figure 4-3a). With increasing PbS shell thickness, the L point transition energy is expected to 

decrease. Since these states are primarily derived from the PbS shell, which increases in volume 

with increasing shell thickness, the L point absorptivity is also expected to increase. Tunneling of 

the charge carriers into the CdSe band could also increase the total volume of the NPL that can 

contribute to the lowest energy L point transition. 

This difference in the absorptivity at the * and L points with increasing PbS shell 

thickness could be the cause of the large changes in the absorption transition strength above the 

band gap. The L point absorption transition may occur at too large an energy to observe in the 

extinction spectra of the 2.5 ML sample. The growth in absorptivity at high energy in the 3.4, 

4.7, and 6.9 ML samples could be the L point band edge transition, which simultaneously 

decreases in energy with reduced quantum confinement and increases in strength with increasing 
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shell thickness (increasing PbS shell volume). The changing extinction spectra are therefore a 

result of differing absorption transitions that are accessed by either relatively low energy 

excitation into the CdSe dominated state at the * point or relatively high energy excitation in the 

PbS dominated state at the L point. 

4.2.6 Other Factors.  
While changes in the energetics and spatial sampling of the charge carriers are 

significantly impacted by changes in quantum confinement, the optoelectronic properties of 

CdSe/PbS core/shell NPLs may also be affected by a variety of other factors that complicate the 

wave function behavior. Furthermore, these factors complicate the fitting of the absorption 

spectra and are not considered in the * and L point model.  

Phonon modes may couple to the quantum confinement transitions, such as the band-

edge 1e–1hh transitions, which inhomogeneously broadens these spectral features.39,40 Dissimilar 

phonon modes of CdSe (ZB) NCs occur from surface and internal vibrations at 22.3 and 

26.0 meV, respectively.39 The phonon modes from RS PbS, meanwhile, are at 8.1 and 26 meV, 

corresponding to acoustic and optical phonons, respectively.41-43 With increasing shell thickness, 

the energies of the phonon modes and the propensity for exciting phonon modes are expected to 

change, complicating the fitting of the absorption spectra. Additionally, with increasing PbS 

shell thickness, the excitonic fine structure could be shifting, changing the breadth of the 

absorption transitions.40,44-47 In CdSe, this excitonic fine structure leads to an energetic splitting 

between optically bright and dark states, which could change with increasing PbS shell thickness 

and the shape of the core/shell NPL.40,44-47  

The angular momentum of the valence bands could be integral in the mixing of electronic 

states between the CdSe core and PbS shell. The valence band states of CdSe and PbS are 
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represented in Figure 4-7, and are labeled with the total angular momentum quantum number (J) 

of each state.10,43,48 The CdSe heavy hole has J = 3/2 while the light hole and split off hole have 

J = 1/2.40 The PbS valence band is split into five different states at three different energy levels 

with J values of 1/2, 3/2, and 5/2.43,48 The two lower energy levels of PbS are doubly degenerate, 

where each state has a different J value. The coupling of the CdSe and PbS states in the 

core/shell structures could be limited to matching angular momentum quantum numbers. For 

example, the CdSe heavy hole (3/2) could only couple with the second and third PbS valence 

band states (also corresponding to 3/2). This limitation in coupling is underdeveloped in the 

literature and could lead to significant changes in the optoelectronic properties of core/shell NCs. 

Since this coupling is expected to affect the hh and lh states differently, this will affect the 

energies and strengths of the 1e–1hh and 1e–1lh transitions. High level calculations are neccesary 

to further probe the effect of this coupling. The coupling will change the energies, wave 

functions, and oscillator strengths of the transitions accessing these states. 

Lastly, while this work hypothesizes how the eigenstate energies and wave functions 

could change with varying PbS shell thickness for absorption transitions at different values of k, 

this work does not report calculations for these core/shell NPLs. Since the EMA model breaks 

Figure 4-7. Proposed correlation diagram of valence band states in CdSe and PbS based on 
the total angular momentum quantum number (J) at the * and L points. Valence band states 
are in order of energy but are not to scale.  
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down for CdSe at the L point and PbS at the * point, higher level calculations are necessary to 

determine how the band structure of the CdSe/PbS core/shell heterostructure is affected by the 

combination of these two materials, as well as the size and shape of the NPLs, particularly 

focusing on the wave functions and eigenstate energies at the * and L points.  

4.2.7 Photoluminescence Lifetimes.  
The energetics of the CdSe/PbS core/shell NPL absorption and emission spectra suggest 

the charge carrier behavior, particularly the wave function localization, is impacted by the 

differences in band structure between the CdSe core and PbS shell. The quantum confinement 

states and wave function overlap can also be probed by measuring the PL lifetimes of core and 

core/shell NPLs. Reduced wave function overlap in heterostructures increases the 

photoluminescence lifetimes in core/shell QDs and NPLs20,21,49-51 while increased wave function 

overlap reduces the photoluminescence lifetimes in core/shell QDs52. Since the comparison of 

the core and core/shell PL lifetimes is so important, it is vital to understand how the charge 

carriers behave in the core CdSe NPLs.  

The PL lifetime in CdSe core NPLs is dictated by two major components: (1) prompt 

emission and (2) delayed emission.53 After a NPL is optically excited, the ground state exciton 

can radiatively recombine on a relatively fast timescale with a lifetime of only a few 

nanoseconds. Recombination on this fast timescale occurs for less than 50% of the excited 

charge carriers that eventually radiatively recombine53 and has been attributed to the giant 

oscillator strength transition.10,53 In the samples studied by Rabouw et. al., which were excited 

using a long exposure time and high fluences, more than 50% of the charge carriers that 

eventually radiatively recombine are trapped in the NPL.53 These trapped charge carriers can 

undergo a de-trapping process, restoring the original excitonic state from which the charge 
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carriers can radiatively recombine on the same lifetime as the non-trapped excitonic radiative 

recombination.  

Further studies in QDs have revealed that the excitation pulse width strongly influences 

the proportion of excitons that undergo delayed luminescence; a larger excitation pulse width 

results in increased delayed luminescence.54 Since the effect of the excitation pulse width has not 

been studied for CdSe NPLs, and the delayed luminescence in CdSe NPLs was studied using a 

relatively large pulse width, it is likely that the proportion of excitons that undergo delayed 

emission for a very short excitation pulse duration is significantly smaller than reported. 

Nevertheless, this trapping and de-trapping mechanism may significantly influence the exciton 

lifetimes. 

Shell deposition can change both the excitonic PL lifetime (the prompt emission) and the 

trapping. Rabouw et. al. also studied CdSe/CdS core/shell NPLs, in which the short PL decay 

kinetics are significantly slower than the CdSe core NPLs.53 CdSe/CdS core/shell NPLs are 

formally a type-I heterostructure, which would suggest a high degree of wave function overlap 

and therefore a short PL lifetime, but the differing behavior of the electron and hole reduces the 

electron–hole overlap. The difference in energies between the CBM of the core and shell is very 

small, allowing the electron to delocalize across the entire thickness of the core/shell NPL while 

the hole is confined by the relatively large energetic difference between the core and shell VBM. 

This reduced wave function overlap slows the radiative recombination and reduces the trapping 

processes, resulting in significantly different prompt emission behavior. By reducing the trapping 

probability, the CdS shell deposition changes the proportion of charge carriers that are trapped 

and de-trapped. In the CdSe core NPLs, 56% of the excitons that radiatively recombine are 

trapped and de-trapped before emitting at the band edge. In CdSe/CdS core/shell NPLs, only 
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16% of the excitons undergo the trapping/de-trapping process before radiative recombination. 

Though the number of excitons that go through trapping and de-trapping is different in the CdSe 

core and CdSe/CdS core/shell NPLs, the resultant long PL lifetime is almost the same, 

suggesting that the reversible trapping could occur at sites that are intrinsic to CdSe or that are 

present at the CdSe/CdS core/shell interface. Again, the proportion of excitons that undergo 

prompt versus delayed radiative recombination is dependent on the excitation conditions,54 

which was not tested for the CdSe core and CdSe/CdS core/shell NPLs, but these studies 

demonstrate the effect that a shell can have on PL lifetimes of core/shell NPLs. 

In order to probe the relative overlap of the charge carriers’ wave functions, we studied 

the time-resolved PL of CdSe core and CdSe/PbS core/shell NPLs, plotted in Figure 4-8 (scatter 

plot) with the decay fit (solid line). All samples were excited at 2.755 eV (450 nm) for PL decay 

measurements. The thickness of these samples could not be measured directly, as TEM images 

did not show any NPLs standing on edge, and so the thickness was estimated from the energy of 

Figure 4-8. Measured photoluminescence lifetimes of CdSe core NPLs and CdSe/PbS 
core/shell NPLs (data points) with the fitted exponential decay (line) labeled with the 
photoluminescence quantum yield. 
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the first absorption peak by comparing it to samples for which the thickness could be measured. 

Extinction and PL spectra of the CdSe core and CdSe/PbS core/shell NPLs used to study the PL 

lifetimes are plotted in Figure A2-6 in Appendix 2. The PLQY when excited at 3.1 eV (400 nm), 

average lifetime, lifetime of each exponential component, and the percent contribution of each 

component (organized by short, medium and long lifetimes) can be found in Table 4-2. 

Additionally, the time for the PL intensity to reach half its original value, 𝜏1 2⁄ , is included in 

Table 4-2 for comparison to other studies that report 𝜏1 2⁄ . The PL intensity decay data were fit to 

the sum of three exponentials, but a full Bayesian analysis is necessary to determine the most 

probable number of exponential decay functions. The fitting error for each lifetime and percent 

contribution is noted in parentheses. The amplitude for each exponential decay and methods for 

calculating the percent contribution of each component and the average lifetime can be found in 

Table A2-7 in Appendix 2. The instrument response function is plotted in Figure A2-7 in 

Appendix 2.  

The observed PL decay of the CdSe core NPLs (black in Figure 4-8) is very short and 

roughly matches the lifetimes measured in other studies. The average lifetime of the core NPLs 

was 20(2) ns, which is similar to the average lifetime of 24 ns reported by Kelestemur et. al. for 

CdSe NPLs of the same thickness.20 The 𝜏1 2⁄  for differing thicknesses of CdSe NPLs was 

#ML PLQY 
(%) 

Short Medium Long Average 
Lifetime 

(ns) 

 

% 
Cont. 

Lifetime 
(ns) 

% 
Cont. 

Lifetime 
(ns) 

% 
Cont. 

Lifetime 
(ns) 𝝉𝟏 𝟐⁄  (ns) 

0 7.9(4) 18(2) 0.384(2) 30(3) 3.36(5) 52(6) 37.1(7) 20(2) 0.35 
3 2.0(1) 8(1) 0.90(1) 42(3) 5.55(7) 51(4) 35.5(6) 20(1) 1.39 
5 0.10(1) 4.2(2) 2.08(6) 52(2) 15.5(2) 43(3) 64(1) 36(2) 3.99 
7 19.0(6) 3.3(2) 2.05(6) 54(2) 16.6(2) 43(3) 61(1) 35(1) 6.59 
          

Table 4-2. Results of fitting time-correlated single-photon counting data for CdSe core and 
CdSe/PbS core/shell nanoplatelets with the percent contribution (% Cont.) and lifetime of 
each component. The PLQY was collected by exciting the samples at 3.1 eV. The time-
resolved PL data was collected exciting the samples at 2.755 eV. 
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reported by Ithurria et. al. as 0.4 ns (3.5 ML, 1% PLQY), 3.5 ns (4.5 ML, ~30% PLQY), and 

3.99 ns (5.5 ML, ~30% PLQY).10 𝜏1 2⁄  for the 4.5 ML CdSe cores studied here is 0.35 ns, which 

is shorter than the 𝜏1 2⁄  lifetime reported for the same thickness, though the PLQY of the CdSe 

cores studied here is lower (7.9(4)%) than those synthesized by Ithurria et. al. This could be 

indicative of a higher density of traps, leading to the shorter PL lifetime. Nevertheless, the PL 

lifetime in the short time window is similar to the lifetimes reported previously. 

After PbS shell deposition, both the percent contribution and the lifetime of each 

component changes. Generally, the contribution of the short component decreases while the 

contribution of the medium component increases. The lifetimes of each exponential component 

increases with increasing shell thickness. With increasing shell thickness, the contribution of the 

short lifetime component reduces from 18(2)% to 3.3(2)% and the lifetime also increases from 

0.384(2) ns to 2.05(6) ns. While the percent contribution of the longest lifetime component 

decreases slightly from 52(6)% to 43(3)%, it represents the contribution from a longer lifetime, 

increasing from 37.1(7) ns (core) to a maximum of 64(1) ns (core/shell). Lastly, the medium 

lifetime increases dramatically from 3.36(5) ns to 16.6(2) ns and its contribution increases from 

30(3)% to 54(2)%.  

The overall increased lifetime in the CdSe/PbS core/shell NPLs could be the result of two 

major effects of the different band structures of CdSe and PbS. First, changes to the band edge 

wave functions could increase the lifetime of the prompt excitonic emission. Since the 1e–1hh 

transition shifts to lower energy, one or both of the band edge wave functions must delocalize 

into the PbS shell, reducing the total wave function overlap, thereby increasing the PL lifetime. 

Similar behavior was observed in CdSe/CdS core/shell NPLs, in which the electron delocalized 

into the shell more than the hole, reducing the wave function overlap.53 Second, the relaxation 
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pathway for excited charge carriers could change significantly as a result of the CdSe/PbS 

core/shell heterostructure. The PL lifetimes were measured with an excitation energy of 

2.755 eV, which could be large enough to excite above the lowest energy L point quantum 

confinement states. If the exciton is generated at the L point, then it must couple to phonons in 

order to change k to reach the * point before relaxing to the band edge at the * point. This 

relaxation pathway could take a longer amount of time than relaxation from an excited state at 

the * point to the lowest energy quantum confinement state at the * point, thereby increasing the 

observed PL lifetime.  

It is also possible that the PbS shell deposition changes the PL dynamics by changing the 

number of charge carriers that are trapped, as in CdSe/CdS core/shell NPLs.53 In order to 

quantify these changes, further studies of the long PL lifetimes (up to 20 Ps) of CdSe/PbS 

core/shell NPLs are necessary using a short excitation pulse and low photon fluence.  

The increase in lifetime is also consistent despite the changes in PLQY. The 5 ML and 

7 ML samples, despite having PLQY that differ by over two orders of magnitude (0.10(1) versus 

19.0(6)%) have almost identical average photoluminescence lifetimes. Since the PLQY and PL 

lifetimes were measured at two different excitation energies, it is possible that the apparent lack 

of correlation between PL lifetimes and PLQY is simply the result of the differing excitation 

energies. This could arise from the different states or relaxation pathways available when charge 

carriers are excited with different excitation energies, which has been shown to cause an 

excitation energy dependence to the PLQY.55-57 In this situation, the samples would have a 

strong excitation energy dependence, indicating different PL lifetimes at excitation energies with 

different PLQYs.  
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The samples do not have a strong excitation energy dependence between the excitation 

energies used for measuring the PLQY and PL lifetimes. This is demonstrated by the 𝑃𝐿𝐸 1 − 𝑇⁄  

spectra (Figure 4-9), which gives the relative PLQY at different excitation energies.55 If the 

behavior was significantly different, the values of the 𝑃𝐿𝐸 1 − 𝑇⁄  spectra would be significantly 

different between the energy at which the PL lifetime was collected (2.755 eV) and the PLQY 

was collected (3.1 eV). Instead, the 𝑃𝐿𝐸 1 − 𝑇⁄  value is lower at the excitation energy used for 

the PLQY measurement by 9.6% for the 5 ML sample and 7.4% for the 7 ML sample. Since the 

PLQYs of these two samples are different by over two orders of magnitude, this <10% difference 

cannot explain the similar behavior in the PL lifetimes.  

The apparently contradictory response of the ensemble PLQY and PL lifetime could be 

the result of a mixture of “bright” and “dark” NPLs that, in a simplistic interpretation, have 

100% and 0% PLQY, respectively.53 PL lifetime measurements only measure the PL from the 

“bright” NPLs, while the PLQY measures the relative population of the “bright” and “dark” 

Figure 4-9. PLE/1−T spectra of CdSe core and CdSe/PbS core/shell NPLs normalized to the 
first data point used for the measurement of the photoluminescence lifetimes. The energies 
as which the photoluminescence quantum yields (3.1 eV) and the PL lifetimes (2.7 eV) are 
labeled as dotted lines. 
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NPLs. With changing NPL composition, morphology, and surface passivation, the shell 

synthesis could either eliminate trap sites or cause the formation of trap sites, changing the 

fraction of “bright” and “dark” NPLs, thereby changing the ensemble PLQY. Changing wave 

functions and quantum confinement states with PbS shell synthesis change the PL lifetimes in 

the “bright” NPLs. Therefore, the PL lifetimes of the “bright” NPLs could be similar due to the 

similar effect the PbS shell has on the electron and hole wave functions. 

4.3 Conclusions 
We have developed a synthetic scheme for making CdSe/PbS core/shell NPLs. Unlike 

the synthesis of CdSe/PbS core/shell QDs, PbS shell growth on CdSe NPL cores is not isotropic. 

Instead, the thickness and width increase and the length decreases with shell growth. The first 

absorption and PL peaks shift to lower energy with increasing shell thickness, indicating a 

decrease in quantum confinement and a delocalization of the electron and hole wave functions 

over the entire NPL. Similar to the CdSe/PbS core/shell QDs, the high energy absorption 

transitions increase in strength relative to the lower energy absorption feature. These changes to 

the energies and strength of the absorption transitions could be the result of the difference in the 

band structure at the * and L points, which could separate absorption into the CdSe core and PbS 

shell dominated states, respectively. The optoelectronic properties of the CdSe/PbS core/shell 

NPLs were further studied using PL lifetimes, which increase with increasing PbS shell 

thickness. Changes to the PL lifetimes also indicate the delocalization and reduced overlap of the 

electron and hole wave functions. 

Charge carrier separation in CdSe/PbS core/shell NPLs could allow for improved 

selective charge transport as a result of the partial charge separation and long NPL lateral 

dimensions. NCs with different band structures could also be used as luminescent solar 
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concentrators (LSCs) due to the large difference between the strong absorption and 

photoluminescence transitions as a result of the different volume of core and shell materials that 

allow absorption at different points in k. These properties, coupled with the directional light 

emission of self-assembled NPLs, make this system even more attractive for use in LSCs than 

CdSe/PbS core/shell QDs. Lastly, multiexciton generation (MEG) in PbS nanosheets is 

significantly enhanced compared to NCs with higher degrees of quantum confinement because of 

the much higher density of states in nanosheets.58 CdSe/PbS core/shell NPLs could combine the 

advantages of the increased density of states in NPLs with the enhanced MEG as a result of the 

interaction between the high band gap core with a low band gap shell.  
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Chapter 5: Facet-Dependent Etching of CdSe 
Nanoplatelets by Lead Oleate 
5.1 Introduction 

The precise size and shape control of colloidal semiconducting nanomaterials is 

necessary for their use in a variety of optoelectronic applications.1,2 Significant effort has been 

spent to synthesize nanocrystals (NCs) in a controllable manner with predictable sizes and band 

gaps. In particular, zinc blende (ZB) CdSe nanoplatelets (NPLs) with large lateral sizes (lengths 

and widths) and very small thicknesses can be synthesized with thickness increments equal to a 

single CdSe monolayer (ML) with a total thickness of 3.5, 4.5, or 5.5 ML.3,4 These NPLs have 

large, atomically flat top and bottom cadmium facets terminated with carboxylate ligands.3,4 

Size-selection through precipitation enables the preparation of samples of NPLs with a given 

thickness.5-7 Recently, the direct synthesis of CdSe NPLs up to 8.5 ML in thickness has been 

reported, expanding the range of thicknesses and optical band gaps accessible for this unique 

shape.8,9  

Post-synthetic processing can be utilized to expand the potential uses of the NPLs in 

optoelectronic devices. For instance, ligand exchange10-15 and heterostructure growth7,16-20 are 

both powerful methods for tuning the band edge energies, band gap, and wave functions in NCs 

(Chapters 3 & 4). Post synthetic modification can alter the size, shape, and composition of the 

NCs. In CdSe/CdSe1−xTex core/crown NPLs, the emission energy was modulated by varying the 

alloy composition of a deposited NPL crown. A NPL crown extends the NPL length and width 

without changing the thickness.17 Since shape directly impacts the optoelectronic properties of 
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semiconducting NCs, it is important to understand what these changes are, why they occur, and 

how they impact the NC properties.  

As shown in Chapter 3, PbS shells can be epitaxially grown on ZB CdSe quantum dots 

(QDs), uniformly covering all sides of the CdSe core.21 The growth of PbS shells on ZB CdSe 

nanoplatelets (NPLs) is not as uniform, as shown in Chapter 4. Simple PbS shell growth on CdSe 

NPLs should result in an increase in the dimensions of the NPLs in all directions (length, width, 

and thickness); instead, the thicknesses and widths of the NPLs increase while the lengths 

decrease. At the same time, the shapes of the large top and bottom faces change from rectangular 

faces, with sharp, 90° corners for the CdSe NPLs to oval shaped with the growth of the PbS shell 

on the NPLs.  

The PbS shell growth involves a variety of chemical species that could be responsible for 

the observed shape changes. These chemical species can interact with the NPL surface in several 

different binding modes, including octylamine (neutral two-electron donor, L-type ligand), lead 

oleate (Pb(oleate)2, neutral two-electron acceptor, Z-type ligand), and oleate (one-electron 

anionic donor forming covalent bonds, X-type ligand).13,14,22 Similar chemical species have been 

observed to cause etching in a variety of NCs, producing different NC shapes dependent on the 

initial NC facets.23-26 The ratio of oleic acid to its conjugate base, oleate, promotes the growth on 

certain facets or etching of certain facets in NaYF4 nanoparticles.23 A higher concentration of 

oleic acid promotes growth on the (100) facets on the sides of hexagonal NaYF4 NCs, producing 

relatively thin hexagonal disks with a large diameter. In contrast, a higher concentration of oleate 

promotes growth on the (001) top and bottom facets of the nanocrystal, leading to the formation 

of hexagonally shaped nanorods with a relatively small diameter. Combining this ratio with other 

synthetic parameters enables the production of a variety of complex shapes and heterostructures, 
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including rods with sections of alternating composition and hourglass-shaped heteronanocrystals 

from the same starting nanorod or hexagonal nanocrystal core.23 At slightly elevated 

temperatures (80 °C), an amine (3-amino-1-propanol)/water solution in the presence of oxygen 

etches CdSe hexagonal prismatic NCs.24 In this case, the Se atoms on the surface oxidize, and 

the basic solution dissolves the SeO2, revealing a Cd-rich facet. As the NC etches, the hexagonal 

prismatic NCs form pyramidal shapes. The oxidation of the surface Cd to CdO temporarily 

hinders further etching, but the etching process can continue. Reactive facets are also important 

in the zinc oleate-induced etching of CdS nanorods.25 In this case, zinc oleate etches the CdS 

nanorods from the end facets, reducing the length without changing the diameter of the rods.25 

Upon injection of a highly reactive selenium precursor, the solubilized Cd species, but not the 

zinc oleate, can react to form CdSe-on-CdS dot-on-rod NC heterostructures.  

The expressed facets in PbTe QDs also play an important role in determining ligand 

exchange versus ion exchange in treatment with sodium sulfide.26 While {100} facets are inert to 

ion exchange, {111} facets promote a rapid ion-exchange process. This difference in reactivity 

causes significant differences in cubic PbTe NCs, which merely undergo a ligand exchange when 

exposed to sulfide ions, in comparison to cuboctahedra PbTe NCs, which convert to PbS with 

exposure to sulfide ions. The same reactivity trend holds true when the PbTe NCs are treated 

with silver nitrate; the {100} facets of cubic NCs are unreactive while the {111} facets of 

cuboctahedra PbTe NCs allow the cation exchange to take place, converting the PbTe to Ag2Te. 

In the CdSe/PbS core/shell NPL synthesis described in Chapter 4, the NPLs were 

exposed to a variety of chemical species that have been the cause of etching or selective growth 

in similar NCs. A series of experiments were conducted to determine the likely cause of the 

unpredictable shape changes of the NPLs during the PbS shell synthesis. Specifically, CdSe 
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NPLs were treated with individual chemical precursors and the changes were monitored by 

transmission electron microscopy (TEM). Once the cause of the etching was determined, the role 

of etching-induced morphological changes on the energetics over time was further studied using 

absorption spectroscopy.  

5.2 Results 
In order to determine the source of the shape changes in the CdSe/PbS core/shell NPL 

synthesis, 4.5 ML (1.22 nm thick) CdSe NPLs were treated with each component of the PbS 

shell reaction. An aliquot of the CdSe NPL stock solution was treated with (1) sonication for 

10 minutes, (2) octylamine, (3) oleic acid, (4) sodium oleate, (5) Pb(oleate)2 in octadecene, and 

(6) Pb(oleate)2 in octylamine. Sonication, octylamine, and Pb(oleate)2 dissolved in octylamine 

are all directly used in the PbS shell synthesis and could be responsible for morphological 

changes to the CdSe NPLs. In order to eliminate the possibility of effects of the combination of 

Pb(oleate)2 and octylamine, the CdSe NPLs were also treated with Pb(oleate)2 dissolved in 

octadecene, a non-coordinating solvent. Oleic acid is not used in the PbS shell synthesis, but an 

excess of oleic acid is used in the synthesis of Pb(oleate)2 (see preparation of Pb(oleate)2 from 

Pb(Ac)2, Chapter 2), and is therefore present in the PbS shell synthesis. Similarly, sodium oleate 

is not used directly in the PbS shell synthesis, but when the lead in Pb(oleate)2 is deposited as 

PbS, a significant amount of oleate is generated in solution.  

The ZB CdSe NPLs (4.5 ML) were synthesized and purified according to the procedure 

described in Chapter 2 and dispersed in methylcyclohexane as a stock solution (Chapter 2).5,7 

The NPLs were an average of 30(3) (length) × 8(1) (width). See Figure A3-1 for full size 

statistics and histograms of the length and width. See Chapter 2 for full details of the etching 

procedure, but an abbreviated procedure follows here. In each case, the aliquot of NPLs was 
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diluted in 2 mL toluene, the treatment was applied (in the case of a control reaction, nothing was 

done), and the reaction (if any) proceeded for 3 hours. The resultant nanoparticles were purified 

from any molecular species in solution by adding 1 mL methanol, centrifuging at 4500 RPM 

(3260 g) for 5 minutes, decanting the supernatant, and redispersing the solid in toluene.  

There were no visible changes to the transmission electron microscope (TEM) images of 

the CdSe NPLs after treatment with sonication, sodium oleate, oleic acid, or octylamine (Figure 

5-1a). TEM images of the product NCs showed the presence of approximately spherical 

nanodots (NDs) after treatment with Pb(oleate)2 in either octylamine or octadecene (Figure 5-

1a). Pb(oleate)2 is therefore concluded to be the primary cause of the etching process.  

The etching product differs in the presence or absence of octylamine. Octadecene is 

assumed not to participate in the etching process since octadecene is a non-coordinating solvent. 

The average ND size is not statistically different when etching with Pb(oleate)2 dispersed in 

octylamine (diameter = 4.1(8) nm) versus octadecene (diameter = 4.3(7) nm). See Figure A3-2 in 

Appendix 3 for ND diameter distributions.  Note that the etching of the CdSe NPLs with 

Pb(oleate)2 in octadecene produces NDs that are physically separated from the NPLs, while 

etching with Pb(oleate)2 in octylamine generates NDs attached to the NPLs.  

The shape of the NPLs after etching is also significantly different depending on the 

Pb(oleate)2 solvent (see Figure A3-1  for statistics and size histograms of NPLs). After etching 

by Pb(oleate)2 in octadecene, the NPLs are 31(4) nm × 8(1) nm and are still rectangular in shape, 

with an average corner angle of 91(6)° (33 measurements). In comparison to the initial CdSe 

NPLs, there is no statistically significant difference in the size of these NPLs.  

The NPLs exposed to Pb(oleate)2 in octylamine remain similar in size to the initial NPLs 

when measured at the largest length and width of the NPL, 31(3) nm × 8(1) nm, but they become  
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2.5 ML 3.6 ML 4.7 ML 6.9 ML 0 ML b 

Figure 5-1. (a) TEM images of 4.5 ML CdSe NPLs treated with different chemical precursors 
(and physical processes) used in the PbS shell synthesis. Each image is 200 × 200 nm. (b) 
TEM images of CdSe/PbS core/shell NPLs labeled with number of PbS MLs in upper right of 
each image. Each image is 50 × 50 nm. (c) TEM images of CdSe NPLs etched with 
Pb(oleate)2 in octylamine highlighting changes in shape of underlying NPL. Each image is 
50 × 50 nm.  

Pb(oleate)2 in octylamine 

Sonication Oleic acid Sodium oleate 

Pb(oleate)2 in octadecene Octylamine 

Control reaction 
a 
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irregular in shape, with a mixture of obtuse and acute angles (Figure 5-1c). As a result, one or 

both of the long edges of the NPL are shorter than the longest measured dimension of the NPL. 

This difference is statistically significant and is highlighted in the histograms plotted in Figure 5-

2. The longest dimension and width of the NPLs are not statistically different in comparison to 

the initial CdSe NPLs.  

These changes to the CdSe NPLs are notably different than the morphological changes to 

the CdSe NPLs observed to occur during the PbS shell synthesis (Figure 5-1b). In the PbS shell 

Figure 5-2. Distributions of the length of CdSe NPLs etched with Pb(oleate)2 in octylamine 
measured along (a) the longest dimension of the NPL and (b) along the shortest edge of the 
NPL along the length dimension. The average length and number of measurements, n, are 
noted in the upper right of each panel. 
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synthesis, no NDs were observed, and the NPLs become more oval shaped with increasing shell 

thickness.  

To investigate this reaction further, the amount of time the CdSe NPLs were treated with 

Pb(oleate)2 in octylamine was varied. Aliquots of CdSe NPLs were treated with Pb(oleate)2, and 

the reaction was stopped at 3, 6, 9, and 12 hours by precipitating the product nanocrystals and 

separating them from the molecular precursors. The TEM images, Figure 5-3, indicate the CdSe 

NPLs continue to etch and reduce in size with etching time. Histograms and statistics of the 

dimensions of the as-synthesized NPLs and the NPLs after etching for 3 hours and 9 hours can 

be found in Figure A3-3. The NPL dimensions reduced from 31(4) by 8(1) nm (CdSe cores) to 

29(3) by 7(2) nm after 3 hours to 21(3) by 3.4(7) nm after 9 hours. The change in length is not 

statistically significant after etching for 3 hours, but is statistically significant after etching for 

9 hours. The changes in width are statistically significant after etching for 3 hours and after 

9 hours. The formation of NDs on the NPLs after 3 and 6 hours was observed again. The 

aggregation and number of NDs on the NPLs after 6 hours was so severe that it was not possible 

to accurately measure the NPL size. After 9 hours, the NPLs appeared to be physically separated 

and fewer QDs were attached to the NPLs. In addition to these NPLs, some large particles were 

Figure 5-3. TEM images of CdSe NPLs treated with 0.01 M Pb(oleate)2 in octylamine after 
different periods of time (labeled top left of each image).  

6 hours 9 hours 3 hours 0 hours 
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observed. By 12 hours, the NPLs were completely absent in the TEM, replaced by large flakes, 

visible to the naked eye, that quickly settle out of the clear and colorless solution.  

To further study the changes to the NPLs with etching, visible extinction spectra (Figure 

5-4) were collected. The CdSe NPL absorption features shift to higher energy and a curved 

baseline grows in at low energy with Pb(oleate)2-induced etching. This baseline offset could not 

be corrected using the wavelength dependence appropriate for scattering with a constant baseline 

offset (𝑦 = 𝑏O−4 +  𝑎). The normalized extinction spectra are plotted in Figure 5-4a. Using the 

raw extinction data, the first absorption peak was identified using two different methods, by 

using the local maximum of each feature and by calculating the second derivative of the 

extinction spectrum (Figure A3-4). The local maximum of the band edge CdSe NPL absorption 

transition shifts to higher energy by 34 meV. This method for peak identification is expected to 

overestimate the shift to higher energy due to the sloping background signal. The peak identified 

by the second derivative first shifts to lower energy by 4 meV, but then shifts to higher energy by 

9 meV, resulting in a total shift to higher energy by 5 meV. Peak identification using the second 

derivative of the extinction spectra is expected to underestimate the shift to higher energy. 

Therefore, the actual shift of the first feature is expected to be in the range 5-34 meV. In order to 

further probe the shift to higher energy, the baseline was fitted to 𝑦 = 𝑎 + 𝑏𝐸c, where E is the 

energy in eV. The corrected spectra are plotted in Figure 5-4b and the fitting parameters can be 

found in Table A3-1. This background correction, unlike the correction for the scattering (in 

which c = 4), has no physical significance, but it does appear to correct for the sloping extinction, 

allowing the CdSe peak energies to be identified using either the local maximum of the corrected 

extinction spectra or the local minimum of the second derivative of the extinction spectra (Figure 

A3-5). There is still a discrepancy in the peak energies measured using the two methods; the first 
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CdSe absorption peak shifts to higher energy by 34 meV when identified by the local maximum 

of the extinction spectra and 19 meV when identified using the second derivative spectra. 

Nevertheless, all these analyses indicate the first transition shifts to higher energies, consistent 

with increasing quantum confinement in CdSe NPLs.  

The heavy hole and light hole transitions are distinct in the spectra of CdSe NPLs etched 

for different times, but the breadth of the features increases with etching time (Figure 5-4), which 

is consistent with reduced sample homogeneity. As the NPLs etch, quantum confinement 

Figure 5-4. Extinction spectra normalized to the same value at the first absorption peak 
energy (identified by second derivative) of as-synthesized CdSe NPLs (gray) and CdSe 
NPLs etched with 0.01 M Pb(oleate)2 in octylamine for 3 (black), 6 (red), or 9 hours (blue). 
The raw extinction spectra (a) are plotted with the baseline corrected spectra (b). 
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increases significantly in the lateral dimensions, particularly the width. As a result, the 

absorption features would be increasingly susceptible to inhomogeneity in NPL width.  

These trends can be demonstrated with a simple 3D particle-in-a-box model using the 

CdSe effective masses of the electron (me* = 0.12me) and hole (mhh* = 2.14me).27 The 

contribution of quantum confinement in the NPL length to the energy of the first absorption 

transition is at most very minor (3.4-7.5 meV for 31-21 nm, respectively). The energetic shift 

resulting from quantum confinement in the width of the NPLs increases from 51.2 meV for the 

core (8(1) nm wide) to 286 meV for the NPLs etched for 9 hours (3.4(7) nm wide). Based on 

variations in the dimensionality, the contribution of quantum confinement from the width can 

vary and be estimated using the standard deviation of the width. The quantum confinement in the 

width ranges from 40.9-67.5 meV (a range of 26.6 meV) for the 8(1) nm wide as-synthesized 

CdSe NPLs, and increases to 197-454 meV (a range of 257 meV) for the 3.4(7) nm wide CdSe 

NPLs etched for 9 hours. Since the 3D particle-in-a-box model dramatically overestimates the 

first absorption transition energy (calculated energy of 3.96 eV for the as-synthesized NPLs 

compared to the observed transition energy of 2.426 eV), these calculated values should only be 

considered a guide to the expected trends and not a prediction of the transition energies. The 

spectroscopic features also indicate that the composition of the NPLs remains CdSe. After 

treatment with Pb(oleate)2, the CdSe NPLs could conceivably convert to PbSe, though this is 

unlikely since direct Cd-for-Pb cation exchange typically requires elevated temperatures.28 The 

heavy hole and light hole transitions are characteristic of the CdSe NPLs and would not be 

present in PbSe NPLs. Additionally, if the NPLs fully converted to PbSe NPLs, the band edge 

absorption transition is expected to shift to a significantly lower energy.19   
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The sloping background that increases with etching time could be the result of absorption 

of Pb-containing NDs, which will require further characterization by NIR absorption 

spectroscopy. PbSe has a much lower band gap of 0.28 eV, and so the band gap of these NDs is 

expected to be significantly smaller than the CdSe NPLs.29 Williams et. al. recently reported the 

heterogeneous growth of PbSe QDs on CdSe NPLs. The absorption features of PbSe-on-CdSe 

QDs-on-NPLs resemble the combination of absorption from the original CdSe NPLs and a 

1.18 eV absorption feature attributed to a PbSe excitonic transition.30 If the sloping background 

observed in Figure 5-4 is the result of absorption into PbSe QDs on CdSe NPLs, etching and 

redeposition of PbSe could provide an alternative route to the synthesis of PbSe-on-CdSe QD-

on-NPL heterostructures. 

In order to identify the composition of the product semiconductor NPLs and NDs, the 

elemental composition was measured using ICP-MS. These data are summarized in Table 5-1. 

The Pb:Cd ratio generally increases with etching time (with the exception of the sample after 

9 hours of etching). The lead measured in the samples could be present in two forms: (1) as an 

X-type ligand on the surface of CdSe NPLs (Pb(oleate)2) and/or (2) as Pb-containing 

nanocrystals. 

Reaction Time 
(hours) 

Cd Concentration Pb Concentration Pb:Cd 
(ppb)  (ppb) ratio 

3 3.1(4) 22(3) 7(1) 
6 4.4(6) 40(5) 9(2) 
9 6.8(9) 44(6) 6(1) 
12 3.5(5) 38(5) 11(2) 

In order to test the possibility that lead is present exclusively as a Pb(oleate)2 ligand, the 

ratio of surface to interior Cd sites in the CdSe NPLs was estimated. An example calculation can 

Table 5-1. ICP-MS data of CdSe NPLs treated with 0.01 M Pb(oleate)2 in octylamine after 
different periods of time with standard deviations. The Pb:Cd ratio is calculated with its 
standard deviation determined from the propagation of error. 
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be found in Table A3-2. The surface area was first calculated from the average dimensions of the 

NPL. The CdSe NPLs are terminated by Cd-rich {100} facets on all sides. Using the lattice 

constant of ZB CdSe (6.050 Å) and the calculated surface density of 5.46 Cd atoms/nm2 on the 

{100} facets, the total number of surface Cd atoms was calculated (3388 Cd atoms).31,32 Next, 

using the total volume of the CdSe NPL (319 nm3) and the number of Cd atoms per unit cell 

volume (18.06 Cd/nm3, calculated from 4 Cd atoms per 0.221 nm3), the total number of Cd 

atoms per NPL was calculated (5762 Cd atoms). This gave a ratio of 1.43 surface to interior Cd 

sites. This calculation is simplistic and should not be considered an indication of the precise 

number of Cd atoms per CdSe NPL, but it does serve as a qualitative guide for evaluating these 

Pb:Cd ratios. 

If Pb is present only as an X-type ligand (Pb(oleate)2), the Pb:Cd ratio should approach 

the calculated surface:interior Cd sites ratio of 1.43 since each surface Cd site would exchange 

for Pb (assuming 100% surface exchange). After just 3 hours, the Pb:Cd ratio of 7(1) is 

significantly higher than the calculated ratio of surface to interior Cd sites, indicating that the Pb 

cannot exclusively be present as a surface ligand. The Pb must be present either in the NPL 

crystal or in the NDs. Since the NPL composition remains constant on the basis of the extinction 

spectral features, the Pb cannot be present in the NPL crystal lattice. Therefore, the Pb must be 

present in the NDs as PbSe. 

5.3 Discussion  
These etching experiments indicate that the Pb(oleate)2-induced etching of CdSe NPLs is 

a facet-dependent cation exchange process. ZB CdSe NPLs have six {100} facets, four 

horizontal {101} edges, four horizontal {011} edges, and four vertical {110} edges (Scheme 5-
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1a).32 The observed changes suggest that the etching starts from the four vertical {110} edges of 

the NPLs without significantly etching the broad top or bottom {100} facets.  

Since the energies of the lowest-energy feature in the absorption spectra do not change 

significantly with etching, the thickness dimension, which dominates the quantum-confinement, 

must not change appreciably. It is possible that the thicknesses of the NPLs change non-

uniformly, resulting in individual NPLs that are 4.5 MLs thick over the majority of the NPL area 

but have small sections that are 3.5 MLs thick. In this case, the absorption spectra could still be 

dominated by the first absorption transition corresponding to 4.5 ML NPLs (2.42 eV). This 

seems unlikely since the Cd atoms on the NPL edges have a higher number of dangling bonds 

than the large top and bottom facets. Instead, the small shift of these absorption features, 

<34 meV, is likely the result of additional quantum confinement in the lateral dimensions, as 

discussed previously. 

a 

[001ത] 
[110] [100] 

[001] 

[010] 

b c d e 
Etching with Pb(oleate)2 in Octylamine CdSe Nanoplatelet Facets 

Scheme 5-1. CdSe nanoplatelet facets and proposed schematic of the etching process that 
occurs during treatment with Pb(oleate)2 in octylamine for three hours. (a) Facets of as-
synthesized CdSe core nanoplatelet with four vertical {110} edges. (b-e) Cross section along 
width and length of (b) starting CdSe core nanoplatelet (blue) with high aspect ratio, (c) 
etching to expose the {110} facet, (d) resulting etched CdSe nanoplatelet shape, and (e) 
nanodot (grey) grown on CdSe nanoplatelet. 
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The morphological changes observed in the TEM images also support our conclusion that 

the NPLs are not etched from the broad top or bottom facets and that the etching is a facet-

dependent process starting from the {100} edges. The width and length of the NPLs decrease by 

5(1) and 11(5) nm, respectively, after etching with Pb(oleate)2 in octylamine for 9 hours, which 

is significantly greater than the thickness of the NPLs (1.22 nm). If etching proceeded along the 

thickness, the NPLs would dissolve completely during this time. See length and width 

histograms of NPLs in Figure A3-3.  

Additionally, the shape of the etched NPLs indicate the etching proceeds from the {100} 

edges rather than from the small sides of the NPLs. See Scheme 5-1 for the proposed etching 

process when CdSe NPLs are treated with Pb(oleate)2 in octylamine for three hours. The cross 

section along the two longer dimensions (width and length) of the original CdSe core NPL in its 

original high aspect ratio geometry is shown in Scheme 5-1b. The NPLs are etched proceeding 

along the {110} edge, shown as dashed lines in Scheme 5-1c, resulting in a CdSe NPL with at 

least one obtuse corner, Scheme 5-1d. For simplicity, this etching is only shown to proceed from 

a single {110} edge, but in principle it could start from any or all of the {110} edges. Etching to 

reveal the {110} facet would result in a 135° angle between the newly revealed facet and the side 

of the NPL, which is consistent with the 130(10)° angle observed in the CdSe NPLs etched with 

Pb(oleate)2 in octylamine. Lastly, solvated selenide from the CdSe NPL can react with 

Pb(oleate)2 in solution to form a PbSe ND on the NPL represented by a grey circle in Scheme 5-

1e. 

Etching from the {100} edges also helps explain the morphological changes observed in 

the CdSe/PbS core/shell NPL synthesis. TEM images in Figure 5-1b indicate the lateral size and 

shape of the NPLs change dramatically with shell growth. Instead of isotropic growth in all 
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directions, as observed in the CdSe/PbS core/shell QDs,21 or in CdSe/CdS core/shell NPLs,20,34 

the length decreases while the width increases. In addition, the shape changes dramatically, from 

the starting rectangular shape to more oval-type shapes (Figure 5-1b). The proposed etching 

process that occurs during shell growth is represented in Scheme 5-2. The cross section of the 

original CdSe core NPL in its original high aspect ratio geometry is shown in Scheme 5-2a. With 

an isotropically added PbS shell, the NPL cross section would increase in length and width 

(Scheme 5-2b). Etching along the {110} facets (Scheme 5-2c, dashed lines) results in an oval-

shaped NC (representation of modified CdSe core is outlined as a dashed oval shape in Scheme 

5-2c). The etching from these four vertical edges and simultaneous PbS shell growth would 

generate NPLs with reduced length and increased width as a result of the original large NPL 

aspect ratio (Scheme 5-2d and 5-2e). It is not clear whether the PbS covers the tips of the NPL 

(d) or not (e). The simultaneous PbS shell growth and NPL etching would therefore be a 

competition between an etching process along the small {110} edges and PbS deposition on the 

Scheme 5-2. Proposed schematic of etching process during PbS shell growth. Cross section 
along width and length of (b) starting CdSe core nanoplatelet (blue) with high aspect ratio (c) 
CdSe/PbS core/shell nanoplatelet (blue/orange, respectively) without etching (d) CdSe/PbS 
core/shell nanoplatelet with etching to expose the {110} facets (diagonal dashed lines) with 
the resulting CdSe core shape (oval) and (e-f) resulting CdSe/PbS core/shell nanoplatelet 
with reduced length and increased width compared to CdSe core nanoplatelet with (e) and 
without (f) PbS surrounding the ends of the NPL.  

  

c b a d e 
Etching with Pb(oleate)2 during PbS Shell Synthesis 
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{100} facets. These morphological changes also indicate that the etching does not start from the 

small side facets such as the {010} facet. Etching from the {010} facet would result in a 

CdSe/PbS core/shell NPL with a rectangular shape since the Pb(oleate)2 would etch evenly along 

the length of the NPL facet, which is not observed.  

Differences in the stable facets of ZB CdSe NPLs and rock salt PbS nanosheets could be 

the cause for etching during the PbS shell synthesis. PbS nanosheets have {110} facets on the 

thin sides of the nanocrystal while the side facets of the CdSe NPLs are {100} facets.32,35 As a 

result of these differences, the {100} facets of the deposited PbS shell may be unstable. Etching 

from the corners of the NPL would enable the expression of the more stable PbS {110} facet on 

the PbS shell surface. Concurrently, the PbS shell deposition apparently arrests the Pb(oleate)2-

induced etching, preventing the etching along the entire length of the NPL.  

5.4 Conclusions 
By treating ZB CdSe NPLs with a variety of chemical precursors used in the PbS shell 

synthesis, Pb(oleate)2 is shown to etch CdSe NPLs starting from the smallest edges of the NPLs. 

The etching mechanism at the atomic level cannot be definitively determined without further 

experiments, such as in-situ TEM-imaging of the etching reaction, but several results suggest the 

Pb(oleate)2 etches the CdSe NPLs starting from the four vertical {110} edges of the NPL. 

Specifically, the first absorption peak shifts only slightly with etching, ruling out the possibility 

of etching the broad top or bottom facets of the CdSe NPLs. Additionally, the changes to the 

lateral dimensions are larger than the thickness of the NPLs, further confirming the conclusion 

that the etching cannot occur layer by layer from the large, top facet, and must occur from one of 

the small side facets or edges. The final shape of the etched CdSe NPLs and the oval shape of the 

CdSe/PbS core/shell NPLs suggest that the etching starts from the four vertical {110} edges. 
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With improved control over the extent of this reaction, it could be possible to manipulate this 

etching mechanism to form ND-on-NPL structures, which could behave as a type-I 

heterostructure, funneling charges to the ND.30 
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Chapter 6: Conclusions & Future Directions 
6.1 Summary 

This dissertation has focused on the synthesis and characterization of CdSe/PbS 

core/shell nanocrystal (NC) heterostructures. By using the heterostructure to control the charge 

carrier wave functions in the NC, the optoelectronic properties of these materials can be tailored 

for a variety of uses. In particular, multiexciton generation (MEG) has the potential to 

dramatically increase the efficiency of solar cells from the 33% single-junction Shockley-

Queisser limit to 66%.1,2 Additionally, control of the absorption transition strengths at different 

energies could enable the use of CdSe/PbS core/shell NCs as luminescent solar concentrators 

(LSCs).3-7 Working towards these goals, the synthesis and characterization of CdSe/PbS 

core/shell quantum dots (QDs) and nanoplatelets (NPLs) were studied in Chapters 3 and 4. The 

chemical etching of CdSe NPLs by lead oleate (Pb(oleate)2) was also studied in Chapter 5 in 

order to understand the observed differences in the PbS shell synthesis on CdSe core QDs and 

NPLs. 

 The PbS shell synthesis was first conducted on CdSe QDs, which demonstrated the 

efficacy of a room-temperature shell synthesis reaction.8 The epitaxial core/shell QDs were 

synthesized with a range of shell thicknesses dependent on the quantities of lead and sulfur shell 

precursors used. X-ray diffraction data showed that the PbS shell grew in the rock salt crystal 

structure on top of the underlying zinc blende CdSe core. The PbS shell significantly impacted 

the spectroscopic properties of the CdSe/PbS core/shell QDs in comparison with the CdSe cores. 

The first absorption transition shifted to lower energies by up to 280 meV with increasing PbS 
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shell thickness, and the band gap absorption transition strengths decreased relative to the higher 

energy transitions. 

 The PbS shell synthesis was also applied to CdSe NPLs, demonstrating the versatility of 

this shell synthesis and the potential to grow PbS shells on NCs of varying size and 

dimensionality. Unlike the CdSe/PbS core/shell QD synthesis, in which the PbS shell grew 

isotropically on the underlying CdSe core, the shape of the product CdSe/PbS core/shell NPLs 

was significantly different than that of the starting CdSe NPLs. The CdSe NPLs were 

rectangular, with 91(6)° corners, while the CdSe/PbS core/shell NPLs were more oval-shaped. 

Simultaneously, the average dimensions of the CdSe/PbS core/shell NPLs changed compared to 

the starting core NPLs; the NPL length decreased while the width and thickness increased 

relative to the CdSe core NPLs. Despite these more complicated changes to the NC morphology 

in the synthesis of CdSe/PbS core/shell NPLs versus QDs, transmission electron microscopy 

images and elemental analysis data confirmed the growth of a PbS shell. The changes to the 

optical properties of the CdSe/PbS core/shell NPLs were very similar to those of the CdSe/PbS 

core/shell QDs. The first absorption transition shifted to lower energies with increasing shell 

thickness by up to 480 meV, indicating a decrease in quantum confinement and the 

delocalization of the electron and/or hole wave functions over the core/shell NPL thickness. Also 

like the CdSe/PbS core/shell QDs, the absorption transition strength at the band gap decreased 

relative to the absorption transition strength at high energy. 

 These changes to the absorption transition strengths were interpreted based on the 

differences in the band structures of CdSe and PbS. The band gap of CdSe is at the * point where 

the gap between the valence band (VB) and conduction band (CB) of PbS is very large. The 

inverse is true at the L point; the band gap of PbS is at the L point, at which point the gap 
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between the VB and CB of CdSe is very large. As a result, the optical properties of CdSe/PbS 

core/shell NCs is likely to resemble the combination absorption transitions at the * and L points. 

Charge carriers excited at or close to the * point are strongly confined by the PbS. As a result, 

transitions involving charge carriers with these values of k are not expected to reach the bulk 

CdSe band gap transition energy. Transitions at or near the L point are strongly confined in the 

thin PbS shell. These transitions are expected to decrease in energy with increasing shell 

thickness, eventually reaching the bulk PbS band gap for a very thick PbS shell. Due to the 

changing volume of the PbS shell versus the CdSe core, the absorption transition strengths at 

these different points in k are expected to change dramatically with shell thickness, leading to the 

dramatic spectral changes observed in CdSe/PbS core/shell QDs and NPLs. The absorption 

transitions at or near the * point are dominated by the CdSe core, which does not change in 

volume with increasing shell thickness, resulting in a relatively constant transition strength. 

Absorption transitions at or near the L point are dominated by the PbS shell, which changes 

volume significantly. With the increasing PbS shell volume, the transition strength at or near the 

L point increases dramatically. Therefore, absorption at high energy was observed to be 

significantly stronger than absorption at the band gap in CdSe/PbS core/shell NCs. 

 Lastly, the unexpected changes in shape of the NPLs that occurred during the CdSe/PbS 

core/shell NPL synthesis were investigated by treating CdSe NPLs with chemical precursors 

used in the PbS shell synthesis. Pb(oleate)2 was shown to chemically etch the CdSe NPLs. The 

available evidence indicates the etching proceeds from the four vertical {110} edges of the NPL. 

As a result, the size of the NPLs decreased and the shape of the NPL face changed from the 

starting rectangular shape with 91(6)° corners to a faceted shape with 130(10)° corners. The 

changes in size were monitored with transmission electron microscopy and absorption spectra. 
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The modest shift of the absorption features to higher energies confirmed that the NPL thickness 

did not change significantly with Pb(oleate)2-induced etching. This etching was responsible for 

the unexpected shape changes in the CdSe/PbS core/shell NPL synthesis, in which the NPL face 

changed from the rectangular CdSe NPL shape to the oval shape.  

6.2 Future Directions 

6.2.1 Synthesis 
In order to fulfill the promise of inexpensive, solution-processable solar cells that exceed 

the Shockley-Queisser limit through MEG in CdSe/PbS core/shell NCs, the NCs must have two 

interrelated primary attributes: first, the nanocrystals must behave as an inverse type-I 

heterostructure, and second, the band gap of the nanocrystals must be close to the optimal single 

junction band gap of 1.1 eV.1 An inverse type-I heterostructure is necessary for charge funneling 

into the shell; without it, charge carriers are isolated in the interior of the core/shell 

heterostructure and are unavailable for extraction into the solar cell device. Since the band gaps 

of the NCs synthesized in this dissertation work have energies significantly greater than 1.1 eV, 

any gains in efficiency from MEG would be offset by reduced absorption at sub-band gap photon 

energies.  

Even though the NCs synthesized in this dissertation work do not fulfill either of these 

attributes, it does lay the groundwork necessary for achieving this objective. Future research 

should build on this progress in order to synthesize thicker PbS shells, which should allow the 

synthesis of CdSe/PbS core/shell NCs with type-I heterostructure behavior and significantly 

smaller band gaps. With increasing PbS shell thickness, the degree of quantum confinement in 

the PbS shell is expected to decrease, and eventually the zero point energy of charge carriers in 

the PbS would be small enough that the charge carriers would be localized in the shell.  
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There are several methods building on the synthesis developed here that could achieve 

this result. First, the addition of shell precursors could be optimized for injection over time using 

a syringe pump. This method, if properly tailored to reduce homogeneous PbS nucleation, could 

allow for much thicker PbS shells. This method has previously been used for the synthesis of 

thick-shell CdSe/ZnSe and ZnSe/CdS core/shell QDs.9 Second, a successive PbS shell deposition 

method could be implemented. The colloidal alternating layer deposition method is a room-

temperature shell synthesis that relies on successively depositing half monolayers of the desired 

shell.10 As a room-temperature shell synthesis, this would avoid Cd-for-Pb cation exchange in a 

similar manner as the PbS shell synthesis used here while allowing for a large number of PbS 

deposition cycles.  

This research could also pursue the synthesis of CdSe/PbS core/crown NPLs. Like 

CdSe/PbS core/shell QDs, the charge carriers generated in CdSe/PbS core/crown NPLs would be 

available for extraction since they would be localized in the NPL crown. This could be an 

attractive morphology because of the enhanced MEG in nanosheets attributed to the higher 

density of states11 The synthesis of CdSe/PbS core/crown NPLs could be targeted in one of two 

ways. Heterogeneous nucleation of PbSe on CdSe NPLs has already been demonstrated to form 

PbSe-on-CdSe QD-on-NPL heterostructures.12 The reactivity of the lead and chalcogenide 

precursors could be tuned to form core/crown NPLs instead of QD-on-NPL structures. Another 

possible method of forming CdSe/PbS core/crown NPLs could be through a seeded growth 

method using pre-synthesized CdSe NPLs and PbS QDs. PbS nanosheets are commonly 

synthesized through the self-assembly of PbS QDs.11,13 It could be possible to initiate the 

assembly of PbS QDs onto the edges of CdSe NPLs by seeding the QD solution with NPLs. PbS 

nanosheet formation could be inhibited by conditions including growth temperature and 
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surfactants. This would be a new synthetic route to generating a CdSe/PbS core/crown NPL 

structure in which the PbS increases the lateral sizes of the NPLs. Furthermore, the PbS crown 

thickness could be modulated by varying the diameter of the starting PbS QDs. 

Another important direction for future synthetic efforts is the formation of other CdE/PbE 

core/shell heterostructures (E = S, Se, Te). For example, CdS/PbS core/shell QDs could be a 

useful heterostructure since the bulk band gap of CdS is significantly larger (2.42 eV),14 allowing 

the formation of an inverse type-I heterostructure with a thinner PbS shell. By varying the core 

and shell composition, the differences resulting from different band gaps and band structures can 

be studied and optimized for use in optoelectronic devices. 

6.2.2 Optical Characterization 
Once the synthesis of inverse type-I CdSe/PbS core/shell NCs has been established, the 

material will be ripe for spectroscopic studies such as shape- and size-dependence of (1) MEG 

efficiency and (2) energy transfer from the CdSe to the PbS. Specifically, transient absorption 

studies of these NCs will be necessary to characterize the MEG. Here, the intensity of the first 

absorption feature in the transient absorption spectra would be monitored while varying the 

excitation energy without significantly changing the photon fluence.15 At energies just above the 

band gap (Eg), the first absorption feature bleach is not expected to change with varying 

excitation energy. Above 2Eg, the relative amplitude of the first absorption feature bleach is 

expected to increase with increasing photon excitation energy but with constant photon fluence 

since the extra charge carriers generated by MEG will directly affect the strength of the bleach 

signal. Other optical spectroscopies could also be an important tool for probing the energy 

transfer between high energy CdSe-dominated states and the band gap PbS-dominated states. 

This includes measuring the photoluminescence lifetime, which could be an indicator for the 
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interaction required to change the charge carriers’ momentum between the states at or near the * 

and L points. Since charge carriers excited at the * point must change their value of k by 

coupling to phonons in the crystal structure in order to relax to the L point, the 

photoluminescence lifetime would be expected to increase dramatically.  

6.2.3 Calculations of Electronic Structure 
High-level calculations in two main areas would further the understanding of the 

CdSe/PbS core/shell NC heterostructure. First, the effect of the differences in band structure of 

CdSe and PbS should be investigated. As proposed in Chapter 4, the spectral features of the 

CdSe/PbS core/shell NCs could be the direct result of the differing NC volume and absorption 

energies at the * and L points. Higher-level calculations are necessary to validate or disprove this 

model. Second, the effect of the angular momentum quantum numbers of the hole states in the 

CdSe and PbS should be investigated. This could change the absorption transition strength and 

the coupling of states significantly, directly affecting the optoelectronic properties near the band 

gap. 

6.3 Conclusion 
 In conclusion, CdSe/PbS core/shell QDs and NPLs have been synthesized and 

characterized, laying the groundwork for future studies of this novel heterostructure. Taking 

advantage of the differences in band structure of CdSe and PbS is a particularly novel way to 

tailor the optoelectronic properties of this heterostructure. With further development, these new 

materials could improve solar cell efficiency through MEG or be used in a variety of other 

optoelectronic applications, including as LSCs, visible or NIR emitters, or for biological 

imaging.5,6,15-17 Furthermore, the proposed model addressing the differences in band structure 

could be vital to the fundamental understanding of semiconductor NC heterostructures. 
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Appendix 1: Wave Function Engineering in 
CdSe/PbS Core/Shell Quantum Dots  
Reproduced with permission from: Wieliczka, B. M.; Kaledin, A. L.; Buhro, W. E.; Loomis, R. 
A., Wave Function Engineering in CdSe/PbS Core/Shell Quantum Dots. ACS Nano. 2018, 12, 
5539-5550. Copywrite 2018 by the American Chemical Society.  
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Table A1-1. Calculation of shell precursor quantities 

 

Table A1-1. Example calculations of desired quantities of lead and sulfur precursors, Pb(oleate)2 and TAA, to add for the synthesis of 
a desired PbS shell thickness in #ML using a single step starting from CdSe cores. The difference in volume, number of S atoms, and 
number of Pb atoms between the targeted CdSe/PbS core/shell QD compared to the core QD are listed as Δvolume vs. core, ΔS 
atoms/QD vs. core, and ΔPb atoms/QD vs. core, respectively.  

Desired 
#ML 

Δ 
radius 
(nm) 

Radius 
(nm) 

Volume 
(nm3) 

Δvolume 
vs. core 

(nm3) 

ΔS 
atoms/QD 
vs. core 

ΔPb 
atoms/QD 
vs. core 

Moles of 
each 
atom 

added as 
shell  

Pb(oleate)2 
solution 

(µL) 
TAA (mg) 

0 0.000 1.450 12.77 0.00 0 0 0.000E+00 0.00 0.00 
1 0.343 1.793 24.13 11.36 217 217 3.361E-07 33.61 3.36 
2 0.685 2.135 40.79 28.02 536 536 8.287E-07 82.87 8.29 
3 1.028 2.478 63.75 50.98 975 975 1.508E-06 150.77 15.08 
4 1.371 2.821 94.03 81.26 1554 1554 2.403E-06 240.30 24.03 
5 1.714 3.164 132.63 119.86 2292 2292 3.545E-06 354.47 35.45 
6 2.056 3.506 180.58 167.81 3209 3209 4.963E-06 496.26 49.63 
7 2.399 3.849 238.87 226.10 4324 4324 6.687E-06 668.65 66.87 
8 2.742 4.192 308.53 295.76 5656 5656 8.747E-06 874.66 87.47 
9 3.085 4.535 390.57 377.80 7225 7225 1.117E-05 1117.25 111.73 
10 3.427 4.877 485.99 473.22 9050 9050 1.399E-05 1399.44 139.94 
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Figure A1-1. Size histograms of CdSe and CdSe/PbS QDs 

 

 

 

Figure A1-1. Normalized diameter histograms of CdSe/PbS QDs with 3.0 nm diameter CdSe 
cores (a) and 4.2 nm diameter CdSe cores (b). Arrows along the diameter axes indicate the 
average diameter of each sample. 

a b 



164 
 

Table A1-2. Diameter statistics of CdSe and CdSe/PbS QDs 

 

Table A1-2. Diameter statistics of CdSe/PbS QDs measured by 
measuring across the middle of the QDs in TEM images. The 
number of QD diameters measured is indicated by n. 

#ML 
Core 

Diameter 
(nm) 

n 
Mean 

diameter 
(nm) 

SD 
(%) 

Mean 
radius 
(nm) 

0.0 3.0(3) 323 3.0(3) 10 1.5 
1.5 3.0(3) 329 4.0(4) 10 2.0 
2.9 3.0(3) 313 5.0(5) 10 2.5 
4.0 3.0(3) 336 5.7(5) 8.8 2.8 
4.9 3.0(3) 348 6.3(5) 7.9 3.1 
6.4 3.0(3) 247 7.3(7) 9.6 3.7 
7.1 3.0(3) 316 7.9(7) 8.9 3.9 
8.1 3.0(3) 392 8.5(9) 10.5 4.2       
0.0 4.2(4) 200 4.2(4) 9.5 2.1 
0.6 4.2(4) 251 4.6(4) 8.7 2.3 
1.8 4.2(4) 301 5.4(6) 11 2.7 
2.5 4.2(4) 245 5.9(7) 12 3.0 
4.3 4.2(4) 303 7.1(9) 13 3.6 
7.3 4.2(4) 218 9.0(8) 8.9 4.5 
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Table A1-3. List of other CdSe/PbS QD synthetic attempts 

Table A1-3. List of experimental attempts to grow CdSe/PbS core/shell QDs by method using c-ALD method published by Ithurria et 
al.1 and continuous growth method published by Mahler et al.2 

Expt. 
Index 

Literature 
Method 

CdSe  
Core 

Crystal 
Structure 

Sulfur 
Precursor Pb Precursor Solvent Co-

Solvent Notes Result 

1 c-ALD WZ (NH4)2S Pb(Ac)2•2H2O FA/toluene None  
Aggregation of QDs and 
homogeneous nucleation 

of PbS 

2 c-ALD WZ (NH4)2S Pb(Ac)2•2H2O FA/toluene None 
End with 

Sulfur/DDAB 
termination 

Aggregation of QDs and 
homogeneous nucleation 

of PbS 

3 c-ALD ZB (NH4)2S Pb(Ac)2•2H2O FA/toluene None  
Aggregation of QDs and 
homogeneous nucleation 

of PbS 

4 c-ALD ZB (NH4)2S Pb(Ac)2•2H2O FA/toluene None 
Without 

washing CdSe 
cores 

Aggregation of QDs and 
homogeneous nucleation 

of PbS 

5 c-ALD ZB (NH4)2S Pb(Ac)2•2H2O FA/toluene None 

1/10th DDAB 
and Et4NBr 

used in phase 
transfer 

Aggregation of QDs and 
homogeneous nucleation 

of PbS 

6 Continuous 
Growth ZB Thioacetamide Pb(oleate)2 Chloroform Octylamine  Significant homogeneous 

nucleation of PbS 

7 Continuous 
Growth ZB Thiourea Pb(oleate)2 Chloroform Octylamine  Very slow or no reaction 

8 Continuous 
Growth ZB Thioacetamide Pb(oleate)2 Chloroform Octylamine Slow addition 

of Pb precursor 

Least quantity of black 
precipitate (PbS 

nucleation and aggregate 
of QDs) observed 

9 Continuous 
Growth ZB (NH4)2S Pb(oleate)2 Chloroform Octylamine Slow addition 

of Pb precursor 
Significant homogeneous 

nucleation of PbS 

10 Continuous 
Growth ZB Thiourea Pb(oleate)2 DCM Octylamine  Very slow or no reaction 
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Abbreviations 

c-ALD – Colloidal Alternating Layer Deposition 
DDAB – Didodecyldimethylammonium Bromide  
Et4NBr – Tetraethylammonium Bromide 
FA – Formamide  
DCM – Dichloromethane  
(NH4)2S – Solution of 40% by weight (NH4)2S in water 
Pb(oleate)2 – 0.1 M solution of lead oleate in octylamine 
WZ – Wurtzite crystal structure 
ZB – Zinc Blende crystal structure 

 

11 Continuous 
Growth ZB Thiourea Pb(oleate)2 Chloroform Octylamine 

Increased 
quantity of 
octylamine 

Very slow or no reaction 

12 Continuous 
Growth ZB Thiourea Pb(oleate)2 Octylamine None  Very slow or no reaction 

13 Continuous 
Growth ZB Thioacetamide Pb(Ac)2•2H2O Chloroform Octylamine  Aggregation of QDs 

14 Continuous 
Growth ZB Thioacetamide Pb(oleate)2 Chloroform Octylamine Added oleic 

acid 

No observable difference 
in synthesis compared to 

expt 6 

15 Continuous 
Growth ZB Thioacetamide Pb(oleate)2 Chloroform Octylamine Air-free 

synthesis 

No observable difference 
in synthesis compared to 

expt 6 

16 Continuous 
Growth ZB Thioacetamide Pb(oleate)2 Chloroform Octylamine Pb(oleate)2 as 

limiting reagent 
Significant homogeneous 

nucleation of PbS 
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Figure A1-2. Identification of first absorption peak of CdSe core and CdSe/PbS core/shell 

QDs by second derivative  

 

 

 

 

 

 

 

Figure A1-2. Second derivative of extinction spectra of CdSe core and CdSe/PbS core/shell 
QDs with 3 nm diameter cores (left) and 4 nm diameter cores (right) labeled with #ML PbS on 
left of each spectrum. The first absorption peak energy is labeled for each spectrum. The 
derivative spectra are offset for clarity. 

a b 
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Table A1-4. First absorption peak, PL peak, and Stokes shift for CdSe and CdSe/PbS QDs 

 

Table A1-4. Spectroscopic data for the energies of the first absorption peak 
(ABS Peak), PL peak, and Stokes shift between the first absorption peak and 
the PL peak for CdSe and CdSe/PbS QDs by #ML. Errors for peak 
identification were based on noise of the spectra and curvature of the 
features. 

 

#ML diameter 
(nm) 

ABS Peak 
(eV) 

PL Peak 
(eV) 

Stokes Shift 
(meV) 

0.0 3.0(3) 2.353(5) 2.283(4) 70(6) 
1.5 4.0(4) 2.230(4) 2.201(4) 29(6) 
2.9 5.0(5) 2.198(4) 2.168(4) 30(6) 
4.0 5.7(5) 2.134(7) 2.073(4) 61(8) 
4.9 6.3(5) 2.091(4) 2.011(6) 80(7) 
6.4 7.3(7) 2.056(7) 1.997(6) 59(9) 
7.1 7.9(7) 2.063(7) 2.006(3) 57(8) 
8.1 8.5(9) 2.070(7) 1.996(7) 70(10) 

     
0.0 4.2(4) 2.160(4) 2.118(2) 42(4) 
0.6 4.6(4) 2.149(4) 2.112(4) 37(6) 
1.8 5.4(6) 2.084(7) 2.041(7) 40(10) 
2.5 5.9(7) 2.127(7) 2.075(4) 52(8) 
4.3 7.1(9) 2.04(1) 1.994(6) 50(10) 
7.3 9.0(8) 1.990(3) 1.970(2) 20(4) 
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Table A1-5. PLQY values for CdSe and CdSe/PbS QDs 

 

Table A1-5. Dependence of PLQY (in %) measured for each CdSe core and CdSe/PbS core/shell QD sample (identified by 
#ML, diameter of the CdSe core, and total diameter of the CdSe/PbS QD) on excitation energy. 

CdSe/PbS QD Sample  Excitation Energy (eV) 

#ML 
Core 

diameter 
(nm) 

QD 
diameter 

(nm) 
 2.25 2.36 2.48 2.61 2.76 2.92 3.10 3.31 3.54 

0.0 3.0(3) 3.0(3)    3.43(9) 3.50(9) 3.18(8) 2.8(1) 2.4(1) 2.4(1) 2.4(1) 
1.5 3.0(3) 4.0(4)    0.80(7)    0.72(7)   
2.9 3.0(3) 5.0(5)   0.22(2)     0.10(1)   
4.0 3.0(3) 5.7(5)   0.15(1)     0.09(1)   
4.9 3.0(3) 6.3(5)   0.18(1)     0.20(2)   
6.4 3.0(3) 7.3(7)   1.37(7)     1.2(1)   
7.1 3.0(3) 7.9(7)   0.67(6)     0.79(7)   
8.1 3.0(3) 8.5(9)   0.71(6)     0.91(8)   

             
0.0 4.2(4) 4.2(4)  10.5(3)  12.5(4)  12.9(4)  11.8(6)  11.7(6) 
0.6 4.2(4) 4.6(4)    3.26(9)    2.32(6)   
1.8 4.2(4) 5.4(6)    10.2(3)    2.23(6)   
2.5 4.2(4) 5.9(7)    0.10(1)       
4.3 4.2(4) 7.1(9)    0.10(1)       
7.3 4.2(4) 9.0(8)  0.21(2)      0.76(6)   
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Figure A1-3. Integrated absorption spectra of 4 nm CdSe core and CdSe/PbS core/shell 

QDs  

 

 

 

 

Figure A1-3. Integrated absorption spectra for CdSe core and 
CdSe/PbS core/shell QDs with 4 nm cores. These spectra were 
obtained by integrating from 4.2 eV down through the entire 
absorption spectra. The spectra are labeled by the #ML of the PbS 
shell. The spectra are normalized to a total of 100%, and the 98% 
level is indicated with a dashed line.  
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Figures A1-4 to A1-11. Radial probability density (RPD) functions  

Haus et al. Method, 1Se and 1Sh: 

 
Figure A1-4. RPD functions calculated using the method published by Haus et al.3,4 plotted as a 
function of radius of the 1Se (black) and 1Sh (red) states for CdSe and CdSe/PbS QDs with 3 nm 
diameter cores. Each panel is labeled with the #ML in the upper right corner. The effective masses 
utilized in the calculations are me*(CdSe) = 0.12me, me*(PbS) = 0.105me, mhh*(CdSe) = 2.14me, 
and mh*(PbS) = 0.108me.5-7 The radii of the core and the core/shell QDs are labeled with dotted 
and dashed vertical lines, respectively.  
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Haus et al. Method, 2Se and 2Sh: 

 
Figure A1-5. RPD functions calculated using the method published by Haus et al.3,4 plotted as a 
function of radius of the 2Se (black) and 2Sh (red) states for CdSe and CdSe/PbS QDs with 3 nm 
diameter cores. Each panel is labeled with the #ML in the upper right corner. The effective masses 
utilized in the calculations are me*(CdSe) = 0.12me, me*(PbS) = 0.105me, mhh*(CdSe) = 2.14me, 
and mh*(PbS) = 0.108me.5-7 The radii of the core and the core/shell QDs are labeled with dotted 
and dashed vertical lines, respectively. 

 



173 
 

Haus et al. Method, 3Se and 3Sh: 

 
Figure A1-6. RPD functions calculated using the method published by Haus et al.3,4 plotted as 
a function of radius of the 3Se (black) and 3Sh (red) states for CdSe and CdSe/PbS QDs with 
3 nm diameter cores. Each panel is labeled with the #ML in the upper right corner. The effective 
masses utilized in the calculations are me*(CdSe) = 0.12me, me*(PbS) = 0.105me, mhh*(CdSe) = 
2.14me, and mh*(PbS) = 0.108me.5-7 The radii of the core and the core/shell QDs are labeled 
with dotted and dashed vertical lines, respectively. 
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Kaledin et al. Method, 1Se and 1Sh(heavy hole) 

 
Figure A1-7. RPD functions calculated using the method published by Kaledin et al.8 plotted as 
a function of radius of the 1Se (black) and 1Sh (red) states for CdSe and CdSe/PbS QDs with 
3 nm diameter cores. Each panel is labeled with the #ML in the upper right corner. The effective 
masses utilized in the calculations are me*(CdSe) = 0.12me, me*(PbS) = 0.105me, mhh*(CdSe) = 
2.14me, and mh*(PbS) = 0.108me.5-7 The bare electron mass was used outside the QD. The radii 
of the core and the core/shell QDs are labeled with dotted and dashed vertical lines, respectively. 
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Kaledin et al. Method, 1Se and 1Sh(light hole) 

 
Figure A1-8. RPD functions calculated using the method published by Kaledin et al.8 plotted as 
a function of radius of the 1Se (black) and 1Sh (red) states for CdSe and CdSe/PbS QDs with 
3 nm diameter cores. Each panel is labeled with the #ML in the upper right corner. The effective 
masses utilized in the calculations are me*(CdSe) = 0.12me, me*(PbS) = 0.105me, mlh*(CdSe) = 
0.16me, and mh*(PbS) = 0.108me.5-7 The bare electron mass was used outside the QD. The radii 
of the core and the core/shell QDs are labeled with dotted and dashed vertical lines, respectively. 
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Poulsen et al. Method, 1Se and 1Sh 

 
Figure A1-9. RPD functions calculated using the method published by Poulsen et al.9 plotted as 
a function of radius of the 1Se (black) and 1Sh (red) states for CdSe and CdSe/PbS QDs with 
3 nm diameter cores. Each panel is labeled with the #ML in the upper right corner. The effective 
masses utilized in the calculations are me*(CdSe) = 0.12me, me*(PbS) = 0.105me, mhh*(CdSe) = 
2.14me, and mh*(PbS) = 0.108me.5-7 The bare electron mass was used outside the QD. The radii 
of the core and the core/shell QDs are labeled with dotted and dashed vertical lines, respectively. 
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Poulsen et al. Method, 2Se and 2Sh 

 
Figure A1-10. RPD functions calculated using the method published by Poulsen et al.9 plotted 
as a function of radius of the 2Se (black) and 2Sh (red) states for CdSe and CdSe/PbS QDs with 
3 nm diameter cores. Each panel is labeled with the #ML in the upper right corner. The effective 
masses utilized in the calculations are me*(CdSe) = 0.12me, me*(PbS) = 0.105me, mhh*(CdSe) = 
2.14me, and mh*(PbS) = 0.108me.5-7 The bare electron mass was used outside the QD. The radii 
of the core and the core/shell QDs are labeled with dotted and dashed vertical lines, respectively. 
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Poulsen et al. Method, 3Se and 3Sh 

 
Figure A1-11. RPD functions calculated using the method published by Poulsen et al.9 plotted 
as a function of radius of the 3Se (black) and 3Sh (red) states for CdSe and CdSe/PbS QDs with 
3 nm diameter cores. Each panel is labeled with the #ML in the upper right corner. The effective 
masses utilized in the calculations are me*(CdSe) = 0.12me, me*(PbS) = 0.105me, mhh*(CdSe) = 
2.14me, and mh*(PbS) = 0.108me.5-7 The bare electron mass was used outside the QD. The radii 
of the core and the core/shell QDs are labeled with dotted and dashed vertical lines, respectively. 
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Figure A1-12. Calculated eigenstate energies plotted versus radius for CdSe core and 
CdSe/PbS core/shell QDs 

 

Figure A1-12. Energies relative to vacuum of the 1Se electron (filled) and 1Sh heavy hole (open) 
states of CdSe/PbS QDs calculated using the method by Haus et al.3,4 (black squares), Kaledin 
et al.8 (red circles), and Poulsen et al.9 (blue triangles) plotted as a function of QD radius. The 
bulk conduction band minima (CBM) and valence band maxima (VBM) of CdSe and PbS are 
plotted as dashed and dotted lines, respectively.10,11 
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Figure A1-13. Calculated band gap energies plotted versus d–2 

 

Figure A1-13. Difference in energy of the calculated 1Se–1Sh absorption transition from the bulk 
CdSe ZB band gap (1.74 eV) for 3 nm core CdSe and CdSe/PbS core/shell QDs versus d–2, 
where d is the total diameter of the QD. The calculations were performed using the methods of 
Haus et al.3,4 (black squares), Kaledin et al.8 (red circles), and Poulsen et al.9 (blue triangles) and 
using effective masses of me*(CdSe) = 0.12me, me*(PbS) = 0.105me, mhh*(CdSe) = 2.14me, and 
mh*(PbS) = 0.108me.5-7
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Table A1-6. Calculated eigenstate and transition energies for CdSe and CdSe/PbS QDs 

Table A1-6. Calculated eigenstate energies (in eV relative to vacuum) of the 1S electron state (1Se) and 1S 
heavy hole state (1Sh) and the 1Se–1Sh transition energies of the 3 nm core CdSe/PbS QDs listed by 
method.3,4,8,9 

 

 

 

 

 

 

 

 

 

 

Strain-Induced Band Gap Modification. The strain-induced band gap modification can be calculated using the calculated Young’s 

modulus (49.8 GPa/unit strain) and band gap pressure coefficient (43.1 meV/GPa).12-16 Based on the 1.9% strain between the bulk 

lattice constants of CdSe and PbS, the band gap change is ~41 meV. Using the strain between the measured CdSe QD lattice 

parameter and the bulk PbS lattice constant (3.5%), the strain-induced band gap change is ~75 meV. These calculations assume that 

the CdSe lattice parameter is compressed to the same lattice constant as the bulk PbS.

Diameter  Haus  Kaledin  Poulsen 
(nm)  1Se 1Sh 1Se–1Sh  1Se 1Sh 1Se–1Sh  1Se 1Sh 1Se–1Sh 
3.0(3)  –2.434 –5.621 3.187  –3.292 –5.619 2.327  –2.643 –5.610 2.967 
4.0(4)  –3.049 –5.619 2.570  –3.655 –5.549 1.894  –3.197 –5.581 2.384 
5.0(5)  –3.462 –5.613 2.151  –3.880 –5.215 1.335  –3.551 –5.556 2.005 
5.7(5)  –3.682 –5.492 1.810  –3.983 –5.089 1.106  –3.736 –5.524 1.788 
6.3(5)  –3.813 –5.301 1.488  –4.045 –5.020 0.975  –3.850 –5.462 1.612 
7.3(7)  –3.970 –5.102 1.132  –4.118 –4.943 0.825  –3.990 –5.271 1.281 
7.9(7)  –4.023 –5.042 1.019  –4.145 –4.917 0.772  –4.037 –5.189 1.152 
8.5(9)  –4.078 –4.983 0.905  –4.173 –4.889 0.716  –4.088 –5.099 1.011 
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Appendix 2: Spectroscopy of CdSe/PbS 
Core/Shell Nanoplatelets
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Table A2-1. Calculation of shell precursor quantities  
 
Table A2-1. Example calculations of lead and sulfur precursor quantities, Pb(oleate)2 and TAA, to add for the synthesis of a desired 
PbS shell thickness in #ML using a single step starting from CdSe core NPLs. The difference in volume and number of Pb atoms 
between the targeted CdSe/PbS core/shell NPL compared to the core NPL are listed as Δvolume vs. core and ΔPb atoms per NPL 
vs. core, respectively. 
 

Calculation for CdSe/PbS Core/Shell NPLs using CdSe NPLs batch 181127b 
lateral size (nm2): 261.45  Absorption details       

molar extinction 
coeff: 

3290041
1  stock soln (mL) 0.06       

concentration 
(M) 

2.7235E-
07  solvent (mL) 3.5       

    total soln (mL) 3.56       
volume used in 
shell synthesis 

(uL) 200  

1st peak 
absorbance - 
absorption soln 0.15102       

mols CdSe NPLs 
in shell 

synthesis 
5.4471E-

11          
            

#ML 
Length 

(nm) 
Width 
(nm) 

Thickness 
(nm) Volume (nm3) 

Δvolume vs 
core (nm3) 

ΔPb 
atoms 

per NPL 
vs. core 

mols Pb 
atoms 

added total 

vol. 
0.01M Pb 

Oleate 
soln (uL) 

TAA 
(mg) Cd:Pb Pb:Cd 

0 31.5 8.3 1.22 318.97 0.0 0 0 0 0.0 N/A N/A 
1 31.843 8.643 1.563 430.17 111.2 2127 1.158E-07 12 1.2 2.868 0.349 
2 32.186 8.986 1.906 551.26 232.3 4442 2.420E-07 24 2.4 1.373 0.728 
3 32.529 9.329 2.249 682.49 363.5 6952 3.787E-07 38 3.8 0.877 1.140 
4 32.872 9.672 2.592 824.10 505.1 9660 5.262E-07 53 5.3 0.631 1.584 
5 33.215 10.015 2.935 976.32 657.4 12571 6.848E-07 68 6.8 0.485 2.061 
6 33.558 10.358 3.278 1139.41 820.4 15690 8.547E-07 85 8.5 0.389 2.572 
7 33.901 10.701 3.621 1313.61 994.6 19021 1.036E-06 104 10.4 0.321 3.118 
8 34.244 11.044 3.964 1499.15 1180.2 22570 1.229E-06 123 12.3 0.270 3.700 
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Table A2-2. NPL Size Statistics 

Table A2-2. Size statistics of the length, width, and thickness of CdSe core and CdSe/PbS 
core/shell NPLs with the number of measurements (n). The CdSe NPLs labeled CdSe #1 were 
used for the synthesis of 2.5, 3.4, and 4.7 ML CdSe/PbS core/shell NPLs. CdSe #2 was used 
for the synthesis of 6.9 ML CdSe/PbS core/shell NPLs. 

 

 

 

 

 

 

 

 

 

  Length Width Thickness   

Sample Mean (nm) n Mean (nm) n Mean (nm) n #ML 

CdSe #1 30(3) 85 8(1) 60 2.0(3) 60 0 

CdSe/PbS 23(4) 106 8(1) 106 2.8(3) 11 2.5 

CdSe/PbS 21(4) 114 9(2) 114 3.55 1 3.4 

CdSe/PbS 20(3) 141 9(1) 141 4.5(4) 5 4.7 

        

CdSe #2 23(3) 120 10(1) 120    

CdSe/PbS 22(4) 70 14(3) 70 6.0(2) 10 6.9 
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Figure A2-1. Size histograms of CdSe core and CdSe/PbS core/shell NPLs 

Figure A2-1. Length, width, and thickness histograms of CdSe core and CdSe/PbS 
core/shell NPLs labeled with the average thickness in # PbS ML, the average dimension, 
and the number of measurements (n). The 0 ML NPLs at top were used for the 3.5, 3.4, and 
4.7 ML CdSe/PbS NPLs while the 0 ML NPLs in the fifth row were used for the synthesis of 
the 6.9 ML NPLs 
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Figure A2-2. CdSe core NPLs standing on edge. 

 

Figure A2-2. Representative TEM image of as-synthesized CdSe core NPLs. The core 
NPLs readily cluster and stand on end. The differences in contrast along the length of the 
NPLs can also be observed, resulting from differences in the crystallographic alignment of 
the NPL with the electron beam. 
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Table A2-3. NPL Size Statistics for samples used in ICP-MS experiments 

Table A2-3. Size statistics of the length, width, and thickness of CdSe core and CdSe/PbS 
core/shell NPLs used in ICP-MS experiments. The number of measurements (n) and standard 
deviation (SD) are noted for each measurement.  

  Length Width Thickness   

Sample 
Mean 
(nm) 

SD 
(nm) n 

Mean 
(nm) 

SD 
(nm) n 

Mean 
(nm) 

SD 
(nm) n #ML 

CdSe 30 3 85 7 1 85 1.22 0.3 60 
 

CdSe/PbS 23 4 106 8 1 106 3.1 0.4 7 2.7 

CdSe/PbS 20 3 141 9 1 141 4.5 0.4 5 4.8 

 
      

   
      

 
CdSe 32 4 92 8 1 92 1.22     

 
CdSe/PbS 34 4 105 8 1 105 2.2 0.2 8 1.4 

CdSe/PbS 24 5 40 8 1 39 3.1 0.3 7 2.7 
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Table A2-4. ICP-MS data of CdSe/PbS core/shell NPLs 

 
Table A2-4. Volume calculations and Pb:Cd ratios from ICP-MS data for a variety of CdSe core 
and CdSe/PbS core/shell samples. The sizes were used to calculate the volume of the CdSe 
core and the PbS shell assuming a perfectly cuboid shape and an elliptical prism to provide a 
range of Pb:Cd ratios expected for a given sample. The ratio of Pb:Cd derived from ICP-MS 
data, with its standard deviation, is given at far right. 

 
    Volume - 

assuming 
cuboid 
(nm3) 

Vshell:Vcore 
assuming 

cuboid 

Volume - 
assuming 

ellipse 
(nm3) 

Vcore 
remaining 

Vshell:Vcore 
assuming 

ellipse Pb:Cd SD Sample #ML 

CdSe 
 

256   201 
  

    

CdSe/PbS 2.7 570 1.23 448 154 1.90 1.5 0.2 

CdSe/PbS 4.8 810 2.16 636 134 3.74 3.9 0.5 

  
    

   
    

CdSe 
 

312   245 
  

    

CdSe/PbS 1.4 598 0.92 470 261 0.80 0.7 0.1 

CdSe/PbS 2.7 595 0.91 467 184 1.54 1.2 0.2 
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Figure A2-3. Peak identification in extinction spectra 

Figure A2-3. Second derivative of extinction spectra of CdSe core and CdSe/PbS core/shell 
NPLs with the number of PbS monolayers labeled at the right of each spectrum. The peaks are 
labeled and identified at the local minima for the 1e–1hh, 1e–1lh, and 1e–1so transitions from 
lowest to highest energy, respectively. The derivative spectra are offset for clarity. 
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Table A2-5. First absorption peak, PL peak, and Stokes shift for CdSe and CdSe/PbS NPLs 

 

Table A2-5. Spectroscopic data for the energies of the first absorption peak (Abs Peak), PL peak, 
and Stokes shift between the first absorption peak and the PL peak for CdSe and CdSe/PbS 
NPLs by #ML. Errors for peak identification were based on noise of the spectra and curvature of 
the features. 

 

 

 

 

 

 

 

#ML Abs Peak 
(eV) 

PL Peak 
(eV) 

Stokes Shift 
(meV) 

0.0 2.426(5) 2.417(5) 9(7) 

0 ML with S 2.31(1) 2.28(2) 30(20) 

2.5 2.105(5) 2.072(5) 33(7) 

3.4 2.049(7) 2.019(7) 30(10) 

4.7 1.993(6) 1.975(6) 18(8) 

6.9 1.943(7) 1.933(8) 10(11) 
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Table A2-6. PLQY values for CdSe and CdSe/PbS NPLs 

 

Table A2-6. Dependence of PLQY (in %) for each CdSe core and CdSe/PbS core/shell NPL 
sample (identified by # PbS ML) on excitation energy. Two batches of CdSe core NPLs were 
used; one batch, with 4.8% PLQY at 3.1 eV excitation energy, was used for the preparation of the 
samples: 0 with S, 2.5, 3.4, and 4.7 ML. The batch with PLQY of 7.9% was used for the 
preparation of 6.9 ML CdSe/PbS core/shell NPLs. 

 

 

 

 

 

 

 

 

    Excitation Energy (eV) 

#ML 
 

3.54 3.10 2.76 2.48 2.25 

0 
 

  4.8(3)   
 

  

0 with S 
 

  <0.01   
 

  

2.5 
 

21.9(9) 21.4(9) 22.4(9) 22.6(9) 22.3(9) 

3.4 
 

13.9(8) 16.6(9) 19.1(9) 18.7(9) 17.5(9) 

4.7 
 

18.7(9) 19.5(9) 21.8(9) 24.4(9) 24.4(9) 

       

0   7.9(5)    

6.9 
 

  <0.01   
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Figure A2-4. Trap Emission from CdSe NPLs 

Figure A2-4. Extinction (black dotted line) and photoluminescence (gray dotted line) of CdSe 
core NPLs. Trap emission from the CdSe core NPLs is at low energy, centered at approximately 
1.75 eV. 
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Figure A2-5. Fitting of first two absorption transitions 

 

Figure A2-5. Results of fitting the first two absorption transitions (gray squares) to the sum of 
two Gaussian peaks (red and blue lines) with the total fit (black line). The thickness of the 
sample is labeled in the upper right of each panel. 
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Table A2-7. Calculated difference between light hole and heavy hole effective mass 

 

Table A2-7. Calculation of difference in heavy hole and light hole effective masses (Δmasshh–lh) 
in units of the bare electron mass from the 1e–1hh and 1e–1lh transition energies assuming a 1D 
particle in a box model. Δhh–lh is the difference in energy between the two transitions and L is the 
thickness of the box. 
 

#ML 1e–1hh (eV) 1e–1lh (eV) Δhh–lh (eV) L (m) Δmasshh–lh (me) 

0 ML 2.426 2.583 -0.157 1.2E-09 -1.6 
0 ML with S 2.309 2.455 -0.146 1.6E-09 -1.1 

2.5 ML 2.105 2.267 -0.162 2.9E-09 -0.27 
3.4 ML 2.049 2.202 -0.153 3.6E-09 -0.19 
4.7 ML 1.993 2.149 -0.156 4.4E-09 -0.12 
6.9 ML 1.943 2.112 -0.169 6.0E-09 -0.063 
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Figure A2-6. Extinction and PL spectra of CdSe core and CdSe/PbS core/shell NPLs used 
in PL lifetime study. 

Figure A2-6.  Extinction spectra (solid lines) and PL spectra (dashed lines) of CdSe NPLs and 
CdSe/PbS core/shell NPLs showing full UV-Vis absorption (a) and band edge region (b). 
Extinction spectra in (a) are offset for clarity. Scattering could not be corrected for the CdSe/PbS 
core/shell NPL extinction spectra.
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Figure A2-7. Instrument response function for photoluminescence lifetimes 

 

Figure A2-7. Measured photoluminescence lifetimes of CdSe core NPLs and CdSe/PbS 
core/shell NPLs (data points) with fitted exponential decay (line) labeled with 
photoluminescence quantum yield. The instrument response function (data points connected by 
straight line) is plotted in purple.
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Table A2-8. Fitting parameters for time-resolved photoluminescence 

 

Table A2-8. Results of fitting time-resolved PL decay of CdSe/PbS core/shell NPLs by monolayer (ML) with the photoluminescence 
quantum yield (PLQY). The fitting parameters are organized by lifetime, ranging from the shortest to longest lifetime for each sample. 

 

 

 

 

#ML PLQY 
(%) 

Short Medium Long 

Amplitude Lifetime 
(ns) Amplitude Lifetime 

(ns) Amplitude Lifetime 
(ns) 

0 7.9(4) 0.834(3) 0.384(2) 0.157(2) 3.36(5) 0.0249(5) 37.1(7) 
3 2.0(1) 0.478(6) 0.90(1) 0.414(4) 5.55(7) 0.078(2) 35.5(6) 
5 0.10(1) 0.289(4) 2.08(6) 0.476(3) 15.5(2) 0.096(4) 64(1) 
7 19.0(6) 0.281(4) 2.05(6) 0.564(4) 16.6(2) 0.121(5) 61(1) 
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Appendix 3: Facet-Dependent Etching of 
CdSe Nanoplatelets by Lead Oleate 
Figure A3-1. Size histograms of starting CdSe NPLs (black) and after etching with 
Pb(oleate)2 in octadecene (red) or octylamine (blue). 

Figure A3-1. Histograms of length and width of nanoplatelets of starting CdSe NPLs (black), 
after etching with Pb(oleate)2 in octadecene (red), and after etching with Pb(oleate)2 in 
octylamine (blue). Each panel is labeled with the average size, the standard deviation in 
parentheses, and the number of measurements (n). 
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Figure A3-2. Size histograms of NDs produced by etching CdSe NPLs. 

Figure A3-2. Distribution of diameter of nanodots produced by etching CdSe NPLs with (a) 
Pb(oleate)2 in octadecene and (b) Pb(oleate)2 in octylamine. Each panel is labeled with the 
average size, the standard deviation in parentheses, and the number of measurements (n). 
 

  



 

202 
 

Figure A3-3. Size histograms of NPLs with varying etching times.  

Figure A3-3. Distribution of length and width of NPLs after etching for varying amounts of time. 
The average value, with the standard deviation in parentheses, and the number of 
measurements (n) are noted in each panel. 
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Figure A3-4. Identification of first absorption feature by second derivative without baseline 
subtraction.

 
Figure A3-4. Band edge extinction spectra (black) and second derivative of extinction spectra 
(red) of CdSe NPLs etched with 0.01 M Pb(oleate)2 in octylamine for 3, 6, or 9 hours, labeled in 
upper left of each panel. The energies of the local maximum of the extinction spectrum and the 
local minimum of the second derivative of the extinction spectra are labeled.  
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Table A3-1. Fitting parameters of curved extinction spectra baseline.  

 

Table A3-1. Fitting parameters of extinction spectra baseline of etched NPLs etched with CdSe 
NPLs used in Figure A3-5, where the formula is 𝑦 = 𝑎 + 𝑏𝐸c and E is the energy in eV. 

Sample a b c 
3 hours -47.38079 47.32944 0.00536 
6 hours -0.35055 0.3763 0.61183 
9 hours -0.29266 0.30103 1.14757 

 
 
  



 

205 
 

Figure A3-5. Identification of first absorption feature by second derivative with curved 
baseline subtraction. 

 
 
Figure A3-5. Band edge extinction spectra (black) and second derivative of extinction spectra 
(red) of CdSe NPLs etched with 0.01 M Pb(oleate)2 in octylamine for 3, 6, or 9 hours, labeled in 
upper left of each panel. The baseline of the extinction spectra were fit to the formula 𝑦 = 𝑎 +
𝑏O𝑐. The energies of the local maximum of the extinction spectrum and the local minimum of the 
second derivative of the extinction spectra are labeled.  
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Table A3-2. Example calculation of surface and interior Cd atoms in CdSe NPL.  

 

 
  

Length (nm) 31.5 
Width (nm) 8.3 
Thickness (nm) 1.22 
  
Surface Area per NPL (nm2) 620 
  
Facet Density of Atoms (per nm2) 5.46 
Surface Cd atoms per NPL 3388 
  
Volume per NPL (nm3) 319 
Density of atoms per unit cell (Cd atoms/nm3) 18.06 
  
Number of Cd atoms per NPL 5762 
Number of interior Cd atoms per NPL 2374 
  
Ratio of surface to total 0.588 
  
Pb:Cd Ratio if all surface atoms were exchanged 1.427 

Table A3-2. Example calculation of the ratio of Pb:Cd ratio if all surface Cd sites (and no 
interior Cd sites) were exchanged for Pb. 
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Appendix 4: Maple 2017 Code for Solving 1D 
Double-Well Particle in a Box Model 
 



> > 
> > 

> > 

> > 
> > 

(1)(1)

restart;
digits:=100:
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> > 

> > 

> > 

> > 

> > 

> > 

> > 

(2)(2)

> > 
> > 

> > 

> > 

(3)(3)

> > 

> > 

> > 

psi[e,I]:=x->A*sin(k[e,s]*x):
psi[e,II]:=x->B*cosh(k[e,c]*(x-t[e,tot]/2)):
psi[e,III]:=x->A*sin(k[e,s]*(t[e,tot]-x)):

k[e,c]:=sqrt(2*m[e,c]*(E[e]-V[e,c]))/hbar:
k[e,s]:=sqrt(2*m[e,s]*(E[e]-V[e,s]))/hbar:

209



> > 
(3)(3)

> > 

> > 

210



(4)(4)

> > 

> > 

> > 

> > 
> > 

> > 

(3)(3)

> > 

> > 

Calculates the numerical solution to the spherical bessel function. Adjust the E[e] range in 
order to select which solution is used (1st, 2nd, 3rd, etc.) for different n quantum numbers.
fsolve(TransEq=0,E[e]=0.0..0.05);

0.01764171287
E[e]:=%:
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> > 

> > 

> > 

> > 

(3)(3)

> > 

> > 

> > 

> > 

212



> > 

> > 

> > 

(3)(3)

(5)(5)

> > 

> > 

213



> > 

> > 

> > 

> > 

> > 

(3)(3)

(5)(5)

> > 

214



> > 

> > 

> > 

> > 

(3)(3)

(5)(5)

> > 

215



> > 

(6)(6)

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

(3)(3)

> > 

(5)(5)

> > 

psi[lh,I]:=x->A*sin(k[lh,s]*x):
psi[lh,II]:=x->B*cosh(k[lh,c]*(x-t[lh,tot]/2)):
psi[lh,III]:=x->A*sin(k[lh,s]*(t[lh,tot]-x)):

k[lh,c]:=sqrt(2*m[lh,c]*(E[lh]-V[lh,c]))/hbar:
k[lh,s]:=sqrt(2*m[lh,s]*(E[lh]-V[lh,s]))/hbar:
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(6)(6)

> > 

(7)(7)

> > 

> > 

> > 

> > 

(3)(3)

> > 

(5)(5)

> > 

Calculates the numerical solution to the spherical bessel function. Adjust the E[e] range in 
order to select which solution is used (1st, 2nd, 3rd, etc.) for different n quantum numbers.
fsolve(TransEq=0,E[lh]=0.0..0.05);
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(6)(6)

> > 

> > 

(7)(7)

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

(3)(3)

> > 

(5)(5)

> > 

> > 

> > 

0.02258459584
E[lh]:=%:
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> > 

(6)(6)

> > 

(7)(7)

> > 

> > 

(3)(3)

(5)(5)

> > 

219



(8)(8)

(6)(6)

> > 

(7)(7)

> > 

> > 

(3)(3)

> > 

(5)(5)

> > 

> > 

220



(8)(8)

(6)(6)

> > 

(7)(7)

> > 

> > 

> > 

(3)(3)

> > 

(5)(5)

> > 

> > 

221



> > 

> > 

(9)(9)

> > 

> > 

> > 

> > 

> > 

> > 

> > 
> > 

> > 

(3)(3)

> > 

> > 

(8)(8)

(6)(6)

> > 

> > 

(7)(7)

> > 

> > 

> > 

(5)(5)

psi[hh,I]:=x->A*sin(k[hh,s]*x):
psi[hh,II]:=x->B*cosh(k[hh,c]*(x-t[hh,tot]/2)):
psi[hh,III]:=x->A*sin(k[hh,s]*(t[hh,tot]-x)):

k[hh,c]:=sqrt(2*m[hh,c]*(E[hh]-V[hh,c]))/hbar:
k[hh,s]:=sqrt(2*m[hh,s]*(E[hh]-V[hh,s]))/hbar:
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(9)(9)

> > 

> > 
> > 

> > 

> > 

(10)(10)

(3)(3)

> > 

(8)(8)

(6)(6)

> > 

(7)(7)

(5)(5)

Calculates the numerical solution to the spherical bessel function. Adjust the E[e] range in 
order to select which solution is used (1st, 2nd, 3rd, etc.) for different n quantum numbers.
fsolve(TransEq=0,E[hh]=0.0..0.03);
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> > 
> > 

(9)(9)

> > 

> > 

> > 

> > 
(10)(10)

> > 

> > 

(3)(3)

> > 

> > 

(8)(8)

> > 

(6)(6)

> > 

(7)(7)

> > 

> > 

> > 

> > 

(5)(5)

0.02042520223
E[hh]:=%:
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(8)(8)

(6)(6)

> > 

(7)(7)

(9)(9)

> > 

> > 

> > 

(10)(10)

(3)(3)

(5)(5)

> > 
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(8)(8)

(6)(6)

> > 

(7)(7)

(9)(9)

> > 

> > 

(11)(11)

> > 

> > 

(10)(10)

(3)(3)

(5)(5)

> > 
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(9)(9)

> > 

> > 

(11)(11)

> > 

(10)(10)

(3)(3)

> > 

> > 

(8)(8)

(6)(6)

> > 

(7)(7)

> > 

(5)(5)
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> > 

(9)(9)

> > 

(11)(11)

> > 

> > 

(10)(10)

(3)(3)

> > 

> > 

(8)(8)

(6)(6)

> > 

(7)(7)

(5)(5)
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(9)(9)

> > 

(11)(11)

> > 

> > 

> > 

(10)(10)

(3)(3)

> > 

> > 

(13)(13)

> > 

(8)(8)

(6)(6)

> > 

(7)(7)

(12)(12)

> > 
> > 

(5)(5)
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> > 

(9)(9)

> > 

> > 

> > 

> > 

(10)(10)

> > 

> > 

(8)(8)

> > 

> > 

(20)(20)

> > 

(16)(16)

> > 

(17)(17)

> > 

(5)(5)

> > 

(19)(19)

(11)(11)

(21)(21)

> > 

> > 

> > 

(3)(3)

> > 

(6)(6)

(7)(7)

(18)(18)

> > 

(14)(14)

(15)(15)

> > 

0.4800433564

0.6145426620

0.5557840503

25.92592592

48.97959184
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(22)(22)

(9)(9)

> > 

(11)(11)

> > 

(10)(10)

(3)(3)

> > 

> > 

(23)(23)

(8)(8)

(6)(6)

> > 

(7)(7)

(5)(5)

> > 

> > 

74.90551777

37.45275888
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