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Abstract

I'm a quantum dot small and capped,
here is my facet and here is my trap.

When it gets all filled hear me shout,
split the charges and take them out.

Dr. Brent Keller

Solar energy is one of the few renewable, low-carbon sources with both the maturity and
accessibility to meet the ever-increasing global demand for energy. There are also accounting
for an increasing percentage of our energy output due to increased adoption in both industrial
and residential areas. Wafer based silicon photovolatics (PV) technology has dominated the
solar market, whereby its price has increased significantly over the last decades. In order to
fully capture the solar energy from the sun and extend the flexibility of PV technology, there
is a need for constant innovation for new materials. Currently, there is a class pf emerging
PV technologies that offer the potential of increased scalability, flexibility and lower prices.
They include hybrid organic-inorganic lead halide perovskite PV, organic PV and colloidal
quantum dot (CQD) PV.

Colloidal quantum dots are semiconducting nanocrystals that exhibit size tunable elec-
tronic and optical properties. Owing to their versatility and facile synthesis, they have seen
wide application photovoltaics, light emitting diodes, solar concentrators and bio-imaging.
In particular, their PV power conversion efficiency has grown rapidly over the last 9 years
from 3% to 16.6%. Despite the rapid progress, the search for better PV materials has been
carried out almost exclusively through tremendous numbers of trial and error experiments.
This is due to the fact that many fundamental aspects of the materials has not been fully
understood, especially the role of defects and trap states. Due to the nature of wet chemistry
synthesis, vacancies, intersitial and other extended defects inevitably form. These defects
often cause in gap states within the semiconductor bandgap, which sensitively impact the
performance of the PV devices. In addition, defects are difficult to measure directly using
experimental techniques, and we often rely on spectroscopic and imaging to probe their

3



properties indirectly. The core of the work described in this thesis deals with the theoretical
understanding of nanocrystals with the goal of achieving a deeper and more fundamental
understanding of the material's properties at the atomic scale, focusing on the roles of defects.

To this end, we employ a technique of computational electronic structure calculation
methods, namely density functional theory (DFT) calculations. In this thesis we will use
DFT to investigate and find the role that defects play at controlling the 1) Stokes shift
and 2) trap states in PbS quantum dot, as well as the 3) luminescent properties of CuAS2
nanocrystals. While we show that points defects can cause excessive Stokes shift in single
PbS CQDs, and dimer defects are a source of detrimental trap states in PbS CQD solids,
the presence of point defects are the source of high luminescence in CuAl 2 nanocrystals.
We have also provided insights and design guidelines to control defects to design ever more
efficient PV devices at an atomic level.

This thesis document is organized as follows: Chapter 1 introduce CQD and their appli-
cations in PV and other optoelectronic devices. Chapter 2 summarizes the computational
techniques employed in this thesis work. Chapter 3 focuses on the origins of the Stokes
shift in PbS nanocrystal. Chapter 4 focuses on the PbS superlattice solids, and highlight
the origin of trap states in these solids as due to the presence of dimers. Chapter 5 stud-
ies the defect physics of CuAlS2, and identifies the defect states responsible for the high
photoluminescene.

Thesis Supervisor: Jeffrey C. Grossman
Title: Morton and Claire Goulder and Family Professor in Environmental Systems
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Chapter 1

Colloidal Quantum Dot Photovoltaics

1.1 Introduction

There is an ever-increasing global demand for energy due to the rapid worldwide population

growth and our pursue in higher standard of living. The vast majority of the energy is

currently generated by fossil fuels that release vast amount of carbon dioxide (C0 2 ). In

an effort to decrease our reliance on fossil fuels to avert the negative impact of climate

change caused by greenhouse gases, there is an imperative to invest in the research and

development of renewable sources. Among them, solar energy is the most abundant and

ubiquitous. Figure 1-1 shows the comparison of the solar energy potential with energy

generation of all sources[1]. It is clear that the magnitude of the solar resource received

dwarfs the other sources of renewable energy generated per year, and also the total reserve

of all fossil fuel and nuclear energy sources. Solar energy is also well distributed across

the globe, which can mitigate the accessibilities associated with other sources such as wind,

biomass, hydroelectricity, geothermal and waves(Figure 1-2)[2]. The abundance and ease-of-

access make it one of the most promising low emission technology that could meet a large

proportion of the world's energy demand. In fact, the amount of photovolatic energy capacity

has grown from around 100 MW in 1992 to over 405 GW in 2007, an 4000-fold increase over

15 years. Energy generated from renewable solar sources now accounts for about 2% of the
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total global consumption.

Figure 1-1: Comparison of the potential for yearly energy generation of solar energy against
other renewable and fossil fuel resources. Also shown is the world energy use in 2009.

Photovoltaic solar cells convert solar energy to electricity using the semiconductring prop-

erty of the active absorber. Existing technologies can be classified into the following cate-

gories as shown in the Figure 1-3 [3]. They are wafer based crystalline silicon (c-Si) and other

thin film materials such as amorphous silicon (a-Si:H), cadmium telluride (CdTe) and copper

indium gallium (di)selenide (CIGS). Silicon based solar cells are the mainstream technology

due to the following reasons 1) the manufacturing process is well established in the semi-

conductor industry, 2) the power conversion efficiency (PCE) is reasonably high at around

20-25%, and that 3) silicon is one of the most Earth-abundant materials.

The cost of c-Si based PV has fallen rapidly over the years from $76 per Watt in 1977

to $0.30 per Watt in 2015 due to improvement in manufactoring and economies of scale.

However, the total cost of installing a residential PV panel include the balance-of-system

(BOS) costs such as labor costs and the installation of components such as inverter, bi-

directional billing meter, connection devices. As silicon is an indirect semiconductor, it has

18



VMR M

Figure 1-2: The world solar energy map.

a relatively poor absorption coefficient, requiring thick layers to reach the desired PCE.

The thick and rigid c-Si wafers also require heavy, rigid glass modules, with racking and

installation components that must withstand high amounts of loading. Therefore, the total

costs of PV is now dominated by the BOS costs which are falling at a much lower rate, and

is inherent to the wafer technology of c-Si. In addition, the fabrication and doping of silicon

wafers require high temperature, specialized plants and labor. It is also a relatively energy

intensive process that requires at least 4 years of operation to achieve energy payback.

The so-called second generation of commercial solar cell is the thin film technology. One

or more layers of materials such as CdTe, CIGS and a-Si, are deposited onto a substrate in

a thin film with thickness varying from nanometers to tens of micrometers. This allows the

materials to be flexible, allowing easy installation to cover areas that are difficult to achieve

using c-Si. However, the difficulties facing these technologies is the low efficiency, requiring

a much larger surface area for the same energy output. In addition, they are in general less

durable than tradition silicon panels which results in shorter lifespans.

There is another class of emerging PV materials, which include organic PV, perovskite

PV and colloidal quantum dot (CQD) PV that have shown great promises recently. Their

efficiencies have risen rather rapidly over the last decade as shown in Figure 1-4[4]. In general,

these materials can be easily synthesized using bench top laboratory equipments that are

less expensive and energy intensive. These materials also exhibit high absorption coefficient,

19
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Figure 1-3: PV technologies can be classified according to their materials complexity, defined
roughly as the number of atoms in a molecule or crystal unit cell[3].

requiring only a thin film to be deposited for ideal sunlight capture that enables the final

module to be flexible. The rapid increase of performance in these classes of PVs illustrate

their potential for steady development towards higher efficiencies.

In this thesis, we would like to focus on CQDs solar cells, which has demonstrated a
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Figure 1-4: Best PV research cell chart from National Renewable Energy Laboratory
(NREL). Evolution of record power conversion efficiency in each PV class.

steady increase in efficiency in the last 10 years to over 16.6%. Of special interest is the PbS

nanocrystals which have shown the most promises as a PV materials with relatively high

stability. Although their efficiencies based on nanoscale materials are still low compared to

c-Si, there is great room for performance improvement due to their high complexity, allowing

for great room for engineering on both the device and material level.

In this thesis, we employ computational electronic structure calculation methods to un-

derstand the electronic, optical and transport properties, with an emphasis on the role that

defects play. Our research efforts are supported by experimental work from our group as

well as collaborators to verify and improve our overall understanding of these materials.

1.2 Colloidal Quantum Dots

Bulk PbS has a rock-salt crystal structure, belonging to the Fm3m space group classification

(1-5(a)). The conventional unit cell contains 4 atoms of Pb and S with a lattice parameter of

5.934 A. Pb is a post-transition metal with the electronic configuration of [Xe]4f 145d' 06s2 6p2 .
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The relativistic effects in heavier atoms contribute to the unusual atomic characteristics of

lead. The poor shielding of the 4f electrons in the lanthanide group results in smaller atomic

radius and a relatively large ionization energy for the valence 6p electrons. The 6s electrons

are localized making the orbital chemically inactive and transforming this s2P2 element into

a pseudo-divalent p2 atom. Hence, PbS has a unique electronic structure, whereby both

the conduction band minimum (CBM) and valence band maximum (VBM) are at the L

point in the Brillouin zone(Figure 1-5(b,c)). For isolated quantum dot, the gap between the

Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital

(LUMO) originate from the L valleys of the bulk Brillouin zone. To correctly describe the

electronic structures of lead compounds, the inclusion of spin-orbit coupling (SOC) effects

are important[5].

In a semiconductor, when the exciton Bohr radius becomes comparable to the size of the

material, the electron-hole pair is said to be quantum confined. The exciton Bohr radius can

be calculated using the equation

rB = a0  (-1

where ao = 4'Eph
2 is the Bohr radius, c is the dielectric constant, co is the vacuum permit-

tivity, mo is the free electron mass, and y is the effective mass of the exciton. The exciton

Bohr radius of PbS is very large at around 20 nm, attributed to the very small effective masses

of the electron and hole. When the nanocrystal size falls below 20 nm, the electron and hole

wavefunction is quantum confined in all 3 spatial dimensions, leading to size-dependent elec-

tronic and optical properties. For example, the bandgap of PbS nanocrystals can be tuned

from 0.5 to 2.2 eV with variation in nanocrystal size and shape. In particular, the L-valley

in the bulk PbS is 4 fold degenerate, but quantum confinement in the nanocrystals split the

L valley degeneracy by intervalley coupling, interband coupling, effective mass anisotropy,

and finite barrier confinement[6].

Strictly speaking, only nanocrystals that exhibit quantum confinement can be called

"quantum dot". However, in this thesis, we will use the term nanocrystal and quantum dot
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(or CQD) interchangably.
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Figure 1-5: Bulk PbS. (a) Rock salt crystal structure of bulk PbS. Pb: grey atoms, S: yellow

atoms. (b) The first Brillouin zone of the FCC lattice. Points of high symmetry are shown.

(c) Calculated band structure of bulk PbS. Direct bandgap is at the L point[7].

1.2.1 Colloidal Quantum Dot Photovolatics

As mentioned earlier, CQDs are promising building blocks for next generation optoelectronic

technologies because of their tunable size and shape, size-dependent optical properties, and
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flexible ligand chemistry. Their versatility is attractive to a wide range of applications such

as light emitting diodes[8, 9], photodectors[10, 11], and solar cells[12, 13]. In particular, PbS

is one of the best performing quantum dot photovoltaic (PV) materials with a certified solar

conversion efficiency over 11%[14].

In addition to the rapidly rising efficiency, CQD-PV present an advantage over other

emerging thin film PV such as perovskite and organic PV due to its higher stability when

exposed to moisture. Multiple exciton generation (MEG) has also been observed in PbS

CQD, whereby a single absorbed photon with high enough energy can produce more than

one electron-hole pair[15, 16]. The possibility of MEG would allow a PV device to exceed the

Shockley-Quiesser limit of 31%[17]. Interestingly, the first QD solar cells with an external

quantum efficiency greater than 100 % have recently been reported[18].

E
<0

-5

10

-0.2 0.0 0.2 0.4 0.6 0.8
Voltage [V

Figure 1-6: The plot shows current density J (in units of mA cm-2 ) versus voltage V (in
units of volts) characteristic of solar cells under dark and illumination.

The performance of solar cells is measured using quantitative metrics and figures of merit.

Figure 1-6 shows the current density-voltage (J-V) characteristics of a typical solar cell in

the dark and under illumination. The J-V curve in the dark behaves like diode, showing
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rectification of current. Under AMI.5 solar radiation (AMI.5: a reference of solar radiation

passing through 1.5 times the thickness of the atmosphere), the J-V curve shifts by the

short-circuit current (Jsc ) on the current axis due to the photogenerated carriers. Jsc is

the maximum number of photogenerated current per unit area that can be extracted from a

solar cell, and it mainly depends on illumination intensity, the total absorbance of the solar

cell and its match to the solar spectrum, and recombination losses prior to extraction. The

intercept of the J-V curve at the voltage axis is non-zero under illumination, named open-

circuit voltage (Voc). The fill factor (FF) refers to a dimensionless ratio of power output at

the maximum power point (J x V)max to Jsc X Voc.

The PCE (denoted by 7, the ratio of maximum output power to incident sunlight power,

is defined as:

Voc x Jsc x FF (1.2)
input

where Pinput is the AM1.5 incident solar power density.

1.2.2 Defects and Trap States

Defects are long lived aberration to some reference structure such as a perfect crystal. They

can be classified as OD, ID and 2D defects according to their dimensionality within the

crystalline solids. OD defects, or point defects, are defects that occur only at or around a

single lattice point and are not extended in space in any dimension. They include vacancy,

interstitial, Frenkel, substitutional, antisite and topological defects, as illustrated in Figure

1-7

As CQDs are synthezied by wet chemistry processes, and the fact the they have large

surface-to-volume ratios, one expects they contain many intrinsic structural defects. The

presence of defects in PbS quantum dots, such as sulfur, lead or ligands vacancies, will

lead to off-stoichiometry that results in in-gap states (IGS) within the band gap. Atomic
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Figure 1-7: Schematic illustration of some simple point defects.

stoichiometry has been defined as

A = -NPb(QD) + NS(QD) + fNigand (1.3)

where NPb(QD), NS(QD), Nigand are the number of lead atoms, sulfur atoms, and ligands,

f is the ligand weight factor describing the overall stoichimetry contribution of a single

ligand[19]. Off-stoichiometry corresponds to A -f 0. These IGS will act as traps for carriers,

localizing them to prevent radiative recombination that reduces the Voc of PV devices.

Therefore, the performance of CQD based devices relies on the absence of these electronic

IGS. Many strategies were developed to reduce the defect concentration and the presence

of IGS. One such strategy involves using mixed organic and inorgnic ligands to improve

the degree of surface passivation. On the other hand, there has also been reports that

these nanocrystals possess self-healing process that drives intrinsic or external dopants to

the surface[20]. This shows that CQDs are tolerant to defects formation, as not all defects

will necesary contribute to the formation of trap states. This might explain the difficulties
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in detecting these traps using spectroscopic methods. Therefore, understanding the role

of point defects are crucial at engineering the next generation of high performance devices

based on nanocrystals.

In addition to point defects, there are ID defects such as dislocations and disclinations.

There are two basic types of dislocations, the edge dislocations and screw dislocations. Their

presence in the crystal lattice results in lattice strain. More complex defects such as grain

boundaries, stacking faults and twin boundaries can also exists in semiconductor crystals.

In Chapter 3 of this thesis, we will focus on the how point defects are responsible for the

large and excessive Stokes shift in PbS CQDs. In Chapter 4, we found that another class

of defects fused CQD dimers, is a major source of trap states, in addition to the commonly

attributed sources of surface defects and traps.

1.3 Pb-free Nanocrystals

Despite the advantages and recent progress made towards PbS nanocrystal, the presence of

lead in the material system has raised some concern about toxicity. Lead is a toxic heavy

metal that after high level of exposure typically is associated with severe health effects.

In particular, lead exposure in young children has been linked to learning disabilities, and

children with blood lead level concentrations great than 10 pg dL 1 are in danger of de-

velopmental disabilities. We do note solar cell modules and other optoelectronic devices

making use of CQDs are typically well encapsulated to minimize exposure. Nevertheless,

there is a need to search for a lead free alternatives nanocrystals that can also offer the same

advantages of bandgap tunability and facile synthesis.

Ternary and quaternary chalcogenide semiconductors constitute a large family of ma-

terials that offer the opportunity to influence the bandgap not only by changing the size

but also by varying the stoichiometry of the constituting elements. Most importantly, they

give access to a large range of bandgap energies in the near-infrared and visible range with-

out replying on toxic heavy metals such as Cd, Pb or Hg. Ternary metal chalcogenides

can be conceptually derived from II-VI materials by replacing two divalent metals with one
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monovalent and one trivalent cationl-8.

Zinc blende

Figure 1-8: Structural relationships in ternary and quaternary metal chalcogenides[21].

Among these ternary chalcogenide nanocrystals, those containing copper have attracted a

great deal of interest recently because of three key aspects: 1) their abundance, low cost and

reduced environmental and health impact; 2) their excellent intrinsic functional properties,

including appropriate direct bandgaps for sunlight absorption, notable carrier mobilties and

high carrier concentrations; 3) their structural, compositional, and stoichiometric versatil-

ity[22]. In particular, they exhibit abundant non-stoichiometric phases, a wide range of solid

solutions, and the relative low energy of formation of defects. Chemically these materials

are very similar to the luminescent copper-doped semiconductors played a central role in

the mergence of lighting and display technologies[23]. Recent effort at optimizing the PV

architecture of these copper chalcogenides based CQDs (CuInS 2) have improved their PCE

to as high as 6.6%[24]. Similar nanocrystals of interest in this class include CuA 2 , CuFeS 2 ,

CuInSe2 andCu 2ZnSn(SiSe2) 4 , and they have all exhibited promising luminescent prop-

erties that can have wide range of applications in optoelectronics and photovoltaics.

Due to the high tolerance of off-stoichiometry, it is believed that the various point defects

exists in these materials. In other words, the luminescent properties of these materials are
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fundamentally controlled by the presence of dopants and defects, which are believed to be

randomly distributed over substitutional lattice sites. The presence of these defects offer a

unique advantage of using computational methods to investigate their properties. In this

thesis, we will focus on copper-deficient CuAIS2 , using state-of-the-art defects calculations

to understand their photoluminescence (PL) properties, with the support of experimental

spectroscopic techniques.
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Chapter 2

Atomistic Simulations from First

Principles

2.1 Density Functional Theory

This chapter discusses the theoretical methods employed in this thesis to compute quantities

relevant to CQDs. As discussed in the Chapter 1, our main goal is to calculate the electronic

structure, absorption spectra and defect energy levels. We employ first-principles atomistic

methods based on density functional theory (DFT) to compute the electronic, optical and

transport properties of CQDs. These methods are referred to as first-principles or ab initio

methods since no empirical parameters are used in the calculations.

Many properties of interest in this thesis may be understood by solving the well-known

time-independent Schr6dinger equation

il1f = EW, (2.1)

where the non-relativistic many-body Hamiltonian ft is the sum of kinetic energy T

and potential energy V, T is the wavefunction, and E are the energy eigenvalues. The
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Hamiltonian can be more explicitly expressed as:

N= in(ra)+te(ri)+len(r ,ra)+nn(r)±+ee(ri)

Eh2 z 2

a 2ma 2m

- E Zoe2 +ZaZoe2 e2 (2.2)
j a47rcoIriral + 41rcoIra - r,3+ 47reoIr - r|

The indices a, #run over the nuclei, and i, j run over the electrons. Z, is the nuclear

number, e is the elementary charge, and m, and m are the masses of the nuclei and electrons

respectively. This equation explicity expresses the nuclei-nuclei, nuclei-electron and electron-

electron interactions.

Solving Equation 2.2 for a system of particles in any realistic molecules or solids is in-

tractable in practices. To obtain solutions to this equation, many approximations are needed.

Since the mass of the nuclei is much more than those of electrons, the total wavefunction (')

can be separated into the electronic (0) and nuclear (nucear) components. This is called

the Born-Oppenheimer approximation.

The pioneering work by Hohenberg and Kohn{25] demonstrated that the external poten-

tial (V,) and hence the total energy is a unique functional of the electron density n(r),

paying the ground for the many-body problem to be reduced to a single-particle problem.

Hohenberg-Kohn Theorem states that the functional that delivers the ground state energy

of the system gives the lowest energy if and only if the input density is the true ground state

density. To obtain the ground state total energy, Kohn and Sham[26] introduced a set of

fictitious single-particle orbitals (#j) whose collective ground-state density is the same as the

real system.

Ne

n(r)= |#i(r)|2 (2.3)
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They also introduced the well-known Kohn-Sham (KS) equation, which is the one particle

Schrdinger-like equation for the ficttiious KS orbitals.

{ 2 V2+Veff} 
= E

2m

v2+ext +VH + i ~~x, (2.4)
2m IO 0

where vext is the external potential from the nuclei, vH= f ' is the Hartree potential

and vxc is the so-called exchange-correlation potential. The vxc is obtained as the functional

derivative of the exchange-correlation energy Ec, which is defined as the difference between

the kinetic energy of real interacting system and our fictitious KS orbitals, plus the differ-

ence between the exact electron-electron interaction energy and the Hartree energy. The

exchange-correlation can be thought of as an error function whereby the unknown interac-

tions between electrons are expressed in a single term. The sum of the these terms is the

effective potential Veff, which is a functional of the total electron density. The KS equation

can be solved in a self-consistent manner using the following schematic flow-chart (Figure

2-1)

After solving the KS equation, we can obtain the total energy as a functional of n(r)

E [n] =T [n] + Eext [n] + EH [n] + Exe [n]

1Ne
2 1 0* '(r)V2 k (r)dr + n(r)vext(r)dr

+ drdr' + Exc[n] (2.5)
2 |r - r'|

As the exact functionals for the exchange and correlation are not known in general,

there exists approximations that reproduce certain physical quantities quite accurately. The

simplest one is the local density approximation (LDA), which assumes that the exchange

correlation energy per electron exc(n(r)) is equal to that of a homogeneous electron gas that
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Figure 2-1: Flow chart describing the computational procedure for the calculation of the
total energy using DFT. Adapted from [271.

has the same density at the same point r. Therefore,

ELeA _0oExA Jn(r)d m (n (r)) dr. (2.6)

LDA assumes that the exchange-correlation energy fucntional is purely local, hence ignoring

corrections to the E.c due to nearby inhomogeneities in n(r). It is therefore very surprising

that calculations performed using LDA have been so successful. This is partially due to the

fact that the LDA gives the correct sum rule to the exchange correlation, whereas it typically

overestimates exchange E. and underestimates correlation Ec.

Several schemes of generalized gradient approximations (GGA) were introduced that take

into account the gradient of the density at some coordinate r to improve on the LDA.

EGGA= n(r)Exc(n(r), Vn(r))dr (2.7)
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The approximations are semi-local, and the most popular of them is by Perdew-Burke-

Ernzerhof (PBE)[28].

Hybrid functionals, whereby a portion of the exact exchange from Hartree-Fock theory

is added to the semi-local exchange correlation, is introduced to overcome the shortcomings

of semi-local functionals. They represent a simple method to improve the results of many

physical properties such as bandgap, atomization energies and bond lengths. For example,

a popular method for solids is the PBE functional[29], where PBE exchange energy and

Hartree-Fock exchange energy are mixed in a 3:1 ratio and the full PBE correlation energy

is used.

E PBEO= EHF + 3 EPBE + EPBE_jXC 4X + x +4B (2.8)~44

where EHF is the Hartree-Fock exact exchange functional, ExBE is the PBE exchange

functional, and E BE is the PBE correlation functional. The hybrid functionals are partic-

ularly important when calculating the defect energy levels within a semiconductor.

So far we have discussed non-spin polarized calculations, but DFT can be easily extended

to spin-polarized system. The electron densities for the spin-up and spin-down states can be

defined as:

Nt N4

nIt(r)= >[@$4(r)|2, r4(r)= 1|@b(r)| 2  (2.9)
i=1i=

and we can introduce the total charge and magnetization:

n(r) = nt(r) + n(r), m(r) = nt(r) - n (r) (2.10)

The quantization axis is usually chosen as z axis.

The total energy is now a functional of the up and down charge densities, but more
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conveniently expressed in terms of n and m:

E[n, m] = T + Eext + EH + Exc[n, m]. (2.11)

We can now exploit the properties

6n(r) _on(r) , 6mfr)_ , __mr ,
6n(r)- 6 ) (r - r), ) = 6(r - r) m(r) -6(r - r') (2.12)onT(r') on (r') ' nT(r') ' n (r')

and calculate the functional derivatives to get the Hamiltonian. The KS equation becomes

h2 7
V2+Vext +VH+Vxc + Bxec = 4$t (2.13)

2mIZ Z

2 Vext VH + Vxc - Bxc t (2.14)
.2m

where

Vx Exc In, m] 1 x. Exc In, m] (.5Vc(r) = 6E~r, Bxc(r)- =E~nm (2.15)on(r) Jm(r)

In this thesis, we employed the Vienna Ab Initio Simulation Package (VASP) [30, 31]

to perform most of the DFT calculations. The electronic wavefunctions were expanded

in a series of plane waves, and the simulation cell is defined as the unit cell of a Bravais

lattice where periodic boundary conditions are applied. This formalism naturally applies to

crystals, and for nanostructures such as quantum dots, a large enough vacuum is used in the

non periodic directions to reduce the spurious interactions between the infinitely repeating

units. The number of plane waves, as well the the number k-point sampling in the Brillouin

zone needs to be carefully accessed for convergence.

Another practical approach to solving the KS equation is to only include valence elec-

trons of the atoms, and use pseudopotentials to representing the core electrons. This is mo-
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tivated by the fact that in most systems, only the valence electrons take part in bonding and

chemical reactions. The pseudopotential scheme used in VASP is the projector-augmented

wave (PAW) method, and it significantly reduces the computational cost compared to an

all-electron calculation[32].

2.2 Defects Calculations

In the previous section, we discussed in detail the first-principles methods used to calculate

defect-free solids in a periodic boundary condition. Since the KS levels are fictitious orbitals

that does not have a physical interpretation, they cannot be identified with any levels that

are relevant for experiment, even if there were no concerns about the accuracy of the KS

band gap[33]. In fact, the formalism to calculate the defect transition levels is to compute

it from the formation energy of the defect at different charge states.

The formation energy E [X}] of a defect X in charge state q is defined as

Ef[Xq] = Etot[Xq] - Etat[bulk] - nipi + qEF + Ecorr. (2.16)

Etot[Xq] is the total energy of the supercell containing the defect X, Ett is the total

energy for the perfect crystal using an equivalent supercell. ni and pi indicate the number

of atoms of types i that have been added or removed to create the defects and their corre-

sponding chemical potential. Chemical potentials represent the energy of the reservoirs with

which atoms are being exchanged. The analog of the chemical potential for the electronic

charge is given by the Fermi energy, EF. Ecorr is a non-trivial correction term that accounts

for the electrostatic interactions between charged defects in a periodic boundary condition.

The thermodynamic transition level E(qi/q2 ) is defined as the Fermi-level position for

which the formation energies of charge states qi and q2 are equal:
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(qlq2 )=- Ef5(Xq1; EF = 0) - E5(X*2; EF = 0) (2.17)
q2 - q1

Ef(Xq; EF = 0) is the formation energy of the defect X in the charge state q when the

Fermi level is at the VBM (EF = 0).

The charge state of a defect is indicated with the superscript q. For a neutral defect,

q = 0; if one electron is removed, q = +1; if one electron is added, q = -1. In principle,

internal excitations of the defect can occur in which the charge state of the defect remains

unchanged. More commonly, however, carriers are exchanged with the semiconductor host

and a transition to a different charge state occurs.

For charged defects, Ecorr include as constant electrostatic potential alignment offset, as

well as corrections due to the includsion of a uniform background jellium to neutralize the

cell[33, 34]. The scheme proposed by Freysoldt et al as implemented in the SXDEFECTAL-

IGN code[35, 36] was used to evalue Ecorr-

The chemical potentials appearing in Equation 2.16 reflects the reservoirs for atoms that

are involved in the creation of the defects. They are ultimately dictated by the experimental

conditions under which the defects are created. By varying the chemical potentials in the

calculation, different experimental scenarios can be explored. Hence they are regarded as

variables but subject to specific bounds, which are set by the existence of secondary phases.

We shall discuss the details of these considerations when discussing the specific materials of

interest in Chapter 5.

Thermodynamic transition levels can be observed in experiments whereby the final charge

state can fully relax to its equilibrium configuration after the transition. For many optical

experiments, only the optical transition level can be probed. However, in materials where

the Stokes shift is small, the thermodynamic transition level can be good approximation to

the true optical transition levels.
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Chapter 3

The Origins of the Stokes Shift in PbS

Nanocrystals

The redshift of an emission spectrum with respect to the corresponding absorption spectrum

is known as the Stokes shift. It is an important property in many applications based on

semiconductor CQDs. For example, a large Stokes shift is desired in solar concentrators to

minimize photon reabsorption[37, 38]. Conversely, in solar cells, the Stokes shift leads to

a loss in the open-circuit voltage (V 0c) and as a result, it should be minimized to achieve

higher power conversion efficiency. PbS is one of the best performing quantum dot-based

material for PV applications, but it suffers from a particularly large Stokes shift that limits

its efficiency[39].

To effectively control the Stokes shift in various CQD-based applications, there must

be an improved understanding of its origins. Previous work has identified two different

mechanisms responsible for the Stokes shifts: the dark exciton arising from the exciton fine

structure and the Franck-Condon (FC) relaxation. In the dark exciton picture, absorption

occurs from a valence state that lies deeper than the band edge states to form an exciton

while emission takes place through band edge transitions with the help of phonons, giving

rise to red-shifted photons[40]. Another important mechanism of the Stokes shift is the

'vibrational relaxations' upon photoexcitation and is referred to as a FC relaxation. In the
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presence of an exciton, each atom of the nanocrystal should experience excited-state forces

and undergo consequent structural relaxations, leading to a shift in the total energy of the

system[41, 42].

The Stokes shift in II-VI CQDs such as CdSe has garnered particular attentions in the

literature, with the focus on excitonic fine structures near the bandedge. An effective mass

model was used to identify the dark exciton in CdSe CQDs[43-45]. In the model, electron-

hole exchange interactions and crystal structure anisotropy (wurzite or zinc blende crystal

structure of CdSe) split the degenerate 1S band-edge exciton states, wherein the lowest

energy state is optically forbidden (i.e., dark exciton) and the higher energy state is optically

allowed (i.e., bright exciton). The Stokes shift in CdSe CQDs are ascribed to the energy

splitting between bright and dark exciton states. Another model based on tight-binding

approach also supports the argument that the splitting of exciton states is key to explaining

the Stokes shift in CdSe CQDs and adds the importance of singlet-triplet splitting for more

accurate predictions.

Recently, the Kambhampati group made many efforts to explore the effects of vibronic

contributions to the absorption and emission spectra in CdSe CQDs. They demonstrated

that CdSe emissions are controlled by strong carrier self-trapping, and its linewidth are

strongly modulated by the presence of multiple surface states with varying electron-phonon

coupling strength[46, 47]. Optical properties such as the Stokes shift are controlled by ligands

which delocalizes the excitonic wave function[46, 48, 49], and the exciton-phonon coupling

strengths are enhanced for smaller CQDs with larger relative surface areas[46, 501. Coherent

phonon techniques such as chirp pulse and polarized resolved femtosecond pump/probe were

also exploited to successfully measure the exciton-phonon couplings[51].

Unlike CdSe CQDs, an explanation of the origins of the Stokes shift in the lead chalco-

genides (i.e., PbS, PbSe, and PbTe) family of nanocrystals based on the exciton fine structure

is challenging [52, 53]. Energy splittings between the singlet and triplet states and the man-

ifold quasi-degenerate states near the valence and conduction band edges are only on the

order of 20 meV[6, 54-56], which is too small to explain the 220 meV redshift observed ex-
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perimentally. Recently, it has been proposed that the presence of midgap state might be

responsible for the Stokes shift in PbS CQDs[57]. The role of vibronic contributions in these

materials have received comparatively little attention.

3.1 Contributions from Film Polydispersity
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Figure 3-1: Experimental absorption (solid lines) and emission (dashed lines) of PbS CQDs

(a) in films and (b) in dilute solutions. (c) The Stokes shifts of PbS CQDs in films and so-
lution passivated with oleic acid (OA), mercaptopropionic acid (MPA), 1-thioglycerol (TG),
and iodine ligands.

We first use UV/vis and PL measurements to investigate the contributions to the Stokes

shift from polydispersity and ligands. Figure 3-1(a) shows the measured absorption and

PL spectra of four PbS nanocrystal films capped with different ligands. The absorption

band edges are at approximately 950 nm, indicating that the CQDs have a diameter of

approximately 3 nm. The PL spectra are significantly redshifted relative to the absorption

spectra, signifying a large Stokes shift (165-245 meV) comparable to the values reported

previously[55, 571.
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Figure 3-2: (a) The partial density of states (PDOS) Pb 4 8 0 Cl4 nanocrystal from Pb,
S and Cl species. The bandgap is approximately 1.2 eV and trap free. The Fermi level
is referenced at 0 eV, and (b) the VBM has predominately S(3p) character whereas the (c)
CBM has mostly 6(p) character. The charge densities are delocalized around the core atoms.

Figure 3-1(b) shows the absorption and PL spectra of the same nanocrystals suspended

in dilute solutions. In a typical sample, there is a 5-10% standard deviation in the CQD sizes.

Charge carriers can hop from one CQD to neighboring sites with lower band energies before

recombination, redshifting the PL spectra. Hopping transport is enhanced in a CQD film, in

which the CQDs are closed packed and hence the electronic couplings are greater than those

for CQDs suspended in dilute solutions[58-60]. The redshift due to the size and energetic

disorders of a polydisperse CQD film has an additive effect on the intrinsic Stokes shift of

individual CQD, and our analysis shows that such effects increase it by approximately 20 meV

to 50 meV (Figure 3-1(c)). Our measurements highlight that it is important to distinguish

the Stokes shift of CQDs in film and in solution. As CQDs are much sparser in solution,
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we can decouple the effects coming from within the CQD itself from ensemble film effects.

The impact from sample polydispersity can be minimized by some of the common strategies

used to improve the size uniformity of CQDs, such as size selection[61] and stoichiometric

control[621.
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Figure 3-3: (a) The FC shifts and average atomic displacements between the ground-state

{Rjg} and the excited-state {Rx} configurations of Pbio4S8 oX4 8 CQDs, where X is X-type

ligand. The effective electronegatives of X are in the Pauling units x. (b) The FC shifts and

average atom displacements of various defects, with s (surface), c (core), e (edge) indicating

their locations on the CQDs.

It is also worth comparing the sub-band gap re-absorptions between CQDs films and

dilute solutions. In a polydisperse CQDs sample, sub-band gap reabsorption occurs when

the emitted photons are reabsorbed by larger CQDs or aggregates with a smaller band gap.

As we do not observe a defect band in the absorption spectra in our samples, the sub-band gap

re-absoption likely arises from the tail end of the distribution. Larger CQDs and aggregates

play a much larger role in the film PL spectra, as the charge carriers will eventually migrate

to these lower energy centers before emissions[63]. These effects are much less pronounced

in dilute solution measurements, where there is a much greater spatial separation between

individual CQDs.

We note that a recent work showed film polydispersity arising from nanocrystal aggre-

gation as the dominant factor in the excessive Stokes shift in PbS CQDs[64]. The Stokes
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Figure 3-4: (a) The PDOS Pb1 0 4 S8 0Br4 8 nanocrystal from Pb, S and Br species.

shift could be almost eliminated by increasing the ligand concentration, by using non-polar

solvent to prevent CQDs aggregation and extreme dilution of the sample. Our work sup-

ports the idea that the energy transfer among CQDs is responsible for a significant amount

of excessive Stokes shift; however, our measurements show that the Stokes shifts from iso-

lated CQDs in dilute solutions are still too large (150-195 meV) compared to the values from

previous theoretical calculations (<20 meV for similar size CQDs)[56].

3.2 Ligands

Surface ligands are essential for maintaining the colloidal stability of CQDs due to their

large surface area[65, 661 and for modifying their band alignment[13, 67], morphology[68]

and optical properties[69. In Figure 3-1, we can observe that different ligands lead to

44



a 200
Pb PDOS GMMlin

S PDOS
I PDOS

150

a100--

50

0

-1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

Energy (eV)

b c

Figure 3-5: (a) The PDOS Pb1 0 4 S8oI 4 8 nanocrystal from Pb, S and I species.

different Stokes shift values. However, no clear trend can be conclusively inferred from the

experiments. Previous studies have shown that varying the ligand coverage on CdSe CQDs

have minimal impacts to the first absorption peak energies[70]. To investigate how ligand

chemistry can affect the Stokes shift, we performed a series of DFT calculations that allow

us to access parameters that are challenging to obtain experimentally. In particular, we

systematically explored the impact of ligand electronegativity on the Stokes shift, focusing

on the FC shifts, as the effects of the exciton fine structures in PbS CQDs are known to be

negligibly small.

While DFT is a single electron theory for calculating the ground state properties of

materials, it can be extended to give reasonable estimates for computing the properties of

the excited states. We follow the same approach as in previous work for the calculation

of the FC shift{41, 42]. The ground-state atomic configuration and total energy Eg'(Rs)
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Figure 3-6: (a) The PDOS Pbio4 S8 0 (CH 3 )S 4 8 nanocrystal from Pb, S and CHSH species.

is first obtained by minimizing the quantum mechanical forces. An electron-hole pair is

excited in the triplet state, and the excited-state energy in the ground-state geometry is

obtained Et(Rgs). The atomic positions are relaxed in the triplet spin configuration using

constrained DFT, which gives the excited-state total energy in the excited-state geometry

Et(R,). Finally, we calculate the ground-state total energy in the excited-state geometry

Es(Rx,,). We note that after the vertical excitation from Egs(R,,), the correct spin state

is the singlet state with energy E(Rx,); however, the energy difference between the bright

spin-singlet and dark spin-triplet states has been demonstrated to be typically only 17 and

2 meV for PbSe CQDs 21 with diameters of 1.5 and 3 nm, respectively. Adopting the triplet

spin configuration greatly improves the convergence behavior of our calculations. The FC

shift is given by
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AEfc = [(Et (Rgs) - Egs(Rgs)] - [(E'(Rx) - Egs(Rxs)] (3.1)

The ideal band gap for PV is approximately 1.3 eV[71, 72], corresponding to a PbS CQD

diameter of 3-4 nm. At this diameter, the most commonly observed CQD has the shape of

a truncated octahedron[73] terminated by 100 and 111 planes[74-76]. The {111} facets are

typically Pb-rich and passivated with ligands, whereas the other facets, such as {100}, do not

require any passivation. Following these considerations, we constructed a CQD model with

the chemical formula of Pb1 04 S 8 0X4 , where X is an X-type ligand (an example with X=Cl

is shown in Figure 3-2). The Pb:S ratio is 1.3:1, and the ratio of Pb ions to ligands is

approximately 1:2, thereby satisfying the overall stoichiometry[65]. The diameter and band

gap of the DFT-optimized structures are approximately 2.0 nm and 1.2 eV, respectively. Our

calculated band gap is smaller than the experimentally observed band gap because of the

well-known DFT underestimation of the semiconductor band gap. The orbital contributions

to the density of states (DOS) near the Fermi level are very similar to other published results,

where the valence band and conduction band mainly consist of S(3p) and Pb(6p) orbitals,

respectively[65, 75]. The charge density distribution shows that the electron wavefunction of

the valence-band maximum (VBM) and conduction-band minimum (CBM) are delocalized

over the core atoms, with some contribution along the {100} surface and very little from the

{111} surface. In the field of organometallic chemistry, ligands are classified on the basis of

Green's covalent bond formalism. X-type ligands correspond to 1-electron neutral ligands,

and include organic ligands such as carboxylic acids (RCOOH), thiols (RSH) and atomic

ligands such as halogen atoms[12]. In our calculations, we passivated the 111 surfaces with

methanethiol (CHSH), and halogen atoms (I, Br, Cl). The ionic radii of ligands decrease

from I- to Cl-, resulting in shorter Pb-X bond lengths. According to the Pauli scale, the

effective electronegativity of the surface ligands follows the order CH3 SH < I < Br < Cl[77].

Ligands with higher electronegativities are also bonded more strongly to the surface Pb

atoms, further reducing the average Pb-X bond lengths. Therefore, CQDs capped with
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more electronegative ligands have a smaller effective size with larger resulting FC shifts

(Figure 3-3(a)). This phenomenon, i.e., the increase in Stokes shifts with decreasing size of

48

a)

b)

0.6

0.5 -

4 0.4

In

C

-0 0.3
0
U
0 0.2
C

'U

|-

I-

0 p0

r_ '77: =M4k3a

0.15 -

iN



the nanocrystal, is well known[55, 78]. The variations in FC shifts between different ligands

are observed only around 15 meV, and the effects will be further diminished as the size of the

CQDs increases. Although manipulating the ligand electronegativities can change the FC

shift, this effect is too small to explain the excessive Stokes shift observed experimentally.

The atomic displacement is defined as the difference between the atomic positions of the

same atom when the CQD is in the electronic ground state {Rgs} and the excited triplet

states {Rx}. From the charge density plots, we observe that the electron densities of the

VBM and CBM are delocalized over the interior of the CQDs (Figure 3-4, 3-5, and 3-6).

Therefore, the core atoms, defined as atoms with 6 nearest neighbors, exhibited higher

displacements than the surface atoms. The atomic displacements are higher with ligands

with larger electronegativities. In particular, most of the ligands passivate the {111} facet,

which makes almost no contribution to the CBM and VBM states; hence, the FC shifts are

resistant to ligand changes.

In addition, we examined cases of other CQD geometries and ligand types by perform-

ing calculations using a series of cubic CQDs with L-type ligands. Our cubic CQDs have

edge lengths of approximately 1.0 nm and 2.0 nm with the chemical formulas Pb3 2 S 3 2 and

Pb1 0 8S 1 0 8, respectively. In the covalent bond formalism, L-type ligands are neutral ligands

that donate two electrons to the metal center. We systematically varied the electronegativ-

ities of the ligands by changing their pendant moiety and binding groups (Figure 3-7(a)).

Two, six and twelve ligands were attached onto random Pb surface atoms, and for each

ligand coverage, six random geometric configurations were generated.

3.3 Excessive FC Shifts due to Defects

One key advantage of PbS CQDs over existing PV technologies is their low-cost and scalable

solution-based synthesis[66, 71, 79]. However, during the synthesis process, many struc-

tural defects and surface impurities inevitably form, some of which can cause detrimental

impacts on the electronic and optical properties[75, 80]. As these defects may cause large

electron density localizations, we here systematically investigated their effects on the FC
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Table 3.1: The relative formation energies and FC shifts of the the three V2- and Vi defects

at different locations on the {100} and {111} facets of the Pbi 4 S8 0 Cl48 CQD.

shifts. Three types of defects, i.e., (1) small molecular species adsorbed onto the CQD sur-

faces, (2) Schottky defects where a neutral stoichiometric vacancy pair is removed, and (3)

elementary vacancies, were studied. All defects were created from the Cl-passivated CQD

Pbi 4 S 8 0Cl4 8 and produced no in-gap states (Figure 3-8(a)).

For the first type of defect, we placed water molecules H 20on the 100 facet of the

CQDs. The FC shifts are similar to the defect-free nanocrystal at approximately 60 meV

(Figure 3-3(b)). Next, we created stoichiometric Schottky pairs by removing either PbS or

PbCl2 atoms from the CQD surfaces. The FC shifts from these defects are also small and

comparable to the defect-free nanocrystal. For both surface water molecules and surface

vacanciesVbs andVPbc12 , varying the locations of the defects had negligible impacts on

the FC shifts. In both cases, modifying the CQD surfaces has little impact on the overall

electron densities of the CBM and VBM states, which are delocalized in the CQD core.

Notably, the FC shift fromVPbS is approximately 10 meV higher than thatof Vbcl 2 . This is

because PbS atoms were removed from the {100} facet, which has a larger electron density

than the {111} facet from which the PbCl 2 atoms were removed.

When a PbS Schottky pair is created by removing atoms from the nanocrystal core,

the resulting FC shift is significantly higher at 524 meV. Removing core atoms led to large

localization of the electron densities of the CBM, which resulted in the exertion of large

excited-state forces on the core atoms (Figure 3-8(c)). However, it is prohibitively expensive
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Defects Relative formation energy (meV) FC shift (meV)

Defect free NA 66

Vp-(center) 0 66
V2- (corner) 80 64

V2-(edge) 1250 843
Vc(corner) 0 66
V+i(edge) 52 718
V+ (center) 114 811
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Figure 3-8: (a) DOS of various Cl-passivated PbS CQDs with defects, all of which exhibit
no midgap states. Charge density distribution for the VBM (blue) and CBM (red) for (b)
Vpbs(s), (c) VPbS(c), (d) Vj and (e) V2-; s (surface), c (core), and e (edge) indicate the
locations of the defects, which are also highlighted with circles.

to create a PbS vacancy pair at the interior of the CQD, as its formation energy is approxi-

mately 0.90 eV higher than its counterpart on the surface. We do not expect core vacancies

to be present in PbS CQDs, as a strong driving force would move the defect from the core

to the surface.

Finally, we investigated various charged elementary defects. In the presence of a counter-
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Table 3.2: The FC shifts of CQDs with and without various V 1 defects with the inclusion
of SOC effects.

CQDs without defects FC shift (meV) CQDs with defects FC shift (meV)
Pbio4S80Cl 48   54.6 V+1(corner) 56
Pbi0 4S8 oBr48  50.9 V+1(edge) 542
Pbio4SsoI4s 48.7 V+1(center) 604

ion in the reaction solution, the formation of charged defects is much more favorable than

the formation of their neutral counterparts[75]. As the ionic vacancies are created, the

nanocrystal will be bound to counter-ions in the solution. Among the defects, V2 and V+

do not produce midgap states, whereas Vs' does. In our study, we will focus on V+ and

v ias having a trap-free band gap improves the convergence behavior of the triplet state

under constrained DFT calculation.

Three structures with V+ and V2- vacancies were created by removing Cl- and Pb2+ ions

from the corner, edge, and center of the {111} and {100} facets, respectively. Their relative

formation energies and resulting FC shifts are summarized in Table 3.1. For V2-, we see

that both the stable V (corner) and V -(edge) exhibited small FC shifts. Although V-(e)

exhibited FC shifts greater than 840 meV, its relative formation energy is prohibitively large.

In contrast, V+1(corner) and V+1(middle) exhibited large FC shifts of over 700 and 800 meV,

respectively, with formation energies only 52 and 114 meV higher than the most stable defect

structure. At the synthesis temperature of 150 °C, a simple Arrhenius relation k ~ e(-AE/kT)

gives formation rates of V+1(corner) to V+1(edge) and V+ (center) of approximately 25:5:1.

To understand why certain V2 and V 1 cause ge FC shifts, we visualized their electron

densities. The CBM mainly consists of Pb(6p) orbital contributions, and the breaking of

the Pb-Cl bond when removing the surface Cl atom results in charge localization around

the defect site (Figure 3-8(d)). For V2- (edge), the breaking of the Pb-S bond as a result

of Pb atom removal significantly localizes the electron density around the sulfur atoms due

to its S(3p) character (Figure 3-8(e)). For both defects, the mean atomic displacements of

the surface atoms are larger than those of core atoms because of the increased excited-state
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forces around the surface defects (Figure 3-3(b)).

The Stokes shift of PbS CQDs is size-dependent in the quantum confined regime: it

decreases as the CQD size increase[55, 78]. It has been reported that the Stokes shifts of

PbS CQDs at 1-2 nm can be as large as 580 meV[81]. At this size, the combined contribution

from dark exciton effects and FC shifts are only approximately 100 meV. Our calculations

with intrinsic defects (V') lead to substantial amounts of FC shift, which can reconcile

the experimentally measured and theoretical Stokes shift. Our work also agrees with recent

work on CdSe CQDs that showed that strong vibronic contributions from surface states are

important at controlling the Stokes shift in CQDs[46].

While our experimental and computational results cannot be compared directly due to

the different CQD sizes, we can speculate that the increased defect densities from ligand

exchange processes might be responsible for higher Stokes shifts. This result in turn suggests

that by elimination of the defects and electron localization, the Stokes shift can be lowered

to enhance PbS CQD-based device performance. In addition to defects, the morphology and

surface structures of CQDs might change significantly during CQDs synthesis and ligand

exchanges process[82], which might warrant further investigation in the future.

We discuss in Chapter 1 the importance of the inclusion of SOC effects. Since the

influence of relativistic effects on structural geometries is negligible, we do not take those

effect into account for the geometry optimization. Defects were created with Cl-passivated

CQDs. When SOC is included, the calculated bandgap is reduced from approximately 1.2

eV to 1.1 eV. The calculated FC shifts with SOC are generally lower, due to reduction in

bandgap with the inclusion of SOC effects. In the defects free CQDs, the decrease in FC

shifts are smaller than 10 meV. The FC shifts of CQDs with defects (edge) and (center) are

lower by about 150 to 200 meV. However, this does not change our observation that the

defects cause a substantial increase in FC shifts on the order of hundreds of meV. However,

while the inclusion of SOC effects lowered the FC shifts by about 10 meV, the trends are well

described without SOC (Table 3.2). For defect structures such as V 1 with the inclusion of

SOC effects, the overall shifts are lowered by 150 to 200 meV compared to non-SOC results,
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but does not change our observation that defects cause a substantial increase in FC shifts

on the order of hundreds of meV.

In summary, we have used a combination of UV/vis and PL spectroscopy with ab initio

calculations to investigate the Stokes shift of PbS CQD in order to understand the origins of

the excessive Stokes shift in PbS nanocrystals. We found that the size and energetic disorders

in a polydisperse CQD solid film contribute to an increase in the Stokes shift of approximately

20 to 50 meV compared to isolated CQDs. As we change the surface passivation, higher FC

shifts are observed for ligands with larger electronegativities, but this effect is very small.

Some stable intrinsic defects, such as V, can cause large electron localizations in the CBM

states and excessive FC shifts comparable to experimental values. This increased shift is

sufficient to explain the excessive Stokes shift. Our results indicate that the FC shift is

likely to be an important source of the large Stokes shift in the lead chalcogenide family of

CQDs, and this improved understanding of the optical properties of PbS CQDs is of great

importance when designing the next generation of PV applications.
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Chapter 4

Trap States in PbS CQD solids

4.1 Bandlike Transport of PbS CQD superlattice

Carrier mobility is one of the most important parameters for PV devices, and plays an

important role in controlling the device short-circuit current and fill factor[66]. Since the first

report of charge carrier communication between CQDs in solids[83], improved size control,

ligand chemistry, and device fabrication techniques have enhanced carrier transport between

CQDs from a range of 10-3 - 10-2 to 24 cm2 V-1 s-'[84, 85] . It has also been shown

that carrier mobilities decrease exponentially with ligand length[86], and the new classes of

atomic and short organic ligands also allowed improvements in band alignment, absorption

coefficients and PV efficiencies[13, 67, 69]. In order to achieve enhanced connectivity between

dots, the CQDs can be fused directly with one another, which in turn further increases

carrier mobilities and trap tolerance[87]. The orientation, degree of fusing and morphology

of the fused CQDs can be controlled by varying the synthesis conditions[88], suggesting that

strongly fused CQDs could provide a pathway to resolve the two seemingly contradictory

requirements for future optoelectronics: tunable quantum-confined optical properties and

strong electronic coupling[89, 90].

In addition to fusing CQDs, many recent efforts have focused on synthesizing highly

monodiperse CQD superlattice films with improved size and energy homogeneity{14, 631. For
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example, Weidman et al. synthesized highly monodisperse PbS films by self-assembly, char-

acterizing a transformation from face-centered cubic (FCC) to body-centered cubic (BCC)

configurations[91, 92]. Through nanocrystal attachment control, superlattices in both 2-

dimensional (2D) square and honeycomb lattices have been achieved for PbSe CQDs[93].

Binary, ternary and quaternary nanocrystal superlattices have also been assembled for im-

proved functionalities by combining the photoluminescent, plasmonic, and magnetic prop-

erties of each component[94, 95]. On the theoretical front, Kalesaki et al. investigated

the electronic structures of 2D CdSe and PbSe honeycomb and square superlattices using

a tight-binding approach[96, 97], and demonstrated the existence of nontrivial flat bands,

Dirac cones, and topological edge states. While hopping transport is the dominant charge

transport mechanism in colloidal nanocrystals[98-100], there have been reports of band-

like transport in coherent CdSe[101, 102] and PbSe[103] thin-films with electron mobilities

approaching those of their bulk counterparts.

a b
{100} Pane-

-S(p)

- Pb(s)
-- Pb(p)

Pb IS
-1 0 1 2

E-E,(eV)

Figure 4-1: (a) Prototype Pb4 4S nanocrystal with a diameter of 1.5nm and its lattice

planes. (b) PDOS showing that the HOMO and LUMO are predominantly S 3(p) and Pb
6(p) characteristics.

To model the CQD superlattices in the strong fusing regime, we ignored ligands in our

calculations. Direct fusing between CQD where the ligands were stripped have been observed

and engineered on purpose in experiments[88, 1041, and this approach allows us to explore

the upper bound of carrier mobilities in highly fused CQDs. A bare PbS nanocrystal with

diameter around 1.5 nm and calculated gap between the highest occupied molecular orbital
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(HOMO) and lowest unoccupied molecular orbital (LUMO) of 1.4eV was used to create 2D

and 3D superlattices, as shown in Figure 4-1. The orbital contributions to the DOS near the

Fermi level are similar to similar results where the occupied orbitals and unoccupied orbitals

mainly consist of S 3(p) and Pb 6(p) contributions (Figure 4-1(b)). The large energy splitting

between the LUMO and LUMO+1 states is due to the loss of translational symmetry in the

nanocrystal compared to bulk PbS[56].
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Figure 4-2: Schematics showing the crystal structure of the nanocrystal arranged in 2D (a)

square, (b) hexagonal, and (c) rhombic superlattices connected via {100}, {110} and {111}
facets viewed from the z-axis. Their corresponding bandstructure and PDOS are shown in

(d), (e) and (f). The bandgap is at (d) M = [, j,0], (e) IF = [0, 0, 0] and (f) r = [0, 0, 01.
All energies are referenced to the Fermi level indicated by the blue line.

First, we considered 2D square, hexagonal and rhombic superlattices formed by necking

CQDs via the {100}, {110} and {111} planes respectively (Figure 4-2). The band structure

and PDOS of the superlattices show that the orbital contributions near the Fermi level are

similar to that of the isolated CQD. A distinct first excitation peak for each superlattice

exists in the optical spectra shown in Figure 3(a), indicating that quantum confinement is
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preserved. These peaks are redshifted by about 0.1eV compared with the first excitation

peak of the isolated CQD, due to moderate delocalization of wavefunction into neighboring

CQDs.

b
- Isolated - Isolated

--- 2D Square - Simple Cubic
-. 2D Hexagonal - FCC
--- 2D Rhombic - BCC

0
U

L

0

' 1.4 1.6 1.8 1.2 1.4 1.6 1.8
energy (eV) energy (eV)

Figure 4-3: Absorption spectra of (a) 2D superlattices and (b) 3D superlattices compared
with those of a single isolated CQD.

We next calculated carrier mobilities using the effective mass approximation and defor-

mation potential theory[105]. The electron and hole effective masses of the superlattices,

m * and m* were obtained from the energy bands of DFT calculations using the BoltzTraP

code[106], by taking the harmonic average of the parallel and perpendicular effective mass at

the CBM and VBM states[107]. We increased k-point sampling for Brillouin zone integration

until the effective masses were converged to less than 0.1 mo, where mo is the rest mass of

electron. The elastic constant c, for a 3D crystal is obtained by fitting the total energy

change per volume () to the dilation (A)2 in the a direction, where V and lo are the

equilibrium volume and lattice constant. In 2D, the fitting is done using the energy change

per area of the supercell (4) to the dilation(i)2. The deformation potential constants,

D, for electrons and holes are obtained by fitting the energy change at either the CBM or

VBM, 6e to the lattice dilation in the a direction, D. = Ae".

The carrier mobilities in two and three dimensions can be computed using the following
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Figure 4-4: VBM and CBM of (a and b) the 2D square lattice at M = [1, ., 0], (c)(d) 2D
hexagonal lattice at F = [0, 0, 0], (e)(f) 2D rhombic lattice at F= 0, 0, 01.

formulea assuming the effective mass approximation to the Boltzmann transport equation

and deformation potential theory

2e0hac0
IA2D =3D kbT(m*) 2
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2(27r) eoh(ca

3D2 (kbTm~

where eo is the elementary charge, kb is the Boltzmann constant, and m* is the conduc-

tivity effective mass. m* is the harmonic average along each direction[107-109]

1 1 2
= 3(- + ) (43)

We first tested the validity of the method for bulk PbS solid, which has well-reported

electron and hole mobilities (pe, Ph) of 600 and 540 cm2 V-1 s-' at 300K. Bulk PbS has

a rocksalt crystal structure with lattice parameter 5.934Aand a direct bandgap of 0.29

eV at the L point. A 12 x 12 x 12 Monkhorst-Pack k-point grid was used to sample the

Brillouin zone of bulk PbS, and we obtained a lattice parameter of 6.001 A. For deformation

potentials, we included SOC effects and obtained 22 eV and 56 eV for electrons and holes

respectively. In the literature, the elastic modulus of PbS has been reported to be cu 13.51

GPa. The effective mass in PbS has been calculated as m*'VBM = 0.103 and m* VBM .103

and m*,CBM =0.096and *CBM = 0.081, all in multiples of the free electron mass mo. Using

Equation 4.3 results in m*= 0.079 and m* = 0.085.

Combining the above results, the electron and hole mobilities are le = 9.30 x 103 and

ph = 1.20 x 103 cm2 V-1 s-', respectively. As our model does not include the effects of

optical phonon coupling to electrons, these are good order of magnitude estimates on the

carrier mobilities. The overestimation by theory mainly arises from the fact that deforma-

tion potential only takes into account intravalley acoustic phonon scattering while in polar

materials such as PbS, there is significant scattering of carriers by optical phonons which

decreases the carrier mobilities[110].

Using semi-local functional such as PBE and neglecting SOC effects would overestimate

the effective masses, resulting in ye = 120 and Ph = 150 cm 2 V-1 s-'. These values are

slightly lower but on the same order of magnitude as the experimental values. These results

taken together suggest that error cancellations arising from 1) neglecting optical phonon

60



Table 4.1: Calculated electron/hole mobilities for 2D and 3D superlattices.

Electron mobility (cm2 V-1 s- 1 ) Hole mobility (cm2 V-1 s-1 )
2D rhombic 6.4 x 10-5 (x) 1.2 x 10-5 (x)

9.0 x 10-1(y) 9.0 x 10~ 5(y)
2D hexagonal 4.8 x 10 5.6 x 10-4

2D square 1.5 x 10- 3  1.1 x 10-3
BCC 8.4 x 10-6 4.5 x 10- 5

SC(Pb44 S44 ) 7.9 x 10-3 3.9 x 10-2
SC(Pb14oS 140) 1.1 x 10-2 7.4 x 10-2

Experiments ~ 10~4 - 101 ~10-4 - 10-3

scattering and 2) neglecting SOC and using the PBE functional, are why our computed

mobilities are in good agreement with experiments. Despite these opposing errors, we remain

confident that the trends computed are representative because the errors on the different

superlattices are comparable to each other.

The computed electron and hole mobilities of the square lattice are about 2 orders of

magnitude higher than hexagonal and rhombic lattices (Table 4.1). Since the HOMO and

LUMO of single CQD have a small contribution from {100} facets but no contributions from

{110} and {111} facets[38, 75], there is a much stronger wavefunction overlap between CQDs

connected via {100} facets (Figure 4-3).

For PbS CQDs, ye is larger than Ph due to the larger spatial delocalization of the single

dot LUMO compared to HOMO[38, 66]. On the other hand, ye is lower than Ph in bulk PbS

as the hole effective mass m* is smaller than the electron effective mass m*[107, 111]. In

our strongly coupled superlattices, the relative magnitudes of Pc and Ph changes with their

electronic structures. For example, pc is larger in the square lattice due to the greater degree

of delocalization of the CBM states compared to VBM states, similar to the isolated CQD

case. For hexagonal lattices, however, the CBM wavefunction of one CQD is completely

out of phase with its nearest neighbor, with a node in the wavefunction between nearest

neighbors. The coupling only occurs between second nearest neighbors (Figure 4-4(d)). The

VBM states, on the other hands, are coupled between nearest neighbors (Figure 4-4(c)).
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Therefore, mis smaller than m*, with ye smaller than/ph by about an order of magnitude.
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Figure 4-5: Schematics showing the crystal structure of the nanocrystal arranged in 3D
(a) SC (b) BCC and (c) FCC superlattices connected via {100}, {111} and {110} facets.
Their corresponding bandstructure and PDOS are shown in (d), (e) and (f). We used the
conventional cell for FCC latice, and therefore the Brillouin zone high symmetry point of a
SC lattice. The bandgap is at (d) R= [j, 7, }], (e) R = [j, j, j] and (f) N = [j, 0, 0]. All
energies are referenced to the Fermi level indicated by the blue line.)

Due to its rock-salt crystal structure, PbS nanocrystal is a truncated octahedron with 6

{100}, 8 {111}, and 12 {110} facets[74, 76, 112]. PbS nanocrystals naturally form 3D simple

cubic (SC), BCC and FCC superlattices with 6, 8 and 12 nearest neighbors (Figure 4-5). As

we are in the high fusing regime, nanocrystals in the FCC lattice fused unintentionally along

the {100} plane in addition to the {110} plane due to the shape of the nanocrystal, resulting

in a high packing density approaching that of the bulk crystal. In the intermediate fusing

regime, we expect the presence of ligands will keep the CQDs further apart and prevent

such unintentional fusing. Quantum confinement is therefore lost in the FCC lattice with no
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observable excitation peak (Figure 4-3(b)), and we will not consider this case for transport

calculations. In contrast, quantum confinement is still preserved in the SC and BCC lattices.

Similar to the 2D superlattices, the carrier mobilities of the SC lattice connected via {100}

planes are 3 orders of magnitude higher than those of the BCC lattice connected via {111}

planes (Table 4.1), with similar wavefunction characteristics compared to the 2D counterparts

(Figure 4-6). This shows that the connecting facets determines the fundamental coupling

strength between CQDs.

a b

c d

Figure 4-6: The VBM and CBM of (a and b) the SC and (c and d) BCC superlattice at IF

- [0, 0, 0].

There have been debates in the literature about how the carrier mobilities vary with

the sizes of CQDs. In the hopping regime, it was suggested that mobilities increase with

CQD sizes since the number of hops needed for carriers to travel between the electrodes is

reduced[86]. The activation energy for hopping also decreases with nanocrystal size, resulting

in higher carrier mobilities[113]. On the other hand, it has also been suggested that the

wavefunction overlap between CQDs decrease as the size of the CQD increases, resulting in
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lower carrier mobilities[114. Often the competition between these factors make it difficult

to succinctly describe size-dependent trends[115].

a b C

Pb P005

r x mA r R~ XDOS

I -SPEOS
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r X M F R X DOS
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94 ff
4

Figure 4-7: Band structure and PDOS of (a) Pb1 40 S1 4 0 and (d) Pb92S 9 2 CQDs arranged in
the SC superlattice. The VBM and CBM of (b and c) Pb1 40 S1 40 and the (e and f) Pb9 2 9 2

superlattice at the IF point. Both CQDs have a diameter of 2nm.

Here we investigated the changes in carrier mobilities with CQD sizes in the bandlike

regime. A larger prototype PbS nanocrystal model 2nm in diameter (Pb14 S140) is used

to construct a SC lattice. Its electronic structure is shown in Figure 4-7 and quantum

confinement is also preserved as seen in the optical spectra (Figure 4-8). Compared to the

1.5nm CQD, Pb140S140 has lower effective masses (Table 4.2) due to the enhanced interdot

coupling (Figure 4-7(b)). The effect is particularly significant for the CBM states, since a

highly delocalized wavefunction is formed on the fused {100} plane (Figure 4-7(c)). The

carrier mobilities increased by about 100%. If we keep the number of fused atoms in the

plane the same as that of Pb44S44, while increasing the CQD size, the couplings between
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neighboring CQDs are significantly reduced (Figure 4-7(e)(f)); the carrier mobilities are then

reduced by as much as 5 orders of magnitude with ye = 4.5 x 10-8 and ph= 2.1 x 10- 4 cm2

V-1 s-1. This nanocrystal model (Pb92 S 92 ), however, is unrealistic due to the large Wulff

ratio (hL) [75].

a b
- soated- slae

- Simple Cubic SimpleCubic

U

(0
ZA

1.1 1.2 1.3 1.4 1.5 1.0 1.2 1.4
energy (eV) energy (eV)

Figure 4-8: The absorption spectra of (a) Pb1 4 S1 4 0 and (b) Pb9 2S92 isolated nanocrystal

and SC superlattices.

Our results show that in general the carrier mobilities increase with the size of the

nanocrystals. This is due to the fact that as the radius of the nanocrystal (r) increases,

the average distance between them increases linearly with r, lowering the wavefunction over-

lap between neighboring dots. The area of the connecting facet, however, increases as r2,

resulting in more atoms in contact with each other and increasing the overall wavefunction

overlap. However, the shape of the nanocrystal can change the wavefunction in a very drastic

way, resulting in orders of magnitude changes in the carrier mobilities.

We note that our calculated carrier mobilities should be interpreted qualitatively. Since

we only considered superlattices in the strong fusing regime, the effects of ligands have been

ignored. For CQDs films with low to moderate degree of fusing, the impact of ligands on the

electronic, optical, and transport properties of superlattices should be systematically studied

in further works. We also note that the prototype CQD model is small compared to those

typically used in experiments, whose Wulff shape might vary due to changes in the surface
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Table 4.2: The effective masses (m*, m*), deformation potentials (De, Dh) and elastic mod-
ulus (c) of electrons and holes of the superlattices.

m* (no) m* (no) De (eV) Dh (eV) C
2D Rhombic 11 20 65.3(x) 85.0(x) 2.30 N m-1 (x)

84.5(y) 84.4(y) 5.43 N m- 1(y)
2D Hexagonal 23 4.3 84.1 141 14.2 N m-1

2D Square 7.4 6.6 66.5 89.2 25.7 N m-1
BCC 12.0 16.5 156 143 1.66 GPa

SC(Pb4 4 S4 4 ) 1.37 2.16 107 134 16.1 GPa
SC(Pb9 2 S 9 2 ) 11.1 263 97.3 126 13.3 GPa

SC(Pb140 S 140) 1.10 1.79 131 180 26.0 GPa

energy. However, the wavefunction projection onto the different planes in our small dots

are qualitatively similar to those larger dots studied earlier[1161. Therefore, we believe these

trends observed in our calculations to be useful. This large tunability illustrates the impor-

tance of crystal structure engineering for controlling the transport properties of nanocrystal

superlattice solids and improving optoelectronic performances. In addition to the common

crystal structure studied here, additional exotic crystal structures such as honeycomb lat-

tice[117] provide a rich parameter space to explore at uncovering desired properties of CQD

solids.

On the basis of our observations, we propose several design guidelines to achieve high

mobilities in PbS CQD superlattice: 1) if the CQD can be epitaxially aligned in a lattice,

then simple cubic and square lattice that fuse along the {100} facet would represent the most

promising choice; 2)if only the fusing facets can be controlled but not the crystal symmetry,

our results suggest that the synthesis should maximize the number of {100} contacts between

CQDs; 3) if the size of the CQD can be easily controlled, then the largest CQD with quantum

confined excitons (<20 nm) would be desirable.

In summary, our work shows that controlling the superlattice structures is crucial to

manipulating the electronic, optical and transport properties of highly fused PbS CQD

solids. We showed that the quantum confinement of CQD solids is generally preserved

even in the extreme fusing regime. Carrier mobilities of SC and square lattice connected via
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{100} facets are 2-3 orders of magnitude larger than those superlattices fused along {110}

and {111} facets. The relative magnitude of electron and hole mobilities can also be ma-

nipulated through crystal structure engineering. Our results illustrate the importance of

understanding the effects of crystal structure and connectivity of CQD films for improved

optoelectronic performances and demonstrate that strongly fused CQD superlattices offer a

promising pathway to having tunable quantum-confined optical properties while maintaining

strong electronic coupling.

4.2 Dimer Traps States in PbS CQD solids

In the previous section, we showed the great tunability and advantages of having CQDs in

a coherent superlattice. Despite the rapid progress of synthetic control of materials at the

atomic levels, defects and traps inevitably form which result in CQD solids that deviate

from the idealized structure. These imperfections often manifest as electronic trap states

that can be measured experimentally using spectroscopic methods, such as photoemission

(for VBM and CBM levels) and photoabsorption (for optical gaps and absorption spectra).

In particular, ultrafast transient absorption (TA) spectroscopy can measure the changes in

the absorbance of the material sample. Excitation photons generated by a pulsed laser (called

the "pump") first excites the electrons in the materials into an excited state, and a delayed

pulse from the same source is used to measure the changes in the absorbance (called the

"probe"). TA spectroscopy can probe the kinetic and mechanistic details of the electronic

transitions on the time scales of a few picoseconds, allowing the investigation of dark states,

trap states and surface states.

IGS has garnered substantial attention because they limit photovoltaic device efficien-

cies by reducing the open-circuit voltage[119] and acting as charge carrier recombination

sites[120]. Trap states are involved in charge carrier transport, either directly through mid-

gap transport[80] or through multiple trapping and release steps[121, 122]. The electronic

characteristics of trap states are observed to vary with ligand treatments,[123, 124] air expo-

sure[125], and other oxidation treatments[126], prompting speculation that trap states are
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Figure 4-9: (a) TEM micrograph of monodisperse 4.9 nm CQDs with oleic acid ligands
howing an absence of anomalously large CQDs but the presence of a CQD dimer. (b)
HRTEM micrograph of an epitaxial dimer. (c) HRTEM micrograph of an epitaxial dimer
with a twinning boundary at the attachment interface[118].

associated with structural defects or unpassivated sites on the CQD surface, or with strongly

coupled CQD aggregates[87, 120, 127, 1281.

Broadband near-infrared TA spectroscopy was used to study the dynamics of charge

carrier de-trapping in highly monodisperse PbS CQD solids. The experiments reveal the

existence of trap states that exhibit clear signatures of Auger recombination (state degen-

eracy), bi-exciton decay time and absorption cross section similar to the band edge of a

single CQD. The state is different from traditional electron or hole surface trap state that

is commonly attributed to in the literature. CQDs of two sizes were studied, and they have

diameters of 4.9nm and 4.2nm with a bandgaps of 1.08eV and 1.3eV, respectively. The trap

states are about -100-200 meV lower in energy compared to the single CQD band gap. The

measured trap state energies therefore corresponds to CQDs with diameter of 4.7 nm for

the 4.2 nm batch and 5.4 nm for the 4.9nm batch, which is about 5-10 standard deviation

away from the mean. No evidence of such large dot was observed in transmission electron

microscopy (TEM) images. However, we do occasionally see two CQDs that appear to be
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touching each other as shown in Figure 4-9.

Figure 4-10: Sideview of the 2 nm diameter PbS CQD. Pb and S atoms are represented
by black and yellow spheres respectively. The colored boxes represent increasing degree of

fusing in the CQD dimers, from 4 (blue) to 12 (green), 16 (orange), and 24 (red) atoms.

Hughes et al.[88] previously observed energetic splitting between the single CQD and

CQD dimer levels, which decreased with increasing CQD size from -150 meV for 3 nm

CQDs to -50 meV for 7 nm CQDs. This size-dependent trend in the energy splitting

was explained using a tight binding model based on the effective mass approximation and

spherical wave functions, with faceted CQDs represented by spherical CQDs of equivalent

volume[129]. This model predicts slightly shallower trap state depth than the 100-200 meV

we observe in our 4 to 5 nm faceted PbS CQDs, but the size-dependent trend is consistent.

To elucidate the origin of the trap states, we DFT calculations. Prototype PbS CQD

(d = 2.0 nm) dimers fused along the {100} facet without surface ligands are considered

in this work. A series of dimers were constructed to represent various degrees of fusing,

as illustrated in Figure 4-10, and their electronic structures and absorption spectra are

compared with a single QD (Figure 4-11). The computed bandgap (1.0 eV) of our 2 nm

CQD is underestimated compared to experiment due to the well-known DFT underestimation

of semiconductor bandgaps, although trends are typically well represented. The calculated

bandgaps of the dimers decrease as the fusing increases, which agrees with previous work

by Huges et al. in which the energy splitting increases as the overlap between the CQDs

increases.

Figure 4-11(b) shows the absorption spectra calculated within the single particle approx-
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Figure 4-11: The absorption spectra (a) and unoccupied orbital (b) and occupied orbital (d)
energies of fused dimers, compared with a single isolated CQD (0 fused atoms).

imation. The first excitation peaks of the dimers are generally redshifted compared to the

single CQD, with the absorption coefficient on the same order of magnitude. Surprisingly,

when two individual CQDs are in direct contact (4 atoms in the fusing plane), there is neg-

ligible shift in the first excitonic peak compared to the single CQD. This is due to the small

hybridization of the wavefunctions when the overlap is small. In fact, the calculated energy

splitting between the symmetric and antisymmetric combinations of the HOMO and LUMO

of single CQDs are less than 10 meV.

As the degree of fusing increases to 12, 16, and 24 atoms, there is significant localization

of the wavefunction around the fused region, creating new LUMO states that are lower in

energy than the LUMO of the single CQD by around 80-160 meV, as shown in Figure 4-

11(b). Given the smaller computed bandgap, the computed LUMO redshifts for the dimers

are in general agreement with our experimentally measured values of 100-200 meV. This

new state is due to quantum confinement effect in the fused region and cannot be explained

using a simple picture of a linear combination of molecular orbitals from individual CQD.

These results demonstrate that it is probably the dimer electron level that is shifted relative

to neighboring individual dots, as the energies of the dimer HOMO are almost unchanged

(Figure 4-11(c). It should be noted that the energy shifts are not directly proportional to
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Figure 4-12: The wavefunction of the HOMO and LUMO of dimers compared with the single

CQD.

the degree of fusing; rather they depend on the exact geometric configuration of the fused

region (Figure 4-12).

We also calculated the electronic structures and absorption spectra for larger CQDs (d

2.5 nm) and their dimers (Figure 4-13). With a computed bandgap of 0.7 eV for the single

CQD, the dimer LUMO states are around 25-50 meV lower in energy. As found in the case

of smaller CQDs, we observe wavefunction localization in the fused region, once a significant
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Figure 4-13: (a) Sideview of the 2.5nm diameter PbS CQD. The colored boxes represent
increasing degree of fusing in the CQD dimers, from 4 (blue) to 12 (green), 16 (orange),
24 (red), and 32 (pink) atoms. The fusing occurs along the {100} facet. (b) Unoccupied
orbitals and (c) occupied orbitals of fused dimers compared with single isolated CQD. (d)
The wavefunction of the LUMO state of a dimer with 12 atoms in the fused plane (top), and
that of the fused dimer with 32 atoms in the fused plane (bottom).

degree of fusing (greater than 12 atoms in the fused plane) is introduced. The energetic shifts

attained in these atomistic calculations are consistent with the experimentally measured

trap state energies and with the expected size-dependent trend. The number of atoms in the

attached facet adds another variable in addition to size dispersity that increases the energetic

disorder of CQD dimers as compared to single CQDs. Thus, we expect a greater linewidth

for the ensemble CQD dimer absorption as compared to the single CQD absorption, which is

observed experimentally for the highly monodisperse CQDs. The lowest energy transitions

of CQD dimers and the degeneracy and absorption cross section of these transitions are

consistent with the assignment of trap states in CQD solids to CQD dimers fused on the

{100} facets.

In light of the assignment of traps in PbS CQD solids to CQD dimers we reexamine the

literature, which has generally assigned trap states to CQD surfaces. Changes in the trap

state density as a result of different ligand treatments[123, 130] may reflect a change in the

likelihood of CQDs fusing, rather than the creation of surface defects. Bozyigit et al.[131]

used thermal admittance spectroscopy to measure the spectrum of electronic trap states in

PbS CQD solids, and found a trap state spectrum that looks similar to a CQD absorption

72



spectrum, consistent with our findings from atomistic simulations of CQD dimers. Speirs

et al.[1321 observed a reduced trap state density and 147 meV increase in the open-circuit

voltage in PbS CQD solar cells following overgrowth of a CdS shell. We propose that the

CdS shell achieves these results by preventing dimer formation, rather than by passivating

surface defects.

Future efforts must carefully optimize CQD synthesis and device fabrication procedures

to avoid the accidental formation of dimers, as they can significantly inhibit CQD device

performance even at very low concentrations of 1 in 1000 CQDs. Improved separation

techniques beyond size-selective precipitations are needed to remove dimers that form during

synthesis. Since additional dimers also readily form during solid state ligand exchange,

solution-phase ligand exchanges[14, 133], followed by purification to remove any dimers, may

be required to form strongly coupled CQD solids free of dimer trap states that can ultimately

boost CQD device efficiency. Finally, we acknowledge that there may be additional trap

states that impact electrical device measurements that cannot be characterized using the

optical techniques demonstrated here. Photoluminescence and absorption are sensitive only

to states with non-vanishing transition dipole moment. Charge-separated states, such as

electron or hole surface traps, may impact CQD device efficiency but may not be observable

using the techniques employed in this study.
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Chapter 5

Luminescent Properties of Defective

CuAS 2

5.1 Luminescent Colloidal Semiconductor Nanocrystals

In the previous two chapters, we have discussed how point defects and dimer defects can affect

the electronic and optical properties of PbS CQDs. In general, they are seen as detrimental

to the device performance by increasing the Stokes shifts and reducing carrier mobility and

Voc by introducing trap states within the semiconductor gap. While a lot of scientific effort

in the PbS community has focused on reducing the defects and trap states densities, there

are other classes of colloidal nanocrystals which rely on defect dopants to manipulate their

luminescence quantum yield. In this chapter we will focus on copper containing, lead free

nanocrystals whereby defects play a crucial role at its luminescent properties.

First going back to bulk cases, luminescent copper-doped semiconductors played a central

role in the emergence of lighting and display technologies. In particular, Cu+-activated ZnS

and related compounds have been integral components of many black-and-white and color

display technologies such as oscilloscopes and televisions. The specific luminescence feature

depends primarily on the ratio of activator (Cu+) to charge-compensating coactivator ions,

both of which are believed to be randomly distributed over substitutional lattice sites.
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Various parallels can be drawn between copper-doped nanocrystals, copper-based nanocrys-

tals and luminescent molecular copper complexes. Figure 5-1 compares the luminescence

mechanism between these systems. In a bulk Cu+-doped semiconductor, deep hole trap-

ping occurs at Cu+ and electron localization around an coactivator (Ala+ in this case) form

a donor-acceptor pair. Recombination of the electron and hole produces the well-known

luminescence.

A Bulk Cu•,A 3•:ZnS B Cu+-doped NC

C- B

2 22

*AP*

CB 
VB

3 -A13+ s
41/\ NV
1v 1 13 hv

Cu+ Cu+
22

Figure 5-1: Cartoon illustrations of the spatial distribution of charges in the luminescent
excited state (top) and orbital energy-level diagrams depicting the luminescence mechanism
(bottom) for (a) Copper doped semiconductor in the bulk, (b) a colloidal Cu+-doped semi-
conductor nanocrystal.

In a colloidal nanocrystal, photoexcitation promotes an electron from the VB to the CB.

The localization of the VB hole to the Cu+ dopant produces a Cu2 +-like ion, similar to the

bulk case. Unlike their bulk counterpart, a donor-like co-dopant to localize the electron is

not needed as the CB electron is delocalized over the entire nanocrystal. This increases the

average wavefunction overlap of the electron and hole compared to the bulk case, giving rises

to shorter luminescence lifetimes. In addition, charge compensation is easily achieved in the

nanocrystal due to the proximity of the nanocrystal surface.
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Copper-based semiconductors nanocrystals exhibit luminescence spectra with energy and

lineshape that are very similar to copper-doped nanocrystals. We can therefore learn a lot

about their photophysics by drawing known knowledge from the latter system, which are

much more well understood. Nanocrystals of this class include CuA 2 , CuFeS2 , CuInSe2 and

Cu2 ZnSn(Si.,Se,) 4 , and they have all exhibited promising luminescent properties that can

have wide range of applications in optoelectronics and photovoltaics. In particular, it has

been reported that copper-deficient CuInS 2 has brightest samples when the ratio of Cu:In is

from 0.4 to 0.8[134-136]. ZnS and CdS shell growth has also contributed to the increase in

PL quantum yield in CuInS2[137, 138].

Here, we propose that ternary CQDs are potential quantum optical materials due to

the intrinsic propensity to form crystalline defects that can act as color centers. As proof-

of-concept, we report on a less explored system of Cu-deficient Cu-Al-S (CAS) nanocrys-

tals with ZnS shells and demonstrate the ability to host luminescent-defect color-centers.

Our Cu-deficient CAS nanocrystals benefit from the fixed electronic structure of defects,

which are largely dictated by local chemical environment rather than the physical size of the

nanocrystal, leading to more homogeneous optical properties among particles.

Optical characterization revealed that CAS could be readily described by a three-level

electronic structure described in Figure 5-2. 2D excitation spectroscopy (Figure 5-2(a) re-

vealed three active domains: (AAbsorbance (nm) /APL (nm)) 370/390, 440/450, 370/450. We

assign the 370/390 transition to band-edge processes, though shallow defects may play a

role. The 440/450 transition can be described as an intra-band gap state near the conduc-

tion band since the Stokes shift is small. The 370/450 transition implies effective energy

transfer between the 370/390 and 440/450 states. Furthermore, normalization of the 2D

excitation spectrum to the PLmax (-450 nm) (Figure 5-2(b) reveals that the -450 nm PL

is independent of the wavelength of excitation. 1D absorbance/PL plots (Figure 5-2(c)(e))

provide further evidence of this three-state system (Figure 5-2(d). There are relatively few

reports describing CAS nanocrystals, making direct literature comparison difficult[140-144].

Stoichiometric CuAS2 nanostructures are reported to have a band gap of 377.5 nm, 356
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Figure 5-2: (a) Room temperature 2D excitation spectrum of CAS. (b) 2D excitation spec-
trum of CAS nanocrystals with normalized PL intensity for each excitation wavelength,
revealing a stationary -450 nm emission profile that is independent of excitation wave-
length. (c) Ensemble Absorbance/PL of CAS nanocrystals, where the absorbance profile
is normalized to the -440 nm transition. (d) Basic energy diagram describing the four
dominant optical transitions (absorbance: -370, -440 nm; PL: -390, -450 nm) observed
in the (a)-(d), which can be readily explained by a three-state model. e) Ensemble Ab-
sorbance/PL of CAS nanocrystals, where the absorbance profile is normalized to the -370
nm transition.[139].

nm, and 363 nm. To our best knowledge, there are no studies regarding the purposeful

incorporation of defects into CAS nanostructures. However, various reports describing solid

state CuAlS2 aid in understanding the origin of the optical properties observed in CuAlS 2.

Aksenov and Sato reported a bright -450 nm PL transition in Zn-doped CuAS 2 powders,

which they assigned to Zn-originated and native defects[145]. Similarly, Aksenov et al. noted

that higher Zn-doping contributed to an improvement in the quantum efficiency of this -450

nm PL transition[146]. In contrast, we find that the optical transitions do not arise from

the presence of Zn2+-based on control experiments in which Zn2+ is not used in an otherwise

identical synthesis, where the same optical transitions are apparent.
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5.2 Defects-Mediated Luminescence

To understand the origins of the optical transitions, we performed DFT calculations. The sto-

ichiometric chalcopyrite family of semiconductors has been well studied using first-principles

methods[147-149]. The formation and thermodynamics transition energies of various points

defects and defect complexes have been investigated. In addition, chalcopyrite semiconduc-

tors are known to exhibit high structural tolerance to large off-stoichiometry, resulting in

various stable ordered defect compounds (ODC) such asCuX5 Ys, CuX3Y, Cu 2 X4Y 7 and

Cu3X 5Y 9, where X=In, Ga, Al and Y =S, Se.

We first calculated the electronic structure and defect transition energies of stoichiometric

CuAlS 2 using the PBE0 hybrid functional. Figure 5-3(a) shows the conventional unit cell

of CuAlS 2 with the tetrahedron of sulphur atoms around metal atoms are shown. The

bandstructure and PDOS show a direct bandgap of around 3.71eV at l' point, which is

slightly higher than previous reports. The thermodynamics defect transition energies are

also similar with previously published results[149]. From an energetics point of view, there

are several discrepancies between the experimentally measure absorbance and PL peaks,

and calculated electronic structure. Firstly, the bandgap is about 0.35-0.53 eV higher than

that of the 370/390 nm (3.18-3.35 eV) bandedge transition. Using the "free-to-bound"

mechanism commonly associated with colloidal nanocrystal, the only defect transition that

has an energy close to the 440/450 nm (2.76-2.82) is theVA(-2/-1) at an energy of 2.64

eV relative to the CBM. This is unlikely since our sample is copper-deficient, making the

formation of aluminum vacancy energetically unfavorable. The fact that we can see the 440

nm transition in the absorption spectra indicates that the defect state should be closer to

the CB, rather than the VB.

The other possible candidate is the donor-acceptor pair Vcu(-1/0) and Alcu(+1/+2),

with a transition energy of 2.76eV. This defect pair has been seen in similar systems, and are

commonly associated with the formation of the ODCs. We note that the thermodynamic

transition level is only an approximation to the true optical transition levels. Due to the

small Stokes shift observed for the same electronic transitions, our thermodynamic transitions
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energies are a good approximation to the actual optical transition energies.
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Figure 5-3: (a) The conventional unit cell of CuAlS 2. The copper, aluminum and sulfur atoms
are represented by blue, pink and yellow atoms. The tetrahedron of sulphur atoms near the
metal atoms are shown. (b) The bandstructure of CuAlS2 along high symmetry lines in
the Brillouin zone, and PDOS. (c) Calculated thermodynamics transition energies of various
defects, with the corresponding charge states for these transitions given in parentheses. Only
defect transitions within the bandgap are shown.

However, given our experimental elemental composition, we propose that the nanocrys-

tals are structurally more similar to the ODC CuAl 5S, and that the PL arises from the

defect centers present in the ODC. The unit cell proposed by Zhang et al serves as the

pristine semiconductor (Figure 5-4(a)) and we investigated their thermodynamic and defect

properties[. Figure 5-4(b) shows the band structure CuAl5 S8 calculated using PBEO hybrid

functional along high symmetry points in the Brillouin zone.

CuAl 5 S8 has a direct bandgap of 3.32eV at F point, the PDOS exhibits similar charac-

teristics to the CuAlS2 crystal, with the valence bands near the Fermi level dominated by

Cu(3d) orbitals and S(3p) orbitals and the conduction bands dominated by Al(3s) and (3p)

orbitals. The bulk bandgap energy agrees very well with the experimental PL transition

of 390 nm. The thermodynamic defect transitions levels for various point defects that lie

within the bandgap are shown in Figure 5-4(c). The interstitial sites are the sites that would

have been occupied by either a Cu or Al atoms in the stoichiometric CuAS 2. The relative

formation energies for all the defects at for various defect sites differ by no more than 20

meV. From an energetics point of view, there are a few possible transitions that might be

the origins of the photoluminescence. If the PL mechanism is of the free-to-bound type[23],
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Figure 5-4: (a) The conventional unit cell of CuAl5 S8 . The copper, aluminum and sulfur

atoms are represented by blue, pink and yellow atoms. The tetrahedron of sulphur atoms near

the metal atoms are shown. (b) The bandstructure of CuAl5 S 8 along high symmetry lines in

the Brillouin zone, and PDOS. (c) Calculated thermodynamics transition energies of various

defects, with the corresponding charge states for these transitions given in parantheses. Only
defect transitions within the bandgap are shown.

then Vcu(-1/0), VAl(-2/-1) and Alcu(+1/+2) transition have energies of 2.68eV, 2.71eV and

2.62eV respectively, which are close to the measured transition energy of 440-450nm (2.76-

2.82eV). Again, ss we can excite the defect levels directly through the absorption spectra, we

think that the defect level lies near to the CB. This would exclude the Vcu(-1/), VAI(-2/-1)

defect transitions as they lie close to the VB, leaving Alcu(+1/+2) the most likely transition.

We then performed thermodynamic calculations to assess the formation energies of the

defects. At equilibrium, the Gibbs free energy of formation for CuAl5 S 8 with respect to its

elemental species is given by

AGeuAi5s= Apcu + 5ApAI+ 8Aps (5.1)

where Api = pi - p is the difference between the absolute chemical potential of species

i and those at the standard reference state. The allowed values of pti are bound to preserve

the stability of CuAl5 S 8 to avoid precipitation of the elemental solid and other competing

phases. These constrains are summarized by the following inequalities
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The Gibbs free energy of the compounds can be approximated by their total DFT energies

by ignoring the small contributions from Helmholtz vibrational energy and pressure volume

term[149].

Equation 5.1 can then be rewritten as

AGcuAs8 =ECuFAiS 8 - ET - 5EAFT- 8 ESFT (5.6)
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Figure 5-6: Formation energies of all defects shown in Figure 5-5 with the Fermi energy EF

at the CBM.

where EDFT is the DFT total energy of the respective material in their solid standard

states. As the PBEO approximation does not provide accurate energies for metals, EDFTU

and EDFTI are calculated using-the experimental standard formation enthalpies, AH° of

Al2S 3 andCu 2S[150].

Figure 5-5 shows the boundary of stability of CuAl5 S8 against competing phases of

Cu2 S[151], CuAlS 2[152] and A12 S3[153], as well as the elemental solid of Cu and Al. We

set the Fermi energy EFat the VBM in Equation 2.16 since defective CuAlS 2 is known to

be intrinsically p-type semiconductor[153]. Figure 5-6 then shows that in that going from

regions (1) to (5), the most stable defects are I , Al2, VIu, V- and back to I+u. This

shows that our candidate defect, Al12 can be stable whenAA1 0 and -1 < Atcu < 0.

This condition actually might closely resemble our synthesis condition, where elemental com-

position of Al:Cu - 8:1, indicating a negative copper chemical potential compared to that

of aluminum.
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Figure 5-7: Cartoon illustrations of the orbital energy level diagrams depicting the lumines-
cence mechanism in Cu-deficient Cu-Al-S nanocrystal.

To further understand the optical behavior of our system, we contrast against Cu-In-

S CQDs, the best studied ternary CQD material. Cu-In-S CQDs are reported to exhibit

compositional flexibility in which crystalline vacancies and substitutions can exist without

quenching photoluminescence. While there is ongoing debate regarding the exact origin of

the intraband gap state that leads to the large Stokes shift, long PL lifetime, and broad PL

lineshape intrinsic to Cu-In-S CQDs, the system complexity can be reduced by noting the

intraband gap state is found near the valence band. In stark contrast, we find that CAS

are better characterized by an intraband gap state near the conduction band. From optical

characterization aided by computational calculations, we propose this near-conduction band

state to arise from the substitutional defect Alcu enabled by the Cu-deficient synthetic

conditions.

Our calculations show that the band edge and free-to-bound mechanism involving the

defect transitions near the conduction band in the ODC CuAl5 Ss best describes the ex-

perimentally observed absorption and PL spectra. It is interesting to note that compared

to the stoichiometric CuAlS 2, the CuAl 5 S8 essentially is made up of "a sea of V-. The

other common accepted mechanism for luminescence in these systems is the donor-acceptor
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picture. Our observations can be similarly explained using a donor-acceptor picture involv-

ing a defect complex Al2 + V-, as shown in Figure 5-7. We therefore propose that in

non-stoichiometric CAS nanocrystals, the free-to-bound and donor-acceptor mechanisms are

essentially equivalent; they represent the same physical phenomenon in different frames of

reference.

In conclusion, we have identified the luminescent mechanism in a colloidal nanocrystal

made of green and Earth-abundant materials. The defects dominated transitions can be

interpreted using two equivalent picture, depending on the host semiconductor. This provides

insights into our fundamental understanding of these systems and provide evidence that the

two common luminescent mechanisms are the same for a defective material system. Again

we showed that computational tools have provided insights that are not easily accessible

to experimental techniques. These new materials are promising for bio-imaging, LED and

other optoelectronic applications. Improving our understanding of their fundamental PL

mechanism provides us with strategies to control and manipulate these defects to control

their optoelectronic properties.
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Chapter 6

Conclusion and Outlook

The growing computational capabilities has ushered in a modern era of materials design

for systems spanning a wide range of scales. Computational methods can couple closely

with experiments to understanding, discover and design the next generation of materials for

many applications. This thesis has enable a deeper understanding of the energy conversion

mechanism in complex materials with atomistic details, leading to improved performance of

solar cells.

The NREL chart has shown a rapid growth in the efficiency of CQD-PV rising from 3%

in 2010 to 16.6% in 2019. This rise can be attributed to various factors such as improved

synthesis, device architecture and surface chemistry modifications. As defects are ubiqui-

tous in CQDs since they are synthesized in a wet chemistry method, this thesis provided

a systematical investigated on their roles at the atomistic level. At the core, we have de-

veloped an improved understanding of the fundamental structure, electronic, optical and

transport properties of these nanoscale PV materials. This understanding will allow us to

continuously transform the PV technology landscape with improved efficiency and device

stability. The methodologies and synergistic approaches presented in this thesis improved

our understanding on this class of material.

In Chapter 3, we discussed how intrinsic, charged and stable defects on the surface of

PbS CQDs drastically increase the FC, and therefore their total Stokes shift. One of the
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most challenging parameter to improve for PbS CQD-PV is the Vo, and large Stokes shift as

seen in experiments is partly responsible. We have now provided another reason to improve

the surface passivation strategies in synthesis to get rid of such defects and increase the Voc.

We also systematically quantified contributions from the effects from film polydispersity and

surface ligands.

Following the advances we made to a single CQD, we then moved on to understanding

PbS CQD films. In Chapter 4, we investigated how the carrier mobilities, another important

parameter in PV performance, can be tuned by changing the superlattice structure. We

focused on the extreme fusing regime whereby CQDs are directly fused with each other

in the absence of ligands. This again demonstrated the power of computational tools at

studying systems that are not easily accessible to experiments. Using those results, strategies

to improve the carrier mobilities in PbS CQD solids were suggested. When superlattice

structures deviate from those ideal situations, trap states were observed. These, together

with our experimental collaborators, were caused by the presence of dimers in the film.

These dimer defects result in trap states, and provide a very different interpretation of

existing literatures where surface traps were blamed as the main culprit.

Then in Chapter 5, we moved away from PbS CQD and investigated ternary copper-based

nanocrystal CuAlS 2. In contrast to aforementioned PbS systems, defects are abundant in

these nanocrystals as the structures can tolerate a high degree of off-stoichiometry. Instead of

being detrimental to the optical properties, we showed that they are essentially color centers,

showing high quantum yield and bright luminescence. We identified the defect center and

this understanding would allow us to selectively change the defect concentration to improve

the performance of these devices, through ZnS shelling.

It is our hope that the impacts of works in this thesis will not be limited to CQD

PV, but beneficial to other optoelectronic devices, for example in solar concentrators or

LED. First, the Stokes shift is in general one of the most important optical properties in

solar concentrators: when the Small Stokes shift would also decrease the efficiency of solar

concentrators due to reabsorption. Next, the presence of dimer traps in devices can also
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decrease the quantum yield of LEDs since they provide a non-radiative pathway for the carrier

to recombine. Lastly, the presence of the intrinsic defect states provide in general a large

Stokes shift and as a result, high quantum yield for LED applications. The broadband PL

nature from the various defects level also provide application as white lightning technology.

We believe that this set of improved understanding of defect properties will impact a number

of optoelectronic devices based on CQD materials, including PV, LED, and bioimaing etc.

89



90



Bibliography

(1) Ameri, T.; Li, N.; Brabec, C. J. Energy Environ. Sci. 2013, 6, 2390-2413.

(2) Raza, M. Q.; Nadarajah, M.; Ekanayake, C. Solar Energy 2016, 136, 125-144.

(3) Jean, J.; Brown, P. R.; Jaffe, R. L.; Buonassisi, T.; Bulovid, V. Energy and Environ-

mental Science 2015, 8, 1200-1219.

(4) https://www.nrel.gov/pv/cell-efficiency.html.

(5) Wei, S. H.; Zunger, A. Physical Review B - Condensed Matter and Materials Physics

1997, 55, 13605-13610.

(6) An, J. M.; Franceschetti, A.; Zunger, A. Nano Letters 2007, 7, 2129-2135.

(7) Kohn, S. E.; Yu, P. Y.; Petroff, Y.; Shen, Y. R.; Tsang, Y.; Cohen, M. L. Physical

Review B 1973, 8, 1477-1488.

(8) Colvin, V. L.; Schlamp, M. C.; Alivisatos, a. P. Nature 1994, 370, 354-357.

(9) Shirasaki, Y.; Supran, G. J.; Bawendi, M. G.; Bulovi6, V. Nature Photonics 2013,

7,933-933.

(10) Konstantatos, G.; Howard, I.; Fischer, A.; Hoogland, S.; Clifford, J.; Klen, E.; Levina,

L.; Sargent, E. H. Nature 2006, 442, 180-183.

(11) Clifford, J. P.; Konstantatos, G.; Johnston, K. W.; Hoogland, S.; Levina, L.; Sargent,

E. H. Nature Nanotechnology 2009, 4, 40-44.

91



(12) Carey, G. H.; Kramer, I. J.; Kanjanaboos, P.; Moreno-Bautista, G.; Voznyy, 0.;

Rollny, L.; Tang, J. A.; Hoogland, S.; Sargent, E. H. ACS Nano 2014, 8, 11763-

11769.

(13) Chuang, C.-H. M.; Brown, P. R.; Bulovi6, V.; Bawendi, M. G. Nature materials 2014,

13, 796-801.

(14) Liu, M.; Voznyy, 0.; Sabatini, R.; Garia De Arquer, F. P.; Munir, R.; Balawi, A. H.;

Lan, X.; Fan, F.; Walters, G.; Kirmani, A. R.; Hoogland, S.; Laquai, F.; Amassian,

A.; Sargent, E. H. Nature Materials 2017, 16, 258-263.

(15) Yang, S.; Prendergast, D.; Neaton, J. B. Nano Letters 2012, 12, 383-388.

(16) Ellingson, R. J.; Beard, M. C.; Johnson, J. C.; Yu, P.; Micic, 0. I.; Nozik, A. J.;

Shabaev, A.; Efros, A. L. Nano Letters 2005, 5, 865-871.

(17) Shockley, W.; Queisser, H. J. Journal of Applied Physics 1961, 32, 510.

(18) Semonin, 0. E.; Luther, J. M.; Choi, S.; Chen, H.-Y.; Gao, J.; Nozik, A. J.; Beard,

M. C. Science 2011, 334, 1530-1533.

(19) Kim, D.; Kim, D. H.; Lee, J. H.; Grossman, J. C. Physical Review Letters 2013, 110,

196802.

(20) Dalpian, G. M.; Chelikowsky, J. R. Physical Review Letters 2006, 96, 1-4.

(21) Reiss, P.; Carriere, M.; Lincheneau, C.; Vaure, L.; Tamang, S. Chemical Reviews

2016, 116, 10731-10819.

(22) Coughlan, C.; Ibdiez, M.; Dobrozhan, 0.; Singh, A.; Cabot, A.; Ryan, K. M. Chemical

Reviews 2017, 117, 5865-6109.

(23) Knowles, K. E.; Hartstein, K. H.; Kilburn, T. B.; Marchioro, A.; Nelson, H. D.;

Whitham, P. J.; Gamelin, D. R. Chemical Reviews 2016, 116, 10820-10851.

(24) Pan, Z.; Mora-Sero, I.; Shen, Q.; Zhang, H.; Li, Y.; Zhao, K.; Wang, J.; Zhong, X.;

Bisquert, J. Journal of the American Chemical Society 2014, 136, 9203-9210.

(25) P. Hohenberg, W. K. Physical Review 1964, 136, B864-B871.

92



(26) Kohn, W.; Sham, L. J. Phys. Rev. 1965, 140, A1133-A1138.

(27) Payne, M. C.; Teter, M. P.; Allan, D. C.; Arias, T. A.; Joannopoulos, J. D. Rev. Mod.

Phys. 1992, 64, 1045-1097.

(28) Perdew, J. P.; Burke, K.; Ernzerhof, M. Physical Review Letters 1996, 77,3865-3868.

(29) Perdew, J. P.; Ernzerhof, M.; Burke, K. Journal of Chemical Physics 1996, 105,

9982-9985.

(30) Kresse, G.; Furthmiiller, J. Physical Review B 1996, 54, 11169-11186.

(31) Kresse, G.; Furthmiiller, J. Computational Materials Science 1996, 6, 15-50.

(32) B16chl, P. E. Physical Review B 1994, 50, 17953-17979.

(33) Freysoldt, C.; Grabowski, B.; Hickel, T.; Neugebauer, J.; Kresse, G.; Janotti, A.; Van

De Walle, C. G. Reviews of Modern Physics 2014, 86, 253-305.

(34) Makov, G.; Payne, M. Physical Review B 1995, 51, 4014-4022.

(35) Freysoldt, C.; Neugebauer, J.; Van De Walle, C. G. Physical Review Letters 2009,

102, 1-4.

(36) Freysoldt, C.; Neugebauer, J.; Van de Walle, C. G. Physica Status Solidi (B) Basic

Research 2011, 248, 1067-1076.

(37) Meinardi, F.; Colombo, A.; Velizhanin, K. A.; Simonutti, R.; Lorenzon, M.; Beverina,

L.; Viswanatha, R.; Klimov, V. I.; Brovelli, S. Nat Photon 2014, 8, 392-399.

(38) Li, X.; Wu, Y.; Zhang, S.; Cai, B.; Gu, Y.; Song, J.; Zeng, H. Advanced Functional

Materials 2016, n/a-n/a.

(39) Ushakova, E. V.; Litvin, A. P.; Parfenov, P. S.; Fedorov, A. V.; Artemyev, M.; Prud-

nikau, A. V.; Rukhlenko, I. D.; Baranov, A. V. A CS Nano 2012, 6, 8913-8921.

(40) Bagga, A.; Chattopadhyay, P. K.; Ghosh, S. Proceedings of the 14th International

Workshop on the Physics of Semiconductor Devices, IWPSD 2007, 876-879.

(41) Puzder, A.; Williamson, A. J.; Grossman, J. C.; Galli, G. Journal of the American

Chemical Society 2003, 125, 2786-2791.

93



(42) Franceschetti, A.; Pantelides, S. T. Phys. Rev. B 2003, 68, 33313.

(43) Nirmal, M.; Norris, D. J.; Kuno, M.; Bawendi, M. G.; Efros, A. L.; Rosen, M. Physical

Review Letters 1995, 75, 3728-3731.

(44) Norris, D. J.; Efros, A.; Rosen, M.; Bawendi, M. Physical Review B 1996, 53,16347-

16354.

(45) Efros, A. L.; Rosen, M.; Kuno, M.; Nirmal, M.; Norris, D.; Bawendi, M. Physical

Review B - Condensed Matter and Materials Physics 1996, 54, 4843-4856.

(46) Mack, T. G.; Jethi, L.; Kambhampati, P. The Journal of Physical Chemistry C 2017,

121,28537-28545.

(47) Mooney, J.; Saari, J. I.; Myers Kelley, A.; Krause, M. M.; Walsh, B. R.; Kambham-

pati, P. Journal of Physical Chemistry B 2013, 117, 15651-15658.

(48) Jethi, L.; Mack, T. G.; Krause, M. M.; Drake, S.; Kambhampati, P. ChemPhysChem

2016, 17, 665-669.

(49) Jethi, L.; Mack, T. G.; Kambhampati, P. Journal of Physical Chemistry C 2017,

121,26102-26107.

(50) Sagar, D. M.; Cooney, R. R.; Sewall, S. L.; Dias, E. A.; Barsan, M. M.; Butler,

I. S.; Kambhampati, P. Physical Review B - Condensed Matter and Materials Physics

2008, 77, 1-14.

(51) Mooney, J.; Krause, M. M.; Saari, J. I.; Kambhampati, P. The Journal of Chemical

Physics 2013, 138, 204705.

(52) Fern6e, M. J.; Thomsen, E.; Jensen, P.; Rubinsztein-Dunlop, H. Nanotechnology

2006, 17, 956-962.

(53) Schaller, R. D.; Crooker, S. A.; Bussian, D. A.; Pietryga, J. M.; Joo, J.; Klimov, V. I.

Physical Review Letters 2010, 105, 067403.

(54) Leitsmann, R.; Bechstedt, F. A CS Nano 2009, 3, 3505-3512.

94



(55) Grinolds, D. D. W.; Brown, P. R.; Harris, D. K.; Bulovic, V.; Bawendi, M. G. Nano

Letters 2015, 15, 21-26.

(56) An, J. M.; Franceschetti, A.; Dudiy, S. V.; Zunger, A. Nano Letters 2006, 6, 2728-

2735.

(57) Caram, J. R.; Bertram, S. N.; Utzat, H.; Hess, W. R.; Carr, J. A.; Bischof, T. S.;

Beyler, A. P.; Wilson, M. W.; Bawendi, M. G. Nano Letters 2016, 16,6070-6077.

(58) Zhitomirsky, D.; Voznyy, 0.; Hoogland, S.; Sargent, E. H. ACS Nano 2013, 7,5282-

5290.

(59) Lee, S.; Zhitomirsky, D.; Grossman, J. C. Advanced Functional Materials 2016, 26,

1554-1562.

(60) Zhitomirsky, D.; Kramer, I. J.; Labelle, A. J.; Fischer, A.; Debnath, R.; Pan, J.;

Bakr, 0. M.; Sargent, E. H. Nano Letters 2012, 12, 1007-1012.

(61) Murray, C. B.; Kagan, C. R.; Bawendi, M. G. Annual Review of Materials Science

2000, 30, 545-610.

(62) Weidman, M. C.; Beck, M. E.; Hoffman, R. S.; Prins, F.; Tisdale, W. A. A CS Nano

2014, 8, 6363-6371.

(63) Gilmore, R. H.; Lee, E. M.; Weidman, M. C.; Willard, A. P.; Tisdale, W. A. Nano

Letters 2017, 17, 893-901.

(64) Voznyy, 0.; Levina, L.; Fan, F.; Walters, G.; Fan, J. Z.; Kiani, A.; Ip, A. H.; Thon,

S. M.; Proppe, A. H.; Liu, M.; Sargent, E. H. Nano Letters 2017, 17, 7191-7195.

(65) Kim, J. Y.; Voznyy, 0.; Zhitomirsky, D.; Sargent, E. H. Advanced Materials 2013,

25,4986-5010.

(66) Carey, G. H.; Abdelhady, A. L.; Ning, Z.; Thon, S. M.; Bakr, 0. M.; Sargent, E. H.

Chemical Reviews 2015, 115, PMID: 26106908, 12732-12763.

(67) Brown, P. R.; Kim, D.; Lunt, R. R.; Zhao, N.; Bawendi, M. G.; Grossman, J. C.;

Bulovi, V. A CS Nano 2014, 8, 5863-5872.

95



(68) Manna, L.; Scher, E. C.; Alivisatos, A. P. Journal of the American Chemical Society

2000, 122, 12700-12706.

(69) Giansante, C.; Infante, I.; Fabiano, E.; Grisorio, R.; Suranna, G. P.; Gigli, G. Journal

of the American Chemical Society 2015, 137, 1875-1886.

(70) Anderson, N. C.; Hendricks, M. P.; Choi, J. J.; Owen, J. S. Journal of the American

Chemical Society 2013, 135, 18536-18548.

(71) Tang, J.; Brzozowski, L.; Barkhouse, D. A. R.; Wang, X.; Debnath, R.; Wolowiec, R.;

Palmiano, E.; Levina, L.; Pattantyus-Abraham, A. G.; Jamakosmanovic, D.; Sargent,

E. H. A CS Nano 2010, 4, 869-878.

(72) Lan, X.; Voznyy, 0.; Garcia De Arquer, F. P.; Liu, M.; Xu, J.; Proppe, A. H.; Walters,

G.; Fan, F.; Tan, H.; Liu, M.; Yang, Z.; Hoogland, S.; Sargent, E. H. Nano Letters

2016, 16, 4630-4634.

(73) Moreels, I.; Lambert, K.; Muynck, D. D.; Vanhaecke, F.; Poelman, D.; Martins, J. C.;

Allan, G.; Hens, Z. Chemistry of Materials 2007, 19, 6101-6106.

(74) Zherebetskyy, D.; Scheele, M.; Zhang, Y.; Bronstein, N.; Thompson, C.; Britt, D.;

Salmeron, M.; Alivisatos, P.; Wang, L.-W. Science 2014, 344, 1380-1384.

(75) Zherebetskyy, D.; Wang, L. W. The Journal of Physical Chemistry Letters 2015, 6,

4711-4716.

(76) Choi, H.; Ko, J.-h.; Kim, Y.-h.; Jeong, S. Journal of the American Chemical Society

2013, 135, 5278-5281.

(77) Somayajulu, G. R. The Journal of Chemical Physics 1958, 28, 814.

(78) Litvin, A. P.; Parfenov, P. S.; Ushakova, E. V.; Fedorov, A. V.; Artemyev, M. V.;

Prudnikau, A. V.; Golubkov, V. V.; Baranov, A. V. Journal of Physical Chemistry

C 2013, 117, 12318-12324.

(79) Cao, Y.; Stavrinadis, A.; Lasanta, T.; So, D.; Konstantatos, G. Nature Energy 2016,

1, 16035.

96



(80) Zhang, Y.; Zherebetskyy, D.; Bronstein, N. D.; Barja, S.; Lichtenstein, L.; Alivisatos,

A. P.; Wang, L.-W.; Salmeron, M. ACS Nano 2015, 9,10445-10452.

(81) Warner, J. H.; Thomsen, E.; Watt, A. R.; Heckenberg, N. R.; Rubinsztein-Dunlop,

H. Nanotechnology 2005, 16, 175-179.

(82) Peters, J. L.; Van Den Bos, K. H.; Van Aert, S.; Goris, B.; Bals, S.; Vanmaekelbergh,

D. Chemistry of Materials 2017, 29, 4122-4128.

(83) Kagan, C.; Murray, C.; Nirmal, M.; Bawendi, M. Physical Review Letters 1996, 76,

1517-1520.

(84) Balazs, D. M.; Matysiak, B. M.; Momand, J.; Shulga, A. G.; Ibafiez, M.; Kovalenko,

M. V.; Kooi, B. J.; Loi, M. A. Advanced Materials 2018, 30, DOI: 10.1002/adma.

201802265.

(85) Balazs, D. M.; Loi, M. A. Advanced Materials 2018, 30, DOI: 10 .1002/adma.

201800082.

(86) Liu, Y.; Gibbs, M.; Puthussery, J.; Gaik, S.; Ihly, R.; Hillhouse, H. W.; Law, M. Nano

Letters 2010, 10, 1960-1969.

(87) Li, H.; Lusk, M. T.; Collins, R. T.; Wu, Z. A CS Nano 2012, 6, 9690-9699.

(88) Hughes, B. K.; Blackburn, J. L.; Kroupa, D.; Shabaev, A.; Erwin, S. C.; Efros, A. L.;

Nozik, A. J.; Luther, J. M.; Beard, M. C. Journal of the American Chemical Society

2014, 136, 4670-4679.

(89) Baumgardner, W. J.; Whitham, K.; Hanrath, T. Nano Letters 2013, 13,3225-3231.

(90) Hanrath, T.; Veldman, D.; Choi, J. J.; Christova, C. G.; Wienk, M. M.; Janssen,

R. A. J. ACS Applied Materials and Interfaces 2009, 1, 244-250.

(91) Weidman, M. C.; Smilgies, D.-M.; Tisdale, W. A. Nature Materials 2016,1-8.

(92) Weidman, M. C.; Smilgies, D. M.; Tisdale, W. A. Nature Materials 2016, 15, 775-

781.

97



(93) Evers, W. H.; Goris, B.; Bals, S.; Casavola, M.; De Graaf, J.; Roij, R. V.; Dijkstra,

M.; Vanmaekelbergh, D. Nano Letters 2013, 13, 2317-2323.

(94) Kovalenko, M. V. et al. ACS Nano 2015, 9,1012-1057.

(95) Wu, Y.; Li, S.; Gogotsi, N.; Zhao, T.; Fleury, B.; Kagan, C. R.; Murray, C. B.; Baxter,

J. B. The Journal of Physical Chemistry C 2017, acs.jpc.6b12327.

(96) Kalesaki, E.; Evers, W. H.; Allan, G.; Vanmaekelbergh, D.; Delerue, C. Physical

Review B - Condensed Matter and Materials Physics 2013, 88, 1-9.

(97) Kalesaki, E.; Delerue, C.; Morais Smith, C.; Beugeling, W.; Allan, G.; Vanmaekel-

bergh, D. Physical Review X 2014, 4, 1-12.

(98) Yu, W. W.; Falkner, J. C.; Shih, B. S.; Colvin, V. L. Chemistry of Materials 2004,

16,3318-3322.

(99) Chu, I. H.; Radulaski, M.; Vukmirovic, N.; Cheng, H. P.; Wang, L. W. Journal of

Physical Chemistry C 2011, 115, 21409-21415.

(100) Whitham, K.; Yang, J.; Savitzky, B. H.; Kourkoutis, L. F.; Wise, F.; Hanrath, T.

Nature Materials 2016, 1-8.

(101) Choi, J. H.; Fafarman, A. T.; Oh, S. J.; Ko, D. K.; Kim, D. K.; Diroll, B. T.; Mu-

ramoto, S.; Gillen, J. G.; Murray, C. B.; Kagan, C. R. Nano Letters 2012, 12,2631-

2638.

(102) Lee, J.-S.; Kovalenko, M. V.; Huang, J.; Chung, D. S.; Talapin, D. V. Nature Nan-

otechnology 2011, 6, 348-352.

(103) Evers, W. H.; Schins, J. M.; Aerts, M.; Kulkarni, A.; Capiod, P.; Berthe, M.; Grandi-

dier, B.; Delerue, C.; Zant, H. S. J. V. D.; Overbeek, C. V.; Peters, J. L.; Vanmaekel-

bergh, D.; Siebbeles, L. D. A. Nature Communications 2015, 6,8195.

(104) Li, H.; Zhitomirsky, D.; Dave, S.; Grossman, J. C. A CS Nano 2016, 10, 606-614.

(105) Bardeen, J.; Shockley, W. Physical Review 1950, 80, 72-80.

(106) Madsen, G. K.; Singh, D. J. Computer Physics Communications 2006, 175, 67-71.

98



(107) Hummer, K.; Griineis, A.; Kresse, G. Physical Review B 2007, 75, 195211.

(108) Zhang, Y.; Ke, X.; Chen, C.; Yang, J.; Kent, P. R. C. Physical Review B 2009, 80,

1-12.

(109) Gibbs, Z. M.; Ricci, F.; Li, G.; Zhu, H.; Persson, K.; Ceder, G.; Hautier, G.; Jain, A.;

Snyder, G. J. npj Computational Materials 2017, 3, 1-6.

(110) Ravich, Y. I.; Efimova, B. A.; Tamarchenko, V. I. Physica Status Solidi (B) 1971,

43,453-469.

(111) Allgaier, R. S.; Scanlon, W. W. Physical Review 1958, 111, 1029-1037.

(112) Fang, C.; Van Huis, M. a.; Vanmaekelbergh, D.; Zandbergen, H. W. A CS Nano 2010,

4, 211-218.

(113) Kang, M. S.; Sahu, A.; Norris, D. J.; Frisbie, C. D. Nano letters 2010, 10, 3727-3732.

(114) Scheele, M.; Engel, J. H.; Ferry, V. E.; Hanifi, D.; Liu, Y.; Alivisatos, A. P. ACS

Nano 2013, 7,6774-6781.

(115) Lee, M.; Teuscher, J.; Miyasaka, T.; Murakami, T.; Snaith, H. J. Science 2012, 338,

643-647.

(116) Liu, Y.; Kim, D.; Morris, 0. P.; Zhitomirsky, D.; Grossman, J. C. A CS Nano 2018,

acsnano.8b00132.

(117) Boneschanscher, M.; Evers, W. H.; Geuchies, J. J.; Altlantzis, T.; Goris, B.; Rabouw,

F.; van Rossum, S. a. P.; van der Zant, H. S. J.; Siebbeles, L. D. a.; Van Tendeloo, G.;

Swart, I.; Hilhorst, J.; a.V. Petukhov; Bals, S.; Vanmaekelbergh, D. Science 2014,

344, 1377-1380.

(118) Gilmore, R. H.; Liu, Y.; Shcherbakov-Wu, W.; Dahod, N. S.; Lee, E. M.; Weidman,

M. C.; Li, H.; Jean, J.; Bulovi6, V.; Willard, A. P.; Grossman, J. C.; Tisdale, W. A.

Matter 2019, 1, 250-265.

(119) Chuang, C.-H. M.; Maurano, A.; Brandt, R. E.; Hwang, G. W.; Jean, J.; Buonassisi,

T.; Bulovi6, V.; Bawendi, M. G. Nano Letters 2015, 15, 3286-3294.

99



(120) Zhitomirsky, D.; Voznyy, 0.; Levina, L.; Hoogland, S.; Kemp, K. W.; Ip, A. H.; Thon,

S. M.; Sargent, E. H. Nature Communications 2014, 5, 3803.

(121) Gao, J.; Nguyen, S. C.; Bronstein, N. D.; Alivisatos, A. P. ACS Photonics 2016, 3,

1217-1222.

(122) Bakulin, A. A.; Neutzner, S.; Bakker, H. J.; Ottaviani, L.; Barakel, D.; Chen, Z. ACS

Nano 2013, 7, 8771-8779.

(123) Ip, A. H. et al. Nature Nanotechnology 2012, 7, 577-582.

(124) Wanger, D. D.; Correa, R. E.; Dauler, E. A.; Bawendi, M. G. Nano Letters 2013,

13,5907-5912.

(125) Bozyigit, D.; Volk, S.; Yarema, 0.; Wood, V. Nano Letters 2013, 13, 5284-5288.

(126) Hwang, G. W.; Kim, D.; Cordero, J. M.; Wilson, M. W. B.; Chuang, C.-H. M.;

Grossman, J. C.; Bawendi, M. G. Advanced Materials 2015, n/a-n/a.

(127) Guyot-Sionnest, P. Journal of Physical Chemistry Letters 2012, 3, 1169-1175.

(128) Ip, A. H.; Kiani, A.; Kramer, I. J.; Voznyy, 0.; Movahed, H. F.; Levina, L.; Adachi,

M. M.; Hoogland, S.; Sargent, E. H. ACS Nano 2015, 9, 8833-8842.

(129) Shabaev, A.; Mehl, M. J.; Efros, A. L. Physical Review B - Condensed Matter and

Materials Physics 2015, 92, 1-9.

(130) Wanger, D. D.; Correa, R. E.; Dauler, E. a.; Bawendi, M. G. Nano Letters 2013, 13,

5907-5912.

(131) Bozyigit, D.; Yazdani, N.; Yarema, M.; Yarema, 0.; Lin, W. M. M.; Volk, S.; Vut-

tivorakulchai, K.; Luisier, M.; Juranyi, F.; Wood, V. Nature 2016, advance on, 1-

5.

(132) Speirs, M. J.; Balazs, D. M.; Fang, H. H.; Lai, L. H.; Protesescu, L.; Kovalenko, M. V.;

Loi, M. A. Journal of Materials Chemistry A 2015, 3, 1450-1457.

100



(133) Lin, Q.; Yun, H. J.; Liu, W.; Song, H. J.; Makarov, N. S.; Isaienko, 0.; Nakotte, T.;

Chen, G.; Luo, H.; Klimov, V. I.; Pietryga, J. M. Journal of the American Chemical

Society 2017, 139, 6644-6653.

(134) Kim, Y.-K.; Ahn, S.-H.; Chung, K.; Cho, Y.-S.; Choi, C.-J. J. Mater. Chem. 2012,

22,1516-1520.

(135) Uehara, M.; Watanabe, K.; Tajiri, Y.; Nakamura, H.; Maeda, H. Journal of Chemical

Physics 2008, 129, DOI: 10.1063/1.2987707.

(136) Chen, B.; Zhong, H.; Zhang, W.; Tan, Z.; Li, Y.; Yu, C.; Zhai, T.; Bando, Y.; Yang,

S.; Zou, B. Advanced Functional Materials 2012, 22, 2081-2088.

(137) Li, L.; Pandey, A.; Werder, D. J.; Khanal, B. P.; Pietryga, M.; Klimov, V. I. Journal

of the American Chemical Society 2011, 133, 1176-1179.

(138) Li, L.; Reiss, P.; Daou, T. J.; Texier, I.; Chi, T. T. K.; Liem, N. Q. Chemistry of

Materials 2009, 21, 2422-2429.

(139) Hansen, E.; Liu, Y.; Grossman, J. C.; Bawandi, M. in preparation.

(140) Bhattacharyya, B.; Pandit, T.; Rajasekar, G. P.; Pandey, A. Journal of Physical

Chemistry Letters 2018, 9, 4451-4456.

(141) Bhattacharyya, B.; Simlandy, A. K.; Chakraborty, A.; Rajasekar, G. P.; Aetukuri,

N. B.; Mukherjee, S.; Pandey, A. ACS Energy Letters 2018, 3, 1508-1514.

(142) Harichandran, G.; Lalla, N. P. Materials Letters 2008, 62, 1267-1269.

(143) Yue, G. H.; Wang, X.; Wang, L. S.; Wang, W.; Peng, D. L. Physics Letters, Section

A: General, Atomic and Solid State Physics 2008, 372, 5995-5998.

(144) Kumar, D. S.; Yoshida, Y.; Maekawa, T.; Veeranarayanan, S.; Aravind, A.; Poulose,

A. C.; Nagaoka, Y. Materials Express 2012, 2, 94-104.

(145) Aksenov, I.; Sato, K. Applied Physics Letters 1992, 61, 1063-1065.

(146) Aksenov, I.; Yasuda, T.; Segawa, Y.; Sato, K. Journal of Applied Physics 1993, 74,

2106-2108.

101



(147) Pohl, J.; Albe, K. Journal of Applied Physics 2010, 108, DOI: 10.1063/1.3456161.

(148) Bailey, C. L.; Liborio, L.; Mallia, G.; Tomi6, S.; Harrison, N. M. Physical Review B

- Condensed Matter and Materials Physics 2010, 81, 1-8.

(149) Liborio, L. M.; Bailey, C. L.; Mallia, G.; Tomid, S.; Harrison, N. M. Journal of Applied

Physics 2011, 109, DOI: 10.1063/1.3544206.

(150) Cox, J.; Wagman, D.; Medvedev, V., CODATA Key Values for Thermodynamics;

Hemisphere Publishing Corp.: 1989.

(151) Barth, T. Zentralblatt fuer Mineralogie, Geologic und Palaeontologie 1926, 26, 284-

286.

(152) Hahn, H.; Frank, G.; Klingler, W.; Meyer, A. .-. ; Strger, G. ZAAC - Journal of

Inorganic and General Chemistry 1953, 271, 153-170.

(153) Huang, D.; Tian, R. Y.; Zhao, Y. J.; Nie, J. J.; Cai, X. H.; Yao, C. M. Journal of

Physics D: Applied Physics 2010, 43, DOI: 10.1088/0022-3727/43/39/395405.

102


