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Chapter 1

Introduction

Any given solid-state material may be classified based on its electronic properties as an

insulator, semiconductor or metal [1,2]. In a metal the Fermi level EF lies within a band

of high density electronic states, leading to delocalized electrons and a correspondingly

large conductivity. In insulators and semiconductors EF lies inside an energy gap,

Eg, which leads to a small or negligible current at zero temperature. In an insulator

this gap is large (> ∼4 eV) while in a semiconductor Eg is between 0 eV and ∼4 eV.

Electrons may cross this bandgap by being excited thermally, optically (by absorbing

photons of energy E > Eg), with an external electric field, and so on. To better control

the conductivity of a semiconductor, electron or hole doping can be used to increase

the carrier concentration, or the semiconductor may be gated with an external electric

field [3].

The attempt to understand the electronic behavior of materials dates back centuries,

but the work in the 19th century on electromagnetism together with the development

of quantum mechanics in the 1920s led to a serious breakthrough in the 1930s which

continues to the present day. The semiconductor transistor was developed in 1948 [4],

revolutionizing the world, and enhanced crystal growth and doping methods led to very

pure semiconductors enabling large-scale manufacturing and a continuous decrease in

device size. The search for new materials and heterostructures, smaller/faster devices

and cheap manufacturing has fueled a continuous development in the semiconductor

industry.

1
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1.1 Foundations

In a bulk semiconductor Eg is a fixed value but as the size of a semiconductor is de-

creased below ∼20 nm the bandgap increases with decreasing particle size. This effect,

first discovered nearly 40 years ago [5] in doped glasses, drastically increases the utility

of semiconductors by making an individual materials optical properties tunable to a

demanded application. This ‘quantum confinement’ or ‘quantum size effect’ may ex-

ist along 1 (2D materials or nanoplatelets [6, 7]), 2 (nanowires or nanorods [8, 9]) or

3 (nanocrystals or quantum dots [10]) dimensions of the given material. The most

intensely studied of these, and the one to be focused on in this thesis, is that of a

uniformally confined spherical nanocrystal (NC), or quantum dot (QD).1 These struc-

tures consist of 100-100,000 atoms, and behave in-between that of a molecule and bulk

semiconductor. At smaller sizes the crystal structure breaks down, and at larger sizes

the energy spacing between levels becomes smaller than kT , rendering the material ‘

bulk-like’.

The arise of quantum confinement can be simply understood by considering the

time-independent Shrödinger equation,

− }2

2m
∇2ψ(r, θ, φ) + V (r, θ, φ)ψ(r, θ, φ) = Eψ(r, θ, φ), (1.1)

in an infinite spherical well of radius R with potential

V (r) =

0 r < R

∞ r > R
.

This has well known solutions in expansions of spherical harmonics and Bessel func-

tions, and leads to a size dependent correction to the bandgap [11],

Eg = Eg0 +
}2π2

2µehR2
. (1.2)

Here Eg0 is the bulk bandgap, µeh is the effective mass of the electron-hole pair, or

exciton (Coulombically bound hydrogen-esque state formed through interaction between

1 Nominally used interchangeably, QDs are a subset of NCs which have strong confinement in all 3
spatial dimensions leading to quantization of electronic states. In this thesis ‘QD’ will be used for general
purposes and with regards to optical phenomena while ‘NC’ reserved for charge transport studies.
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electron and hole in a material [12]), and R the radius of the quantum dot. The 1/R2

dependence on EG is a signature of quantum confinement wherein the electrons feel the

surface barrier and correspondingly adjust their energy spectra. Hence, a QD of radius

5 nm will have a different bandgap than one of the same material but with a radius of

2.5 or 10 nm as shown in figure 1.1B.

Figure 1.1: A) Schematic showing conduction/valence band in direct gap semiconductor
with energy gap Eg,0. As the size of the QD is decreased below the Bohr radius of
electrons/holes, the continuous energy levels split into discrete, atomic-like states. B)
Absorption in a bulk semiconductor (blue) and QD (red), again showing the transition to
discrete energy levels. (A) and (B) reused with permission from ref [13]. C) Absorption
spectra of CdSe QDs (Bohr exciton radius is 6 nm) of varying sizes. The blue-shift of
the 1S absorption feature is easily visible, as are higher order absorption peaks. Reused
with permission from ref [14].

Additionally, in the strong confinement the continuum of electronic and hole states

available in a bulk semiconductor transitions into discrete, atomic-like energy levels

(figure 1.1A). This leads to easily discernible features in the absorption spectrum [15],

akin to that of an atom or molecule, shown schematically in figure 1.1B and in exper-

iments on CdSe QDs of different sizes [14] (figure 1.1C). For spherical QDs the states
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are hydrogen-like and characterized by the quantum numbers n = {1,2,3,..} and L =

{s,p,d,..}, with the 2 lowest energy levels being 1S and 1P.

While assuming an electron in a QD behaves as if in an infinite spherical well is

a rough approximation, it turns out that by using the effective mass approximation

(EMA) the assumption is justified [16]. Through Bloch’s theorem [17] the electronic

wavefunction on a periodic lattice can be expressed via that of a plane wave multiplied by

some function with the same periodicity as the underlying crystal lattice. In the effective

mass approximation we limit ourselves only to band extrema (where the interesting

electron/hole states lie) and expand the E(k) phase space into quadratic terms only,

allowing us to describe electrons, holes and excitons as free carriers with an effective

mass µx, where x would denote electron, hole or exciton. Hence the complicated physics

of the atoms in the crystal lattice may be ignored and the electrons/holes are treated

as free particles but with an altered mass. See chapter 3 for detailed use of the EMA

approximation in the electronic states of CdSe/HgS/CdS QDs.

The above simple model does not take into account the Coulomb interaction; doing

so introduces a 1/R term into equation 1.2. The effect of the Coulomb interaction on

the optical properties of QDs depends on the type of confinement in the system. The

size of the electron or hole is defined by the Bohr radius to be

aB = ε
m

m∗
~

mcα
, (1.3)

where ε is the dielectric constant of the material, m is the electron rest mass, m∗ is the

mass of the atom, c is the speed of light and α is the fine structure constant. The latter

term is the Bohr radius of the hydrogen atom, which here is written out explicitly. There

are different Bohr radii for the electron (ae), hole (ah), and exciton (aex), each of which

can be calculated from equation 1.3 by using their respective mass (for the exciton we

use the reduced mass µ as mentioned above). The size of the QD with respect to the

Bohr radii determine the degree of confinement present in the system.

If R < ae, ah, aex then the system is in the strong confinement regime [11]. In this

situation the electrons/holes are strongly confined inside the QD. Because the Coulomb

interaction scales as 1/R and the quantum confinement as 1/R2 the Coulomb interaction

is negligible in this case and the electrons and holes may be treated independently. In

this regime the effective mass approximation is valid. The weak confinement regime
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is when ae, ah < R < aex, and in this situation the Coulomb interaction cannot be

neglected so readily. Lastly, intermediate confinement regime is when ae,h < R < ah,e,

aex, in which case only one of the electron/hole is strongly confined. This regime occurs

often in heterostructures when the bandgap profile separates the electron and hole [18].

Advances in synthetic techniques have rendered remarkable QDs of a variety of

materials. Growth of QDs can be controlled to within ± 1 lattice constant yielding size

dispersions of < 5% and ensemble emission spectra as narrow as 40 meV [19], close to

the thermal energy of 25 meV. To date QDs of a huge variety of semiconductors have

been made, with emission wavelengths spanning the UV to IR spectrum [13].

Of great importance is the synthesis of core/shell QDs, where the ‘core’ QD is over-

coated by a different semiconductor, the ‘shell’ [20]. The shell layer serves to protect

the core QD leading to great enhancement in the emission quantum yield (QY, the

probability of getting a photon out per photon absorbed) to nearly 100% [21]. The

shell may have a higher(lower) conduction(valence) band than the core, allowing for the

electron and hole to be independently controlled spatially.

Figure 1.2: Different core/shell band alignments. Solid circle is an electron, open circle
hole. A) Type I structure where both electron and hole reside in the core. B) Both
electron and hole reside in the shell. C) Type II structures where one charge resides in
core and other charge in the shell.
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In a type I system, both the electron and hole reside in the core 1.2top. The shell

serves to protect the core while also enhancing the electron/hole overlap for enhanced

emission rate. The most famous example of a type I core/shell QD is CdSe/CdS, which

has been studied extensively for the past 25 years and is the current state-of-the-art

QD for LEDs [19] and lasing [22]. Other examples are CdSe/ZnSe, InAs/CdS, etc. A

reverse type I system has both the electron and hole residing in the shell, which could

be useful for efficient electron/hole extraction among other things. However, the shell

typically has a much lower QY than the core. To remedy this, an additional shell may

be grown, such as CdS/CdSe/CdS, but this would make extraction of the charge carriers

less efficient.

A type II system has one charge carrier located in the core while the other is in the

shell 1.2bottom, leading to a reduced electron/hole overlap and therefore a slowing down

in the relaxation dynamics. This has important applications for carrier multiplication

[23], solar cells and a wide variety of other applications. Common type II structures are

PbSe/CdSe, CdS/ZnSe and CdTe/CdSe, among others.

1.2 Synthesis of Quantum Dots

The synthesis of QDs is an extremely active field, with work currently being done to

make QDs with higher QY, more stable, new materials, new heterostructures, and much

more.

Parallel to the development of epitaxial quantum wells/dots [24] and the develop-

ment of molecular beam epitaxy [25], the first quantum dots were grown in glasses [5].

These were limited to sizes of ∼20 nm and had to be cooled in order for efficient light

emission to be available from the system. However, the past 30 years has been domi-

nated by colloidal chemical synthesis of QDs [26], which consist of inorganic cores coated

with a layer of organic ligand molecules [27]. For covalently bonded semiconductors, an

aerosol-based plasma synthesis is ideal for reaching the required elevated temperatures

for nanoparticle formation to occur [28,29].
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1.2.1 Colloidal Synthesis

By far the most common form of making high-quality freestanding QDs is colloidal

synthesis. There, a coordinating solvent stabilizer is heated to several 100◦C wherein

metal-organic precursors are injected. The elevated temperatures lead to the decompo-

sition of the precursor reagents fueling nucleation of nanoparticles [10]. Growth then

occurs by the addition of the precursor monomers in the solvent onto the QD. Once

the monomer concentrations are depleted growth proceeds by Oswalt ripening in which

the smaller QDs dissolve and then get absorbed by the larger QDs, decreasing the total

number of QDs but increasing the size of the larger ones.

QD size is controlled by reaction time (larger times equals larger QDs), reaction

temperature (higher temperatures lead to faster reactions), precursor concentration and

nucleation temperature of the monomer [30]. In the coordinating solvent are organic

ligands whose polar head group binds to the surface of the QD, with the ligand tail

exposed to the solvent and prevents aggregation of the QDs in the solution. The ligand-

QD attachment is dynamic, with the ligands popping on and off at the elevated synthesis

temperatures. This allows QD growth to still occur while preventing agglomeration in

the solution.

Of particular interest is size dispersion of the solutions; if the size dispersion is

too large the discrete features in the absorption spectra will be smoothed out due to

variances in the 1/R2 term in equation 1.2. It is the Oswalt ripening stage which leads

to larger size dispersion in solutions as the initial fast growth is uniform and results in

small size dispersions of merely ∼5%. To remedy this, often times rather than allowing

the reaction to reach the Oswalt ripening the precursor monomer is either continuously

injected or injected multiple times throughout the synthesis process [31].

1.2.2 Plasma Synthesis

While colloidal synthesis is ideal for the synthesis of II-VI, IV-VI, I-III-VI, and III-V

semiconductor nanomaterials, the synthesis of group IV materials requires much higher

synthesis temperatures to break apart the covalent bonds. To this end the plasma, or

gas-phase, synthesis of QDs has become a viable alternative to colloidal synthesis [34]

for group IV materials in particular but also for QDs accessible via chemical synthesis
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Figure 1.3: Colloidal synthesis is done in a heated flask on a Schlenk line, with precursors
injected from a vial into a precursor. Plasma synthesis is done in a plasma, typically
Ar, with precursors mixed with the Ar prior to being injected into the plasma. The
precursors here indicate the synthesis of ZnO. Left figure reproduced with permission
from ref [32] and right figure reproduced with permission from ref [33].

(for instance ZnO, see chapter 2).

Plasma synthesis does not require organic solvents or ligands necessary as in chemical

synthesis, allowing for elevated reaction temperatures. Of particular interest is the non-

thermal plasma synthesis, in which the atoms and precursors are near room temperature

while the plasma electrons can reach temperatures as high as 50,000 K [29]. The free

electrons disassociate the gaseous precursors which results in highly reactive ions and

radicals which then form nanoparticles. The nanoparticles are negatively charged in the

plasma preventing agglomeration without the need for organic ligands.

Silicon is the most famous example of a plasma-synthesized QD [35]; in its bulk

form it is ubiquitous in the electrons industry and the efficient production of high-

quality Si QDs is of great interest for industrial applications. Here it will be treated as

a model system to describe plasma synthesis. Si QDs are formed in an argon plasma,

with power applied via a RF power supply coupled to copper ring electrodes [36]. The

silicon precursor is silane (SiH4), which is diluted in the Ar flow (ratio ∼1:100) prior to
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reaching the electrodes. In more recent developments, an H2 injection downstream is

also introduced into the system to assist in surface passivation of the QDs [37,38].

Analogous to synthesis time determining size in colloidal synthesis, in the plasma

synthesis the particle size is controlled by the residence time in the plasma. This is in

turn controlled by the flow rates of the precursors, with typical residence times being on

the order of tens of milliseconds. The QDs are collected onto a mesh under the plasma,

where they may be functionalized with organic ligands to passivate the surface and

increase quantum yield. Alternatively, they may be deposited directly into films [39]

by moving a substrate back and forth beneath the plasma, with QDs being deposited

supersonically due to an orifice between the plasma and the collection chamber with a

larger pressure difference. This is of great interest for devices utilizing charge transport,

where insulating ligands would severely impede inter-QD electron hopping [40].

Dopants to the QDs can be added in situ via an additional precursor for the dopant,

for instance phosphine (PH3) or diborane (B2H4) to dope Si with phosphorous (n type)

or boron (p type) [41–43]. The question is whether the dopants are incorporated to

the QDs throughout their synthesis so there is uniform distribution, or the dopants

aggregate onto the surface of intrinsic QDs [44]. Both situations have their own cons

and benefits and much work is being done on controlling dopant locations during in situ

doped QD plasma synthesis.

Over the past 15 years plasma synthesis has undergone a rapid growth around the

world. To date, Group IV QDs have intensively studied (silicon, germanium and car-

bon), but also oxides, nitrides, phosphides, and sulfides have been synthesized in the

non-thermal plasma. Additionally, the plasma synthesis can be used to grow metallic

nanoparticles such as Ni, Fe, W, Au and Cu [29].

1.3 Applications of Quantum Dots

The ability to tune narrow emission spectra across the visible and IR spectrum opens

the door for a wide variety of potential applications. The most obvious is in optoelec-

tronic displays, such as televisions (figure 1.4A). Here, QDs may replace organic or bulk

semiconductors to produce bright, high contrast displays due to their narrow emission

lines compared to that seen in other emitting materials. Additionally, they require less
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power to operate than traditional sources, of great importance in the world-wide transi-

tion to cleaner energies. The first QD TVs hit the market around 2015 and were 50-100

times brighter than liquid crystal displays.

The use of QDs in LEDs (termed QLED, in contrast to organic LEDs being OLED)

are attracting heavy interest due to the above reasons. Recent advances have shown

a reduction of ‘droop’, the saturation in emission intensity at higher voltages [45], and

QLEDs with 100% internal quantum efficiency [46]. Both of these bode very well for

efficient, practical devices in the near future. Auger recombination, the process in

which the energy released by a recombining electron and hole is transferred to a third

particle instead of a photon, inhibited practical QLED development for many years

[47]. However, recent advances in synthesis engineering have led to the near complete

suppression of Auger recombination [48] in QLED devices. Similarly, lasing in QD films

has been of interest since their initial development; their wide range of tunability and

cheap manufacturing cost would greatly exceed the standard commercial lasers using

bulk semiconductors. One application of QLED or QD lasers is the use in micro-laser

arrays or flexible electronics (figures 1.4B,D). The transition to electrically driven lasers

is the next step, which should be reached within the next ∼ 5 years.

QD solar cells have been investigated thoroughly over the past 15 years [49,50]. The

most important part of any solar cell is the light absorber layer, which attempts to

capture as much of the solar spectrum as possible. QDs, with their tunable absorption

spectras, can be used to maximize collection efficiency. Often QDs are used in multi-

junction solar cells where different QD compositions are used to catch different parts

of the solar spectrum. Additionally, QDs have been found to be excellent materials for

multiple exciton generation (MEG) [51]. In MEG a high energy photon is absorbed in a

QD and generates more than one exciton, leading to an enhanced collection efficiency. In

bulk materials this excess energy is quickly dissipated as heat but in QDs the separation

of energy levels leads to this excess energy being utilized for work rather than dissipated.
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Figure 1.4: Selected applications of quantum dots: A) A Samsung QLED TV, image

from Samsung website, B) ‘Proof of concept’ security bar-code using micro-laser array,

from ref [52]. QDs could be used due to their narrow bandwidth and stability. C) A

Si QD LSC shown under UV excitation with visible emission (top) and NIR emission

(bottom right). The bottom left figure is the LSC under room light. Reused with

permission from ref [53]. D) Wearable electronics in a variety of conditions: a) Smart

glasses, b) smart watch with linked biosensors for in situ diagnostics, c) a display on

a t-shirt, d) an electronic tattoo, e) bendable/foldable newspaper or tablet, and f)

transparent window functioning as a working touch screen. Figure from ref [54]. E) A

photonic circuit, reproduced with permission from ref [55]. In the future, the emitters

may be QDs.

Luminescent solar concentrators (LSC) are devices for concentrating solar light to

a small area, where a solar cell converts the concentrated light into electricity [56]. An

LSC consists of a large surface area thin film, typically a polymer, which is partially

infilled with a disperse collection of light absorbers, for instance quantum dots, which

then re-emit the collected solar light and by total internal reflection is concentrated to
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the edges of the LSC (figure 1.4C). Of vital importance is a separation between the

absorption edge and emission spectrum of QDs, as significant overlap would lead to

heavy re-absorption of the emitted light. To circumvent this, QDs with large stokes

shift are used, such as Si or CISe [53,57], so that re-absorption is minimized (see figure

1.4C).

The use of nanoscale QDs in devices also allows for the potential of flexible devices,

capable of being worn or rolled up such as a newspaper would. Figure 1.4D shows

a variety of potential applications of flexible/wearable electronics, of which QDs will

play a vital role. In situ health monitoring, foldable smart tablets, and smart windows

are just a few of the vast number of possibilities once flexible electronics hits the mass

market [54]. Highly efficient QLEDs are a prerequisite for efficient wearable electronics,

and the massive advances in that field indicate QD uses in wearable electronics is in the

near future.

QDs are excellent sources of single photon emitters (SPEs), even at room temper-

ature due to the separation of electronic states into discrete levels due to quantum

confinement. The transition to quantum technologies is happening quickly [58,59], and

QDs are well positioned to play an important role in this process. QDs in cavities may

be used to generate photonic qubit states, as shown in figure 1.4E. Generation, en-

tanglement, transduction and collection of QD generated photonic states are all being

heavily studied, with vast applications in quantum computing, metrology and informa-

tion technologies [60–62].

These are just a few of the potential applications of QDs, emphasizing the broad

applications relevant for next-generation devices. The near future looks very bright for

QD applications as advances continue to be made at an astounding rate. More than 30

years old, the field is still continuously advancing as new materials with new properties

are being developed and practical devices are being made.

1.4 Arrangement of topics

• Chapter 2 discusses the metal-insulator transition (MIT) in networks of ZnO NCs.

After an introduction to MITs, in bulk materials and then in NC networks, we dive

into a discussion of crossing the MIT through the use of photonic post-synthetic
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sintering and doping and the use of atomic layer deposition (ALD) to protect the

NC surfaces.

• Chapter 3 studies the synthesis, optical properties and electronic states of novel

CdSe/HgS/CdS quantum dots in which we have monolayer control over the growth

of the HgS layer. The band-alignment in this heterostructure results in electrons

being localized in the HgS layer while holes are delocalized across the CdSe/HgS

system, leading to interesting properties.

• Chapter 4 examines the multi-exciton dynamics of CdSe/HgS/CdS QDs. Through

the use of high powered excitation many excitons can be pumped into each QD

and analysis of the resulting PL decay provides insight into the electron and hole

dynamics.

• Chapter 5 looks at CdSe/HgS/CdS QDs as potential single photon emitters (SPE).

Thicker CdS shell growth is found to lead to superior quality SPEs, just as found

in CdSe/CdS QDs. Such analogous behavior makes understanding of the single

CdSe/HgS/CdS QD straightforward.



Chapter 2

Metal-Insulator Transition in a

Semiconductor Nanocrystal

Network

In this chapter we will explore the metal-insulator transition (MIT) in a semiconductor

nanocrystal network. After an introduction to MITs, we will discuss the unique sys-

tem of transport in faceted NC networks where the individual NCs themselves may be

metallic but the network itself is insulating. Using an intense pulse light (IPL) flash

annealing method, in addition to atomic layer deposition (ALD), we will explore inde-

pendent control over the electron density n and inter-NC facet radius ρ. Then, through

maximizing ρ and tuning n, we will provide unambiguous evidence for an MIT in an NC

network. We will compare our results to theory, and use critical scaling analysis to study

the critical exponents. At the transition we observe an unusual critical conductivity of

the form σ ∝ T 1/5.

2.1 Introduction to Metal-Insulator Transitions

The metal-insulator transition (MIT) is one of the oldest problems in condensed matter

physics yet is still not thoroughly understood [63–65]. In contrast to a textbook metal

or insulator, in semiconductor systems near the MIT the physical properties of the

14
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system change drastically with minute changes of some physical tuning parameter such

as charge density n, temperature T, pressure P or magnetic field H. Extreme changes

in macroscopic variables due to small changes in the tuning parameter is usual in phase

transitions, but in an MIT these changes are only evident near T = 0 because insulators

carry a finite current at T 6= 0. Hence an MIT can only take place at zero temperature,

i.e, the MIT occurs at a quantum critical point (QCP) [66]. Just as in the semi-classical

phase transitions a la Landau’s theory [67], at the MIT systems of different material or

tuning parameter display a universality near the QCP. Near the MIT, the temperature

dependence of the conductivity σ can be described by a phenomenological scaling law

of the form

σ = σcf(∆t/T y) (2.1)

where σc ∝ Tx is the critical conductivity, x the critical conductivity exponent, t is the

tuning parameter, ∆t = t-tc denotes the distance from the critical value, f a scaling

function with branches on the metallic and insulating side of the transition (depending

on whether ∆t is positive or negative), and y = 1/νz. Here ν is the critical exponent of

the diverging length scales or localization length, (ξ ∝ ∆t−ν), and z that of diverging

time scales (τ ∝ ξz), describing the slowing down of relaxation near a QCP . Lastly, the

conductivity as temperature goes to zero varies as σ(T → 0) ∝ ∆tµ, and x = µ/νz [68].

The above formalism illustrates the remarkable nature of phase transitions, with all the

material dependent parameters contained inside universal parameters [69].

The attempt for a quantitative quantum description of the MIT dates back to imme-

diately after the development of quantum mechanics with Bethe, Sommerfeld and Bloch

each separately showing that the the location of the Fermi level with respect to the en-

ergy levels governs whether a crystalline material is an insulator or metal [17, 70, 71].

Then Wilson distinguished metals and insulators via a model of non-interacting elec-

trons [72] which gave rise to semiconductors as a distinct class of material different from

insulators due to their small energy gap allowing thermal excitation of electrons into

unpopulated band. This was followed by pioneering work by Wigner who introduced

the electron-electron interaction into the understanding of metallic conduction [73, 74].

Mott then gave the first theoretical description of the MIT building off of the work by

Wigner and Wilson [75, 76]. In Mott’s simple model, he considered a cubic lattice of
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odd-electron atoms (expected to be metallic due to Fermi statistics) with lattice con-

stant d, and showed that at large d the system must be insulating while at short d the

system metallic. This implies there must be some critical value dc at which the tran-

sition from metal to insulator occurs. Alternatively, instead of changing d one could

instead change the number of electrons, which Mott used to define the MIT criterion in

terms of the electron density n and Bohr radius of the donor aB,

na3
B ' 0.02. (2.2)

Assuming a Bohr radius of 5 nm, this leads to a critical electron density nc ∼ 5 x 1017

cm−3, easily reachable with doping techniques of the 1950s and 1960s [77].

2.1.1 Charge transport in nanocrystal networks

In disordered systems imperfections (such as lattice defects, fractures, dopants, surface

effects, etc.) make utilization of Bloch’s theory obsolete due to the scattering of Bloch

electrons on these imperfections [78, 79]. Intuitively one might expect disorder to be

more of a nuisance than a blessing but it turns out that disorder leads to extremely

interesting novel phenomena, namely electron localization [80–82]. It was first discovered

by Anderson that electron localization is possible in a disordered system when the

disorder is strong enough [83]. With low disorder, or when the carrier density is very

high, the kinetic energy of electrons is large enough that scattering off of impurities is

negligible and transport can be described by the classical Drude model [84]. However,

in low electron density systems the scattering may be strong enough to inhibit charge

transport, resulting in bound electronic states. At finite temperatures this localization

is destroyed by thermal effects, so the MIT is only observable at T = 0 K, where a

continuous quantum phase transition occurs. A scaling theory of localization was then

developed where Abrahams, Anderson, Liccardello and Ramakrishnan showed that the

T = 0 conductance of a disordered system scales with the characteristic length scale in

a universal manner [85].

Networks of semiconductor NCs are a prime example of a disordered system; fluctu-

ations in NC size, packing density, electron density, film thickness, NC-NC separation,

NC-NC crystal orientation and surface termination are just some of the inherent dis-

order in the system [86]. Electrons in an insulating NC network are localized via the
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Anderson description because they are unable to traverse the NC network. Transport

in an NC network is phenomenologically the same as through a disorder bulk semi-

conductor, with hopping between donors replaced with hopping between NCs. Charge

transport between two NCs i and j can be described by a Miller-Abrahams network [87]

with the conductivity between neighboring NCs given by

σij = Cexp

(
−2rij

ξ
− εij
kBT

)
, (2.3)

where C is a temperature independent prefactor, rij is the distance between NCs, ξ the

electron localization length and εij the activation energy. In this model which considers

all possible paths through an arbitrary lattice network conduction is dominated by

the path of least resistance. At high temperature, or when εij is small, transport is

dominated by nearest neighbor hopping (nnh). In this case, the first term in equation

2.3 is a constant and the variation of σ with T is simply

σnnh ∝ exp

(
− ε

kBT

)
, (2.4)

where εij has been replaced with the average activation energy ε.

More interesting situations occur when the two terms in equation 2.3 are comparable.

In this situation there is a competition between the activation energy of sites i and j

and the distance separating them; i.e, two neighboring sites might have very different

activation energies while two distant sites have optimal energy offsets. This leads to

what is known as variable range hopping (VRH) and results in a weaker temperature

dependence of conductivity; the exact form of the temperature dependence depends on

the density of states (DOS) used in the optimization of equation 2.3 as shown below.

Mott was the first to use the Miller-Abrahams network to tackle the conductivity

of disorder systems [88]. He assumed a constant DOS based on the notion that at very

low temperatures only states i, j very close to the Fermi level will contribute to the

conductivity. Hence only small εij will contribute to the current as there is not enough

thermal activation to promote further away sites to sites near the Fermi level. Because

the bandwidth of available states near the Fermi level is so small the DOS may be

regarded as constant. If g(µ) is the constant density of states at the Fermi level, the

concentration of states within the small, symmetric band about the Fermi level in which

the relevant εij exist is n(ε) = 2g(µ)ε. Optimizing the Miller Abrahams network now,
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with εij expressed in terms of n and replacing rij with n−1/3, leads to Mott’s law for

variable range hopping (M-VRH):

σM ∝ exp

(
−(
TM
T

)1/4

)
, (2.5)

TM =
β

kBgξ3
.

Here TM is a characteristic temperature, β a constant and ξ the electron localization

length. The stretched exponent 1/4 is the characteristic signature of 3D M-VRH and

can be easily found from experimental results by plotting the natural log of conductivity

versus T 1/4.

Thus far the electron-electron interaction has been neglected, which of course needs

to be included for an accurate description of hopping behavior near T = 0 when phonon

processes are absent. Including the Coulomb interaction [89] alters the energy difference

between the sites i and j: εij = εj - εi −→ εij = εj - εi - e2

κrij
> 0, where the greater than zero

term comes from the assumption that at low temperatures the system is in its ground

state. Following the argument from above, where the states i, j are within ±ε/2 of the

Fermi Level, the inequality leads to the requirement that rij > e2/ε, so that n(ε) ∝ ε3/e6

and the DOS g(µ) = dn
dε ∝ ε2/e6 = (εj − εi)2. The quadratic dependence on energy in

the DOS is termed the Coulomb gap, where there is a vanishing DOS at the Fermi level

due to Coulomb repulsion between sites. Optimization of the Miller-Abrahams model

with the quadratic DOS and the Coulomb term leads to Efros-Shklovskii Variable Range

Hopping (ES-VRH):

σES ∝ exp

(
−(
TES
T

)1/2

)
, (2.6)

TES =
βe2

κξ
.

Here β is a numerical constant, κ is the dielectric constant and ξ the electron localization

length. The 1/2 stretched exponent instead of 1/4 is the signature for ES-VRH, and

as T → 0 all semiconductors are expected to exhibit this behavior due to dominance of

Coulomb interaction in this regime [3].

There have been numerous studies of charge transport in NC networks, and while

the conductivity can be increased by orders of magnitude over initial NC films, to-date
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the overwhelming majority of them have been insulators exhibiting variable range hop-

ping transport [90–94]. In most cases the NCs are terminated in insulating ligands,

a byproduct of their chemical synthesis origins [14], which makes inter-NC tunneling

inefficient. Through ligand exchange, the length of the ligands can be decreased which

increases the mobility by many orders of magnitude [95–97]. Additionally, ligand re-

moval may be used to place colloidal NCs in direct contact [98], or the NCs may be

synthesized in the gas phase [29,35] where direct contact NCs are achieved immediately.

Even in NCs which are in direct contact, or faceted, the activation energies to free bound

electrons is still high due to energy level misalignment between neighboring NCs [99].

Nearly all studies of temperature dependent conductivity in nanocrystal networks show

variable range hopping behavior despite various attempts to dope [100], sinter [101] and

conformally infill [102–105] NC networks. This has been has been attributed to the

random charging of NCs due to different numbers of electrons in different NCs leading

to a Coulomb gap. There has been promising studies with transport showing metallic

or semi-metallic behavior [101, 103, 106–110] but to date there has been no thorough

demonstration of an MIT in an NC network, even when the electron density exceeds

the Mott criterion [100]. Evidently, a more strict criterion is needed for an MIT in an

NC network.

To understand this, consider two adjacent NCs connected to each other via small

facets of radius ρ, as depicted in figure 2.1A,B. These facets impede inter-NC electron

transport leading to the situation where individual NCs may be metallic, with electron

densities exceeding the Mott criterion, but the network itself insulating due to the facets

between neighboring NCs. To describe the MIT criterion in this regime Fu, Reich and

Shklovskii [99,100,111] derived a new MIT criterion for NC networks which depends on

the electron density n and facet radius ρ rather than n and the Bohr radius aB.

The inter-particle conductance between two materials connected via a small facet

has been studied quasi classically [112] and results in a conductance of

G =
e2

4π~
k2
Fρ

2, (2.7)

where kF is the electron Fermi wavevector and ~ is Plank’s constant. The MIT will occur

when this conductance is equal to the minimum metallic conductance G = e2

π~ [113]
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Figure 2.1: A,B) Schematic of a metallic and insulating NC network as a function of
electron wavevector kf and facet radius ρ. Figure reproduced with permission from
reference [99]. C) Diagram of regimes of equations 2.2 and 2.10 as a function of n and
ρ.

implying the criterion for an MIT in an NC network is

kFρ ≈ 2. (2.8)

Depicted schematically in figure 2.1A,B, electrons with large wavevectors may trans-

verse through the facet while electrons with small wavevectors are scattered. Since the

individual NCs are already metallic, the number of free electrons in an NC is large and

hence can be described as a free electron gas with Fermi wavevector

kF =

(
3π2

g
n

)1/3

(2.9)

where n is the density of electrons in an NC and g is the number of equivalent minima in

the conduction band. Equating equations 2.8 and 2.9 leads to the criterion for crossing

the MIT in an NC network:

nρ3 ' 0.3g. (2.10)

This criterion leads to critical electron density for metallic behavior being several orders

of magnitude larger than predicted via the Mott criterion. For instance, in 8 nm Si NCs

the Mott criterion predicts an nc of 3 x 1018 while equation 2.10 predicts nc ∝ 5 x
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1020. This explains the results of ref [100] and other NC systems which had electron

densities exceeding the Mott criterion but did not show metallic behavior. The phase

diagram in figure 2.1C shows the relationship between insulating NCs, metallic NCs

with an insulating network, and a metallic NC network as a function of n and ρ. At

low electron densities, the Mott criterion is not surpassed and the individual NCs are

insulating. As n is increased the Mott criterion is exceeded and the electrons become

delocalized inside the NCs, but still the network itself is insulating due to the facets

between NCs. Finally, the NC network may become metallic as some combination of

n and ρ is increased. In the following sections we will attempt to cross the MIT by

increasing both n and ρ in ZnO NC networks.

2.2 Controlling Electron Density and Facet Radius with

Intense Pulsed Light in ZnO NC networks

Based upon the above arguments it is clear that in order to cross the MIT in an NC

network both n and ρ must be increased. Previous studies of charge transport in ZnO

NC assemblies have increased n via gating [92], and ρ has been increased by thermal

sintering [101] or via conformal infill deposition of additional material into the NC

network via ALD [103].

Here we work with plasma-synthesized ZnO NC films (synthesis described in Meth-

ods section) for which g = 1 due to the direct bandgap at the Γ point. ZnO NC networks

have shown great promise for exhibiting metallic behavior; Thimsen et al. used thermal

sintering and then Al2O3 ALD infill to passivate surface traps and attained electron

mobilities as high as 3 cm2V −1s−1 [101]. However, the thermal sintering increased the

size of the NCs by a factor of 5, which makes utilizing the phenomena of quantum

confinement in conductive NC networks impossible. Later, Lanigan and Thimsen used

ZnO ALD to increase ρ prior to the Al2O3 infill, resulting in a 3 order of magnitude

increase in conductivity at 2 Kelvin and a temperature independent electron density

from 300 K to at least 100 K.

We build upon their work taking a new approach to changing the electronic prop-

erties of ZnO NCs via combining the Al2O3 ALD infill with a xenon flashlamp intense
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pulsed light (IPL) annealing process [114–116]. IPL has numerous advantages to ther-

mal annealing including being faster, easily extendable to roll-to-roll processing, and has

the ability to be applied to almost all semiconductor materials [117]. We will show that

with IPL on ZnO NC networks the electron density and facet size can be independently

controlled by flashing the film before and after the ALD infill, all while keeping the NC

diameter constant. IPL is applied under ambient conditions and the flashlamp has an

energy density of 12 J/cm2 with an ‘on’ duration of 1 ms and a repetition rate of 1 - 2

Hz.

2.2.1 Results

To increase ρ without increasing the NC diameter as deposited ZnO NC networks (no

ALD infill) are flashed a variable number of times in the IPL system. ZnO has a wide

bandgap but the UV portion of the Xe flashlamp is strongly absorbed by the ZnO

NCs. When the photoexcited electron-hole pairs recombine or the holes recombine with

negatively charged surface states the thermal energy released leads to sintering of the

NCs. These ‘hot’ NCs will attempt to minimize their surface energy via necking, yet

the high temperature duration is not long enough in the IPL process for grain growth

to occur. Additionally, hole desorption on the surface leads to the possibility for new

Zn-O bonds to occur, primarily between NCs (See Fig 2.2a).

Throughout this process, free electrons are being created as holes desorb onto the

surface [118]. However, due to the NCs being in an ambient atmosphere n does not

increase due to desorption of ambient species. Therefore, by applying IPL before the

ALD infill we are able to increase ρ systematically while keeping n fixed. During the

ALD process ρ also increases, due to the ALD step taking place at 180 ◦C leading to

additional sintering (Fig 2.2b), but again n stays fixed.

After ALD the films are flashed again but now the situation is very different. Due

to the Al2O3 infill the NCs no longer can sinter so ρ is fixed but the Al2O3 protects

the NC surfaces from trapping species, so now any free electrons generated via the IPL

process will remain free. Hence, with IPL after ALD we can independently tune n while

keeping ρ fixed at the value from IPL before ALD.

We combine both of these processes to study the charge transport in ZnO networks

as a function of nρ3. Specifically, we vary the number of IPL flashes before ALD from 0
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Figure 2.2: Sintering IPL. A) Schematic of NCs as deposited and then after 1000 IPL
flashes before the ALD infill. The degree of sintering has been exaggerated for emphasis.
B) ρ3 as a function of IPL flashes. The red data points show the role that ALD does in
further sintering the NC networks. C) Raw ellipsometry data where Ψ and ∆ are then
converted to L and φ

to 1000 (hereafter referred to as the sintering IPL step). We then take films that have

been flashed 1000 times before ALD and vary the number of flashes after ALD from 0

to 1000 (referred to as the doping IPL step). The number of IPL flashes before/after

ALD are represented in the form ‘a + b’ where a represents the number of sintering

IPL flashes and b the number of doping IPL flashes. We do not study the transport

properties of NC networks that have only been flashed after the ALD infill (i.e, ‘0 +

b > 0’); due to the cubic dependence on ρ in equation 2.10 it is not possible to see

metallic behavior unless ρ is increased beyond the point contact that exists after the

film deposition. Essentially, we first vary sintering IPL such that the films go from ‘0

+ 0’ to ‘1000 + 0’. Then, we take the ‘1000 + 0’ films and vary doping IPL flashes to

reach the ‘1000 + 1000’ film. There is additional phase space with reduced sintering

flashes (i.e, ‘100 + 1000’) that we do not explore here.

To directly quantify changes in ρ we use ellipsometry (figure 2.2C) to study the
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packing density and film thickness of ZnO NC networks as a function of sintering IPL

flashes. By measuring the porosity and thickness of multiple sport on a film after

successive rounds of IPL systematic decreases in the film thickness L is seen along with

increases in the packing density φ. Both of these changes are on the order of 5% when the

number of flashes is varied from 0 to 1000. L and φ are related using a simple geometric

model. After deposition adjacent NCs are connected via a point contact of radius ρ0

= 0, with initial packing density φ0. During sintering the NCs fuse together leading

to an increase in the packing density φ and a decrease in the overall film thickness.

The volumes of the blue and green sections in Fig 2.2A must be the same which allow

for ρ and φ to be related. Using this method it is found that ρ increases from ∼0

without sintering flashes to ∼ 1.4 nm after 1000 sintering IPL flashes. However these

measurements were done on films not exposed to ALD, which all the films for electrical

characterization are. Because ALD is done at 180◦C, additional sintering may occur

there. To simulate this films are heated on substrates at 180◦C for 30 minutes prior to

the ellipsometry measurements. These measurements indicate ρ increases from 1.15 nm

to 1.5 nm as number of sintering IPL flashes varied from 0 to 1000. Evidently, most of

the sintering comes from the ALD step! Further evidence for an increase in ρ while n

is kept fixed is provided via electrical measurements, which will be shown later.

To increase the electron density of the films we take the 1000 sintering IPL series,

infill the network with Al2O3 and then vary the number of doping IPL flashes. To

measure the changes in n without measuring the films electronic properties we look at

the Fourier transform infra-red (FTIR) spectrum of the ZnO localized surface plasmon

(LSPR). We prefer this method over Hall measurements whose results can be difficult to

interpret for low-mobility insulators exhibiting hopping conduction [119]. To estimate n

we use the Maxwell Garnett effective medium approximation, which does not account for

inter-NC conductivity but has been shown to produce good fits for NC films exhibiting

hopping transport [120]. In this approximation the overall dielectric constant of the

film, ε, is

ε− εm
ε+ 2εm

= φ
εNC(ω)− εm
εNC(ω) + 2εm

(2.11)

where φ is the NC packing density, εm is the dielectric constant of the surrounding

medium (Al2O3 in this case), and εNC is the dielectric constant of the NCs given by the
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Drude formula

εNC(ω) = ε∞ −
ω2
p

ω2 + iωΓ
. (2.12)

ε∞ is the high frequency dielectric constant (3.7 for ZnO), Γ = e/µlm
∗ is the carrier

relaxation frequency, ωp =
√

ne2

ε0m∗ is the plasma frequency, m∗ the electron effective

mass (0.3me for ZnO [121]), µl is the intra-NC mobility, n is the electron density, e is

the elementary charge, ε0 the permitivity of free space and i the imaginary number. For

the ‘1000 + 0’ insulating sample the imaginary part of ε is fit to the Maxwell Garnett

effective medium approximation, which fits excellently as shown in figure 2.3b. This

fit indicates an electron density of 1.1 x 1020 cm−3 and µl = 21 cm2V−1s−1 (similar to

other reported values). However, as the MIT is approached the transport mechanisms

change making it unclear which effective mass approximation to implement and how to

compare different samples. To remedy this we simply use the ‘1000 + 0’ film, for which

we know n, as a baseline and determine n for the more conductive samples based on

the ratio of the area under their LSPR absorption feature, which depends linearly on

n. This indicates that after 1000 flashes the electron density rises by a factor of ∼7 to

n = 7.6 x 1020 cm−3. This is comparable to the maximum n for bulk impurity doped

ZnO and in photodoped ZnO NCs [122–124] and results in an nρ3 value of 2.6, much

greater than the 0.3 criterion from equation 2.10.

We now examine the transport properties of the ZnO NC networks as a function of

sintering and doping IPL to see if the MIT is crossed. All films studied henceforth have

the Al2O3 added, whereas Al2O3 was excluded for some optical measurements to make

measurement possible. First we examine the room temperature conductivity of ZnO

NC networks as a function of IPL flashes before/after ALD. Figure 2.4B shows that the

sintering IPL series (red) serves to increase the electron mobility of the networks by 2

orders of magnitude while n remains fixed as described previously. The conductivity

σ = µne, (2.13)

where µ is the electron mobility, also increases by 2 orders of magnitude (figure 2.4A).

This can be easily understood through the increased facet size permitting electrons to

explore other NCs unimpeded compared to the the NCs connected via point contact.

For the doping IPL series n increases while µ is essentially constant due to IPL

removing carnivorous species from the surface via hole oxidation [118]. The conductivity
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Figure 2.3: FTIR spectra. A) Sintering IPL effect on the 1600 cm−1 carboxylate feature
due to removal of surface states via hole adsorption, as shown in inset. B) Doping IPL
effect on the LSPR feature of ZnO NCs. The salmon curve is that of a film with no
doping IPL flashes, and remains unchanged as the number of sintering IPL flashes is
varied. C) Hall measurements of a film with no IPL flashes versus one with 1000 flashes
before and after ALD.

of these NCs degrades in ambient conditions at the rate of about 1% per day while

keeping the films in an inert nitrogen glovebox leaves the films stable for at least several

months. Both the ‘1000 + 100’ and the ‘1000 + 1000’ network conductivity are greater

than the minimum metallic conductivity e2

π~ .

To provide further evidence of an increase in n we perform Hall measurements for

all samples, of which the least and most conductive are shown in figure 2.3C. While

sourcing a constant current of 10 µA across the diagonal of the film (see Methods) and

sweeping the magnetic field from about -10 to 10 Tesla we measure the voltage induced

across the other film diagonal, which is related to the free carrier density by

VH = − IB

neL
, (2.14)
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Figure 2.4: A) Network conductivity and inter-NC contact conductance as a function
of IPL flashes. Red denotes sintering IPL series and blue the doping IPL series. B)
Electron mobility (left) and electron density (right) as a function of IPL flashes. Mobility
increases with flashes before ALD while electron density remains fixed, and vice versa
after ALD.

where I is the current, B the magnetic field, n the electron density, e the charge of

an electron and L the film thickness (assumed to be 300 nm for all films). Interestingly,

the Hall measurements indicate an increase of n during the sintering IPL series (‘0

+ 0’ to ‘1000 + 0’). As stated previously, Hall measurements in insulating samples

is often difficult to interpret [119] so we attribute the apparent increase of n in Hall

measurements to be due merely to increased Hall mobility. The Hall measurements

indicate that n increases from 1.1 to 7.6 x 1020 cm−3 from before/after 1000 doping

IPL flashes.

Both n and ρ are found to saturate after ∼1000 flashes of IPL, with increasing the

flashes to 2000 producing only slight, 1%, increases to the relevant variables. However

with 1000 IPL flashes before/after ALD nρ3 is found to increase up to 2.6, well above
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the predicted criterion of 0.3. Both flashes before/after ALD are needed to create

conductive ZnO NC networks as the sintering and doping steps are done separately.

To study the nature of the transport mechanisms in these NCs we perform temper-

ature dependent studies of the conductivity using a Physical Properties Measurement

System (PPMS) which can reach temperatures below 2 K. Figure 2.5a shows the tem-

perature dependence of the NCs on a log(σ) vs T 1/2 scale. The linear behavior of the

data (particularly the more insulating red samples) indicates that on the insulating side

of the transition the conduction is due to the ES-VRH mechanism, equation 2.6. As

the films are doped after sintering (blue data points) the temperature dependence gets

weaker than T1/2 indicating an approach towards metallic behavior. Indeed, the most

conductive network sees the conductivity drop by only a factor of 10 when varying T

from 300 K to 2 K.

The characteristic temperature in ES-VRH depends inversely on the dielectric con-

stant and the localization length, TES ∝ κ−1ξ−1. Figure 2.5b plots TES versus nρ3.

The vertical dashed line indicates the MIT criterion derived by Reich, Fu and Shklovskii

[99,100] while the horizontal dashed line uses the bulk ZnO dielectric constant (9) and

the nanocrystal diameter (d) to estimate ξ. The super-linear drop of TES as nρ3 in-

creases is indicative of a rapid approach to the MIT. Both κ and ξ diverge at the phase

transition and our experiments do not isolate the two variables. As a rough approxi-

mation if κ is fixed then ξ increases to greater than 10 NC diameters, whereas previous

work showed only ξ increasing to ∼4 NC diameters.

To verify if the MIT was crossed we compare our results directly to published MIT

literature. Figure 2.6A,B is data from a classic paper on the MIT in boron doped Si

films [68] where uniaxial stress was used to tune the sample (reversibly) through the

MIT. As shown in equation 2.1, at the transition we expect to see power law conductivity

of the form σ ∝ T x. To see this, one simply plots σ versus T on a log-log scale where the

power law will show up as a straight line with slope x. In A), the power-law behavior

is seen in the middle of the graph with a slope equal to 1/2, indicating σC ∝ T 1/2. The

bottom half of the figure A shows σ approaching 0 as T → 0, indicative of insulating

behavior. Meanwhile the top half of the plot shows finite σ as T → 0K, indicative of a

metal. It is only at the transition that power-law conductivity, σc ∝ T 1/2, is seen which

agrees with theory.
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Figure 2.5: A) Temperature dependence of the conductivity plotted versus T−1/2. The
curvature of the high conductivity films indicates an approach to the MIT. B) Efros-
Shklovskii characteristic temperature plotted versus nρ3 indicating a divergence of the
dielectric constant and localization length as the MIT is approached. Vertical line is
critical nρ3 criterion and horizontal line is TES with bulk ZnO dielectric constant and
localization length equal to the NC diameter.

The second term in equation 2.1, f(∆t/Ty), is the scaling function with branches

on both sides of the transition. The scaling analysis is applied to the data of figure

2.6A in figure 2.6B with applied stress S the tuning parameter t, Sc the critical stress

leading to power law curve in 2.6A and y = 0.31. The data sets clearly collapse onto

two curves corresponding to insulating (bottom) and metallic (top) transport behavior.

The exponent y is found through trial-and-error in determining best fit and indicates

critical exponents µ = 1.6 and zµ = 3.2.
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Figure 2.6: A,B) Scaling of the conductivity through the MIT in boron doped silicon.

Reproduced with permission from reference [68]. A) Scaling of conductivity with pres-

sure as a function of temperature. The critical curve at the MIT has power law of 1/2.

B) The collapse of the insulating and metallic curves into two branches via the critical

scaling relation equation 2.1. C) Conductivity versus temperature on a log-log scale of

our ZnO NC networks. Same data as in 2.5A but plotted on log-log scale. D) Collapse

of the insulating branch onto one curve near the MIT. Since the MIT is not crossed the

metallic half of the scaling curve is not observable.

Analogous plots of our data with that of Bogdanovich et al. [68] is shown in figures

2.6C,D making it evident that we do not obsserve an MIT. While our most conductive

sample (‘1000 + 1000’) only sees an order of magnitude drop in conductivity from room

to cryogenic temperatures, on a log-log plot σ vs T is seen to have negative curvature

indicating σ(T → 0) = 0. However, the shallowness of the T dependence on σ and the

near linearity of the curve indicates that the MIT critical point is close. To this end
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we perform the scaling analysis using equation 2.1 with t now equal to nρ3. Because

the transition was not actually seen, the critical curve is approximated by letting the

most conductive sample be the critical curve with an nρ3 value of 2.6 and assuming

that σC ∝ T 1/2. The next four highest conductivity films is then shown to collapse onto

a single scaling curve in figure 2.6D (with the more insulating curves not obeying the

scaling behavior as they are far from the MIT and show standard ES-VRH behavior)

with y = 1/2 yielding the best fit. Due to our not crossing the MIT, only scaling on

the insulating side is possible and the use of x = 1/2 was based only literature values

to show the closeness of our results to the MIT.

Our maximum measured value of nρ3 is significantly higher than the predicted MIT

criterion of nρ3 ∼ 0.3. As we do not observe an MIT equation 2.10 evidently errors on

the side of underestimating the MIT criterion.

2.2.2 Conclusions

In this section we have shown the utility of IPL to enhance the conductivity of ZnO NC

networks. Through applying IPL before/after the ALD infill, we are able to indepen-

dently control the NC-NC facet size and the electron density without changing the NC

diameter. This process should also be achievable in other NC materials, which will lead

to high mobility NC networks that are still in the quantum confinement regime. While

we performed all IPL measurements in ambient conditions, IPL under inert conditions

could lead to a simultaneous enhancement of ρ and n; future work could relate the

increase of n and ρ as surface hydroxyls and carboyxlates are removed.

Temperature dependent conductivity measurements indicate that through the IPL

treatments we were able to nearly get to the MIT transition in a NC network. Evaluation

of the most conductive sample with the NC MIT criterion proposed by Shklovskii et

al. indicates equation 2.10 errors on the side of underestimating the critical nρ3 for the

MIT. To cross the transition either n or ρ must be increased further. We found that

applying more IPL flashes to the sample after 1000 yielded negligible increase to n in

ZnO NC networks, so in order to increase nρ3 we must increase ρ. While it was shown

that this cannot be done by IPL, it can be done via ZnO ALD infill into the NC network

prior to the Al2O3 ALD infill [103]. This will be examined in depth in the next section.

Of course, the MIT in NC networks is not limited to ZnO, and the transition could
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be crossed with the same facet size by using a material with a higher intrinsic electron

density such as ITO [106].

2.2.3 Methods

Sample Preparation: NCs were synthesized and deposited using a non-thermal plasma

reactor (see chapter 1). To synthesize ZnO NCs diethylzinc (DEZ) is injected into a low

pressure RF argon/oxygen plasma. The NCs form a high velocity particle beam when

travelling through a rectangular orifice before being deposited inertially on a moving

substrate. The NC diameter is controlled by the DEZ flow rates, which here lead to

10 nm NCs. The film thickness is controlled by the duration of deposition with films

here being deposited for 60s and being 300 ± 30 nm thick. All samples were exposed to

air immediately upon removal from the plasma reactor. NC networks were infilled with

Al2O3 using a Cambridge Nanotech/Ultratech Savannah S200 ALD system. 70 cycles of

ALD are done to completely infill the sample. One deposition cycle consists of four steps:

(1) a 0.1 s H2O pulse, (2) a 30 s nitrogen purge, (3) a 0.1 s TMA pulse, and (4) a 30 s

nitrogen purge. This infilling was done before all electrical characterization. Sintering

and doping IPL were performed under ambient conditions using a Xenon Corporation

Sinteron 2010 equipped with a 10 in. Xe U-lamp flashlamp operating at 3 kV.

Electron transport measurements. Transport measurements were conducted on 1x1

cm samples on boro-aluminosilicate Corning Eagle XG glass substrates under He vapor

using a Quantum Design Physical Property Measurement System (PPMS). The van der

Pauw method was employed with Al contact pads at the four corners of each square.

The Al pads were deposited by thermal evaporation after ALD and IPL, and Au leads

were attached to the Al by either wire bonding or soldering. For the conductive sam-

ples, a current from -10 to 10 uA was applied using a Keithley 220 current source and

the resulting voltage measured using a Keithley 2182 nanovoltmeter. Above 10 Mohms

the voltmeter reached its input impedance so for the less conductive samples a Keith-

ley 6517A electrometer was used, where we applied a voltage from -1 to 1 Volts and

measured the corresponding current. A Keithley 2700 switch box was used to perform

the measurements in all possible configurations and ohmic behavior in four and two-

point configurations was confirmed at 300 and 2K. The four-point conductivity in both

configurations were then used to calculated the sheet conductivity from van der Pauw’s
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formula [125],

exp (−πσS/σ1) + exp (−πσS/σ2) = 1, (2.15)

where σS is sheet conductivity (the conductivity shown in all plots), and σ1,2 is the

conductivity from one of the two possible configurations. Measurements of the tem-

perature dependence of σ were done in the PPMS while it was warming from 2 K to

300 K. The temperature was allowed to stabilize before each σ measurement, and the

resulting σ vs T curve was compared to the cool down curve to ensure film stability.

Hall measurements were performed using a DC excitation of 10 μA.

Other Characterization: FTIR spectra were acquired under an N2 atmosphere from

samples on polished NaCl substrates using a Bruker Alpha IR spectrometer in transmis-

sion mode. Ellipsometry spectra were acquired from samples on boro- aluminosilicate

glass (Corning Eagle XG) substrates using a J.A. Woolam M44 ellipsometer. Prior to

NC deposition, the backs of the glass substrates were roughened with a grinding wheel

to prevent backside reflection during measurement. Spectra were fitted in WVASE us-

ing the Bruggeman effective medium approximation, assuming two components: ZnO

and void. XRD patterns were acquired from samples on glass and Si substrates using

a Bruker D8 Discover diffractometer equipped with a Be area detector and a Co Kα

source. The collected patterns were mathematically converted to Cu Kα patterns. NC

diameter, d, was determined using the Scherrer equation with a geometrical correction

factor of 4/3 to account for the NCs’ spheroidal morphology. SEM was performed on

samples on glass substrates at an accelerating voltage of 5 keV.
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2.3 Crossing the MIT in ZnO NC networks

In the previous section it was shown that intense pulsed light can be used to selectively

sinter and dope ZnO NC networks. We were able to observe scaling behavior of the

conductivity on the insulating side of the transition, indicating proximity to the MIT,

though the most conductive samples were still insulating in nature. The measured values

of nρ3 for the most conductive samples were greater than the predicted MIT criterion

of nρ3 ∝ 0.3 indicating equation 2.10 errors on the side of underestimating the MIT.

In this section we induce an MIT in ZnO NC networks by combining the sintering

and doping IPL studied previously with an additional ZnO ALD step prior to the

Al2O3 infill. The use of ZnO ALD to increase σ was previously studied by Lanigan and

Thimsen [103]; they used as-deposited plasma-synthesized ZnO NC networks, coated

the film with varying cycles of ZnO ALD (between 0 and 16), and then infilled the

remaining voids in the NC network with 40 cycles of Al2O3 via ALD. They calculate

that this increases ρ from ∼ 0.7 nm to ∼ 3.5 nm after 16 cycles of ZnO ALD, increasing

the Hall mobility from 0.3 cm2V−1s−1 to 5 cm2V−1s−1. Temperature dependent analysis
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of n indicates n is constant down to at least 100K, indicating lack of thermal activation

in the transport of electrons, a sign of metallic behavior. However, their most conductive

sample (whose conductivity drops by only a factor of ∼ 5 with T varied from 300K to

2K) still shows negative curvature at low temperatures indicating σ(T → 0) = 0.

2.3.1 Results

In this section we build upon their work by synthesizing conductive ZnO NC networks

in the following manner: first, as-deposited plasma-synthesized NCs are flashed 1000 by

IPL to maximize ρ. Then, ρ is further increased via deposition of additional ZnO into

the network via ALD. Only eight cycles of ZnO ALD is used to prevent the NC network

from turning into a granular material (i.e, we still believe the film is nanocrystalline

in nature). Then the film is completely infilled with Al2O3 to render the network

conductive [101, 103]. Lastly the number of doping IPL flashes is varied from 100 to

1000 to tune the NC network through the MIT. The tuning parameter in this study

is the free electron density n, which is tuned in the last step. To summarize: first ρ

is increased through photonic sintering then increased further with ZnO ALD and the

remaining pores are infilled with Al2O3. Lastly, n is increased in a fine-tuned manner

to observe the MIT. For schematic of the ZnO NC network and detailed micrographs

of the system see figures 2.7 and 2.8.

All films receive the same treatment prior to the doping IPL step. The sintering

IPL step results in ρ ∼1.5 nm. To increase ρ further the NCs are conformally coated

with additional ZnO by eight cycles of ALD using diethylzinc, trimethylaluminum and

water precursors prior to infilling the network completely with 70 cycles of Al2O3 ALD.

This results in networks with ρ = 2.8 ± 0.1 nm, diameter d = 10.4 ± 0.2 nm, average

thickness L = 300 ± 30 nm and porosity φ = 0.47 ± .02. The intrasample fluctuations

of the above parameters are discussed in the methods section.
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Figure 2.7: A) Schematic of neighboring NCs showing approximate relevant dimensions.

B) Scanning transmission electron micrographs of metallic/insulating ZnO NC network

lamella (thickness 50 nm) milled by focused ion beam. The corresponding colored

graphs are composite energy-dispersive x-ray (EDX) spectral images showing counts of

Zn (green), Al (blue), and Si (red). C) Elemental distribution of a metallic ZnO NC

networks. HAADF-STEM and EDX spectral images showing the raw counts for Zn, Al,

and Si for each of the networks. Right: Approximate atomic % of all relevant elements

across the same regions demonstrating uniform and conformal coating with both ZnO

and Al2O3 throughout the films. All scale bars are 100 nm.

Because now the system is very near the MIT henceforth n will be that measured via

the Hall effect, nHall, and later this will be related to the electron density measured via

the LSPR feature, nLSPR. This is contrary to the last section where nHall results were

difficult to interpret because the network was insulating. Varying the number of doping

IPL flashes increases n from 2.2 x 1019 cm−3 to 6.9 x 1019 cm−3. This value is well above

the critical n for the Mott criterion so it is expected that all individual NCs are metallic
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and hence the electron density will not change with temperature. In ZnO networks

with similar electron density as ours n was found to be constant down to at least 100

K and there is no reason to expect n to change at lower temperatures [103]. At 300 K,

σ varies from 16 to 92 ohm−1cm−1 and the mobility from 4.5 to 8.3 cm2V−1s−1. The

highest conductivity achieved is three times that from our previous work and results in

an inter-NC conductance range of 2 x 10−4 to 10 x 10−4 ohm−1, well above the minimum

metallic conductance e2/π~ = 8 x 10−5 ohm−1.

Figure 2.8: Higher magnification STEM/EDX images than in figure 2.7. While individ-

ual NCs (diameter 10 nm) can be distinguished in the images direct measurements of ρ

are still not possible on these samples with current state-of-the-art microscopy.

The temperature dependence of σ in figure 2.9A provides unambiguous evidence of

crossing the MIT. For nρ3 < 0.71 σ has positive slope and a negative curvature so that

σ(T → 0) = 0, indicative of insulating behavior. The most insulating sample, which

incidentally is comparable to our most conductive sample in the previous section, has

a slope of ∼0.5 on the Zabrodskii plot [127] in the inset of figure 2.9A, representative

of ES-VRH (equation 2.6) and in agreement with previous results. However, for nρ3 >
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0.71 σ(T ) has nearly zero slope and negative curvature, indicating a finite σ as T → 0.

For the most conductive sample σ(T ) is constant between 50 mK and 2 K, and at high

temperatures the sample has negative slope (figure 2.9C) indicating a transition to the

phonon-scattering dominated regime typical of metals [1]. The black data points in

figure 2.9A are from an ALD grown fully-dense polycrystalline ZnO thin film. σ(300

K) of the most conductive NC sample is merely a factor of two below that of the

polycrystalline film indicating we are close to reaching the maximum possible σ for a

ZnO thin film, whether it be polycrystalline or nanocrystalline.

At nρ3 = 0.71 the critical curve σc(T ) follows a power law of σC ∝ T 1/5 indicated by

the solid line in figure 2.9A. In the inset of figure 2.9A, the critical curve has zero slope

on the Zabroskii plot confirming the power law conductivity. Theory predicts power

law behavior at the MIT to be with exponent x equal to 1/2 or 1/3 [128,129]; the small

exponent of 1/5 is very unusual. In the previous section we estimated the critical curve

to be of the form σC ∝ T 1/2 but this was done as an estimation using establish theory

as the MIT was not seen there. Small values of x has been seen previously in the MIT

of highly-correlated Mott-Hubbard systems YHx [130] and NiS2−xSex [131], but these

systems are very different from ours and the small x value likely has a different physical

origin.

Interestingly, a theory for the frequency-dependent conductivity at the MIT [132]

predicts an exponent of 1/5 would arise in fractal dimension d̃ = 2.5. However, fractal

transport has been studied quite rigorously over the past 25 years and most disordered

systems have a fractal dimension of d̃ ≈ 4/3 [133], and additionally the MIT in fractal

systems is known to not exist in systems with d̃ < 2 [134–136]. d̃ = 2.5 could be

rationalized in disordered, porous, faceted networks such as ours with a thickness of

∼30 NC layers but is unprecedented in the literature so we are hesitant to attribute our

results to such an explanation without further evidence. The concept of NC networks as

fractals has been investigated [137–141] where fractal dimensions of ∼1.4 to ∼2.1 were

found; perhaps future studies will investigate this across the MIT.
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Figure 2.9: A) σ vs T for films with different nρ3. The black curve is an ALD grown

fully dense (φ = 1) polycrystalline ZnO film. B) Collapse of both sides of the transition

into the two branches of equation 2.1. C) Enhanced view of the transition to the

phonon-scattering regime of the most metallic NC network. D) Fits (black lines) to low

temperature σ data from figure A for 5 of the samples.

Fits to the low temperature data for five of the samples is shown in figure 2.9D.

Units are left off the fits for convenience; the units may be interpreted as needed. On

the metallic side, the fit is of the form σ(T ) = σ0 + BTC . The critical curve is fit

with A = 0, resulting in σc(T ) = σgreen(T ) = 11.29T .191. C is then fixed to .191 for

the remaining fits. Doing so results in σblue(T ) = 10.46 + 10.42T .191 and σpurple(T ) =

67.69, a constant. On the insulating side the fits are done to the form σ(T ) = σ0 +

B*exp
(
−(TES

T )1/2
)
TC , where the ES-VRH 1/2 term comes from the red curve in figure

2.9A (The Zabrodskii plot indicates the stretched exponent on the red curve is 0.55 but

we use 0.5 in the fits due to the established theory of Efros and Shklovskii. This is the

cause for the poor fit at low T on the red curve in figure 2.9D while the power law T1/2 fits
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the high T portion nicely). Intuitively C was again fixed to be 0.191, but the resulting

fits were poor so C was allowed to be a free parameter. This resulted in σyellow(T ) =

0.539 + 2.58exp
(
−(.016/T )1/2

)
*T .26, σorange(T ) = -0.23 + 3.71exp

(
−(.046/T )1/2

)
*T .39,

and σred(T ) = -.0070 + 4.35exp
(
−(2.27/T )1/2

)
*T .50. Such a change in the power law

exponent has been seen before [142], when Maliepaard et al. used the work of Altshuler

and Aronov [128] to argue that for systems where interactions are important σ = A

+ BT 1/2 for low disorder becomes σ = A + BT 1/3 at the transition, as their data

showed. Our system behaves analogously, but with a power law exponent of ∼1/5 at

the transition and then an exponent of ∼1/4, ∼2/5 and ∼1/21 as the system is moved

away from the MIT. Evidently our system behaves ‘normally’ slightly away from the

MIT where there is a T 1/2 power law and ES-VRH; it is only at, or very close to, the

MIT that the unusual critical exponents are observed. Further samples near the MIT

will be needed before these results may be considered conclusive. The small negative

σ0 correction in the orange and red fits is unphysical, but is needed for an accurate fit.

In contrast to the previous section where the critical scaling curve was limited to the

insulating branch figure 2.9B shows both sides of the MIT can be described by equation

2.1 using our σ vs T data from 50 mK to 180 K (when the phonon-scattering begins

to dominate). Most MITs are only seen at cryogenic temperatures, so it is intriguing

that we are able to see evidence of a quantum phase transition at temperatures as high

as 180 K. However, since the MIT in NC networks is governed not by the Mott critical

density but by that of equation 2.10, nc is several orders of magnitude higher than in

traditional MIT systems. The 3D free electron Fermi temperature for these ZnO NC

networks ranges from ∼1000-∼2000 K compared to ∼10 K for a typical metal allowing

for scaling at comparatively high temperatures [143].

Using t = nρ3, (nρ3)c = 0.71, and y = 0.16 ± 0.2 (by testing a range of values),

the data collapses onto the two branches of the critical scaling curve given by equation

2.1. The distance from the critical point, ∆nρ3, varies from 0.2 to 0.8 and the ratio

∆nρ3/(nρ3)c varies from 0.3 to 1.1. Expressing y in terms of critical exponents, y = 1/νz

where ν is the critical exponent of the diverging length scales (ξ ∝ (∆ nρ3)−ν) and z that

of diverging time scales (τ ∝ ξz). The critical conductivity at the transition, σc ∝ T 0.19,

1 The appearance of these fractions is intriguing but the cause is unknown. Possibly it is just a
coincidence.
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indicates the temperature exponent x = µ/νz = 0.19, where µ is the conductivity

exponent (σ(T → 0) ∝ (∆nρ3)µ). Our results of x = 0.19 and y = 0.16 ± 0.2 yield µ

= 1.2 ± 0.2. The two finite σ0 values from the fits to the blue and purple curves allow

us to experimentally measure the critical conductivity exponent µ by plotting log(σ0)

vs log(∆ nρ3). Doing so yields µ = 1.47 (there are no error bars because there are

only two data points), higher than predicted from the scaling data. However, there are

only two σ0 values to fit, only the purple curve is truly independent of temperature

and 50 mK is not 0 K so for now we treat µ = 1.2 ± 0.2 as more reliable. Rigorous

critical scaling analysis would require much more metallic samples and possibly even

lower temperatures [68,144].

Lastly, y = 0.16 implies νz = 6.3 ± 0.8, whereas in most MITs νz ≤ 3. As µ = 1.2

± 0.2 is close to typical values of µ, the small critical temperature exponent x = 0.19

can be related back to the high measured value of νz. The high x values measured in

the Mott-Hubbard systems mentioned previously were also found to be due to high νz

values, with νz ≈ 5 [131] and νz ≈ 6 [130]. Further experiments will need to be done

on the MIT in NC networks before this behavior can be considered universal, and then

theory will be needed to explain these novel results.

2.3.2 Relating electron density measured from Hall and LSPR

We now turn to another interesting question that to date has not been studied in NC

networks, namely the relationship between the electron density measured by Hall effect

(nHall) and that measured by the LSPR absorption feature (nLSPR). In section 2.2

nLSPR was used throughout the analysis of the critical scaling of σ vs nρ3 as the Hall

effect through percolating insulating networks is difficult to interpret. In this section

nHall was used throughout the analysis as the measured n values agreed well with the

300 K conductivity measurements.

To relate (nρ3)Hall to (nρ3)LSPR we look at the NIR absorption of ZnO samples

analogous to those studied in transport measurements2 . The results are shown in

figure 2.10A and show a strong σ dependence on the intensity yet the blueshift of the

2 The LSPR samples were deposited (and received IPL treatment) on NaCL substrates adjacent to
the borosilicate substrates used for transport studies so that each film was the same to within minute
fluctuations.
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peak intensity shifts only slightly. This is contrary to most absorption models and

cannot be explained by a diverging dielectric constant near the MIT [145] as samples

far from the MIT exhibit similar behavior [146].

Figure 2.10: A) Select IR absorption spectra showing LSPR absorption. All samples
correspond to those studied in figure 2.9A except for the magenta curve on the bottom
which was acquired from a sample further from the MIT. B) Comparison of two estimates
of nρ3 from LSPR and Hall measurements. (nρ3)LSPR = nLSPRρ

3
eff and (nρ3)Hall =

nHallρ
3, where ρ3 is determined by the ZnO lattice. The error bar on the critical data

point represents an uncertainty in ρ of 0.5 nm.

Based off of work by Zandi et al. [147] and zum Felde et al. [148] we hypothesis

that the lack of LSPR blueshift is due to depletion layers on the NC surfaces due to

Fermi level pinning of surface states. Zandi et al. charged NCs electrochemically while

monitoring the LSPR absorption feature. They found that the magnitude of the LSPR

blue-shift decreases with both increasing NC size and electron density and attributed

the increase in intensity to be due to a larger undepleted core volume while n stayed

nearly constant. As our NCs are beyond the quantum confined regime (Bohr radius of

ZnO is 2.34 nm vs 10 nm NC diameter) and extremely doped, and we know the vital

role IPL plays in the trapping of charges on surface states (figure 2.3 and corresponding

text), it is reasonable to expect our NCs also have depletion layers which are removed

by IPL.

Previously the series of NC films in this study were considered to have fixed ρ while

n is increased by photodoping. Now we propose an alternative explanation in which

n is fixed but ρ changes with doping IPL flashes by removing depleted surface states
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Figure 2.11: Schematic of the depletion layer due to filled surface states. The IPL
serves to remove these surface states, increasing the undepleted core volume and hence
the effective facet radius.

and promoting electrons to the conduction band, increasing the total number of free

electrons N but keeping the electron density n fixed. A schematic of the concept is

shown in figure 2.11 of a partially depleted NC and an undepleted NC. There is now an

effective facet radius ρeff which increases from 0 nm for samples far on the insulating

side to ρ for the most metallic sample (n is found to saturate around 1000 IPL flashes

indicating a complete removal of surface traps and hence a fully undepleted core). To

estimate ρeff from the LSPR features we ignore the slight blue shift with increasing

intensity for simplicity and use the following series of assumptions:

1. ZnO NCs have a uniform 3D depletion layer at the ZnO/Al2O3 interface extending

into the ZnO a width w so that ρeff = ρ - w and the undepleted core volume has

radius reff = r - w.

2. The most conductive sample has w = 0.

3. Area under the LSPR feature is proportional to the number of free electrons

N [149], which is in turn proportional to the undepleted volume [147].

Hence if a sample has half the LSPR area of the most conductive sample then reff =

(0.5)1/3 x 5.2 nm = 4.1 nm, w = 5.2 nm - 4.1 nm = 1.1 nm and ρeff = 2.8 nm - 1.1 nm =

1.7 nm. A sample far from the MIT, in which ρeff = 0, is used as a baseline measurement

of the area under the LSPR feature and is the magenta curve in figure 2.10A. The curve
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is fit with Mie theory and does not take into account inter-NC coupling, which we use

justifiably for this insulating sample, and yields the electron density nLSPR. From this,

the aforementioned model is used to estimate ρeff for the samples used to cross the

MIT. The results are plotted vs (nρ3)Hall in figure 2.10B, and show that (nρ3)LSPR

is typically larger than (nρ3)Hall by a constant amount. Excellent agreement can be

obtained by applying a correction factor of 4/π, which is the predicted ratio of n within

an NC to the measured nHall for NCs in a cubically packed network [150]. In our

situation they are instead related by nρ3, where (nρ3)Hall corresponds to the network

and (nρ3)LSPR to a single NC. In summary, nLSPR serves as a measure of the local

electron density while nHall serves as a measure of the global electron density and their

ratios scale as expected for a granular system [150].

Lastly, we observed the MIT at an nρ3 value of 0.71, about a factor of 2 higher than

the theoretical value nρ3 ∝ 0.3. This is not surprising, as the theory was developed for

2 NCs in contact whereas in our networks there are approximately 10 trillion NCs!3

Fluctuations in NC size, facet size, porosity, film thickness, NC shape etc. all influence

the transition and will increase the predicted critical value of nρ3.

In the previous section, when we failed to cross the MIT without the addition of ZnO

via ALD, we found a maximum nρ3 of 2.6. This may be attributed to our use of nLSPR

in that section, which we have shown leads to a higher electron density than that from

Hall measurements, and also to the large uncertainty in ρ. Figure 2.10C indicates that

our separate measurements of n agree nicely and that it is ρ which limits our ability to

accurately measure nρ3.

2.3.3 Methods

The ZnO synthesis, IPL and Al2O3 ALD methodology were all described in section 2.2.

ZnO ALD was done with a Cambridge Nanotech/Ultratech Savannah S200 system with

precursors of diethylzinc and water at 180◦C. The fully dense polycrystalline ZnO thin

film was grown on the same ALD system using 1000 cycles to produce a film ∼170 nm

thick.

The films were found to degrade at a rate of ∼1% per day in an ambient atmosphere

3 To give an idea of the scale of this number there are ∼0.3 trillion stars in the Milky Way [151],
∼3 trillion trees on earth [152] and ∼20 trillion red blood cells in an adult human [153]!
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so the films were kept in an inert N2 glovebox to prevent degradation. Some of the

high T (300 K - 2 K) measurements were done months before the low T (1 K - 50 mK)

measurements and the minimal σ difference at 2 K indicates these films are stable over

at least several months in the glovebox, likely much longer. Degraded films could be

re-flashed with IPL to recover their optimal conductivies, evidence that the degradation

is due to readsorption of surface species onto the NC surfaces due to the hydroxyl groups

diffusing through the alumina.

Structural characterization: XRD patterns were done using the method described

previously, as were the ellipsometric measurements which yielded film thickness L, poros-

ity and facet size. Intrasample deviations of L was 30 nm, diameter d ∼2 nm, φ 0.02

and ρ 0.3 nm. Intersample deviations of the average parameters were 0.1 nm for ρ, 20

nm for L, 0.02 for φ and 0.2 nm for d.

Microscopy: Figures 2.7B,C and 2.8 were done using lamellae prepared on an FEI

Helios NanoLab dual-beam focused ion beam and examined using TEM and EDX spec-

troscopy. An aberration-corrected FEI Titan G2 60 - 300 STEM equipped with a

Super-X EDX spectrometer was operated at 60 kV with a convergence semiangle of 25

mrad and a beam current of 120 pA. Spatially resolved STEM-EDX maps were collected

with 1024 pixels by 1024 pixels over 450 nm by 450 nm areas, a dwell time of 4 ms/pixel,

an acquisition time of 10 min, and drift correction after every frame. The Zn, Al, O, Si,

and C K-edges were background-subtracted and integrated, producing spectral images.

A three-pixel Gaussian blur was applied to the final spectral images to reduce noise and

aid in visualization.

Transport measurements: Deposition of contacts and high temperature conductivity

measurements were described in section 2.2. Data below 2 K was acquired using an

Oxford Triton 200 dilution refrigerator. T was held at discrete values for 1 to 2 min

to ensure stabilization. Conductivity measurements were performed in either DC or

quasi-DC mode (13-Hz AC with a time constant of 1 s) using a custom IVVI rack with

a high-precision current source, a Keithley 2000 voltmeter, and a Stanford Research

Systems SR830 lock-in amplifier. IV scans were performed at the lowest T and excitation

currents in the linear IV regime were selected for T scans. Comparison of DC and quasi-

DC measurements at the lowest T confirmed that the two excitation modes yield the

same σ.
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Hall measurements were done at 300 K with a current of 10 µA while B was swept

from -10 to 10 Tesla. Film thickness of 300 nm were used for all samples. Uncertainty in

n was dominated by uncertainty in L. As L uncertainty was ± 30 nm, the corresponding

uncertainty on n is thus ∼10%.

IR absorption feature: The LSPR spectra were measured in an inert atmosphere

using a Bruker ALPHA spectrometer in transmission mode. The LSPR area was calcu-

lated by integrating the blue-half of the absorption feature in order to avoid the Al2O3

absorption feature at 800 cm−1.
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2.4 Conclusions

In this chapter we have demonstrated an MIT in a semiconductor nanocrystal network.

Through a sophisticated series of steps consisting of plasma synthesis, IPL, ZnO ALD,

Al2O3, and more IPL we have shown that the temperature dependent conductivity of

the network can be tuned from Efros-Shklovskii variable-range hopping to metallic-like

conduction. At the transition an unusual power law conductivity of the form σc ∝ T 0.19

was observed as well as a correspondingly high νz value of 6.3 ± 0.8. Both sides of

the transition collapsed onto the critical scaling curve equation 2.1 indicating quantum

phase transition is observed.

As this is the first known thorough confirmation that an MIT is possible in an NC

network there are numerous questions remaining regarding the MIT in an NC network.

First, here the MIT was only crossed upon additional deposition of ZnO via ALD. While

we are confident this is still an ‘NC network’ in nature it would be more aesthetically

pleasing to be able to observe an MIT without needing to artificially increase ρ. We

found that σ does not increase further with additional IPL flashes, so in order to increase

nρ3 further either ρ could be increased by using larger NCs, or n increased by using a

semiconductor with a higher intrinsic carrier density.

Numerous other relevant variables should also be studied in their effect on the MIT;

in addition to NC size, the network porosity, NC size dispersion, film thickness, and

lattice packing should all be related to the simplistic 2-NC nρ3 MIT criterion. The cre-

ation of NC superlattices is an extremely active area of current research where in sharp

contrast to our disordered network of plasma-synthesized impact-deposited NC network

tens of microns sized organized lattices of NCs can be created [155–161]. However, in

2D epitaxially connected superlattices disorder is still found to be strong enough to

prohibit electron delocalization [107]. While the MIT in 2D systems has been shown to
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exist in recent years in thin films [162, 163], for now 2D NC superlattices are still too

disordered. There has been recent progress on the formation and transport studies of

3D superlattices [164] which show great promise for carrier delocalization.

The NCs in this study were too large to exhibit quantum confinement effects. Utiliz-

ing the properties of quantum confinement with high conductivity films has important

applications for LEDs, photodetectors and solar cells. A recent paper [109] showed

evidence of a Coulomb blockade in the drain-source current of an ensemble QD transis-

tor at 77 K and bandlike transport behavior at T > ∼75 K. While their films showed

insulating behavior at cryogenic temperatures their high T measurements showing the

filling of 1S and 1P states in the IV curve indicate a huge advancement in the utility of

confined QDs as high conductors.

Our critical nρ3 of 0.71 was about a factor of 2 higher than the predicted value

of 0.3. Future studies should also test this theory. Superlattices in particular have

minimal disorder; perhaps the transition there will occur at nρ3 = 0.3g. Our results of

(nρ3)Hall vs (nρ3)LSPR were found to agree well with the theory for transport in granular

systems. This indicates our measurements of n are accurate and it is the measurement

of ρ which limits our accuracy of experimentally determining nρ3. Our measurements of

ρ were indirect through ellipsometry and a geometric model of depletion layer. Future

studies of charge transport might measure ρ directly either through state-of-the-art

transmission electron microscopy or electron topography. Recent TEM images of a

PbSe NC superlattice [107] has shown the atomic crystal lattice structure is uniform

between two NCs connected through a small facet making direct measurements of ρ

possible and showing great promise for accurate measurements of ρ in the near future

coupled together with Hall, LSPR and σ vs T measurements.

Our critical conductivity close to the form σc ∝ T 1/5 most certainly deserves more

study, which hopefully future observations of the MIT in NC networks will address.

Whether it is universal to NC networks, a byproduct of the plasma synthesis (agglomer-

ates are thought to form in-situ during the aerosol phase), or due to some other relevant

variable such as those mentioned above is an interesting question both experimentally

and theoretically.

Crossing the MIT in an NC network is an important demonstration for the utility

of NCs in practical devices. Combining near bulk-like conductivity with the advantages
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of nano-engineering may be exploited for use in solar cells, field-effect transistors, ther-

moelectric generators, electrochromic windows, wearable electronics and optoelectronic

devices [165]. We have demonstrated the feasibility of metallic transport in a disordered

NC system which may be extended via incorporation into the previously mentioned de-

vices or be used as a starting point for additional fundamental studies of transport in

NC systems.

To conclude, let us revisit a Science Perspectives article from 1996 on the metal-

insulator transition in correlated disordered systems [166] which commented on the high

νz value in the NiS2−xSex films mentioned previously [131]:

“However, this experiment raises again many old questions... Why are the

critical indices in this system so different from what is observed in doped

semiconductors and amorphous alloys? Is the present universality class as-

sociated with the unusual strength of the electron-electron correlations that

are present in this material? ... Much more work needs to be done to unravel

the metal-insulator transition puzzle.”

Evidently the past 20-odd years has not brought forth the answers but perhaps the

addition of NC networks to this class of unusual materials will shed some fresh light

onto an old problem. The metal-insulator transition is approaching its 90th year of

rigorous study [72] implying ∼5 generations of physicists have worked on the problem;

hopefully the next 90 years will result as much profound insight into the correlations

governing transport in semiconductors as the past 90 years have.



Chapter 3

Synthesis and Electronic States of

CdSe/HgS/CdS Quantum Dots

In this chapter we will study the synthesis, electronic states and optical properties of

novel CdSe/HgS/CdS colloidal quantum dots. Our shell synthesis combines the tech-

niques of colloidal atomic layer deposition and successive ion layer adsorption and re-

action. This enables atomic-level HgS growth at the individual monolayer (ML) level.

The emission is tunable from ∼600 nm for CdSe/CdS QDs out to ∼1200 nm for Cd-

Se/HgS/CdS QDs with a 4 ML HgS shell. The emission spectra for various HgS thick-

nesses is almost non-overlapping between an ’N’ ML HgS shell and an ’N±1’ ML shell,

a feature only possible due to the discreteness of the lattice sizes in the synthesis. We

begin with a brief overview of CdSe/CdS QDs followed by an in depth discussion of the

electronic properties of CdSe/HgS/CdS QDs studied numerically via the effective mass

approximation. After familiarizing ourselves with this material we explore the synthe-

sis and steady-state and time-resolved optical properties of this system. The final two

chapters of this thesis will concern multi-exciton dynamics in these CdSe/HgS/CdS QDs

and their potential use as near infrared single photon emitters.

50
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3.1 Introduction

In the previous chapter we extensively used electrical measurements to study electron

transport in ZnO NC networks. While electrical transport studies reveal lots of informa-

tion about the states of a system there are many drawbacks. Primarily, the QDs must

be deposited as a film making it impossible to study the properties of non-interacting

QDs, and during the deposition process the QDs are likely exposed to air, potentially

degrading the dots. Additionally, in disordered QD films many of the interesting elec-

tronic states are smoothed out through the macroscopic nature of charge transport,

obscuring the delicate quantized states in QDs.

To this end, optical spectroscopy is a vital tool for studying the properties of QDs.

In direct-gap semiconductors photons with energy greater than the bandgap EG are

absorbed by the material promoting an electron from the valence band into the conduc-

tion band of the material. As shown in figure 1.1, once the size of a semiconductor is

comparable to or smaller than the exciton Bohr radius the quantum size effect leads to

a blue shift in absorption levels due to the discrete states of the system. Hence, simple

steady-state measurements like absorption and emission spectra provide an enormous

amount of information about the quality and properties of any given QD system. Opti-

cal measurements are ’non-contact’ in contrast to electrical measurements which makes

them less invasive and measurements can be done while the QDs are in solution so that

non-interacting studies can be done.

While steady-state measurements provide information on the electronic states of the

system, they do not help with understanding the dynamics of the system. Time-resolved

spectroscopy is used to evaluate temporally the absorption and photoluminescence of

samples. In time-resolved photoluminescence (TRPL) measurements, a sample is ex-

cited by train of ultra-short laser pulses and the emission is put through a monochroma-

tor and then coupled into a single-photon counting (SPC) detector. Two different times

are tagged by the system, a ’trigger’ which denotes the t = 0 of the system and the time

the photon reaches the detector. Collecting numerous decay events allows one to create

a histogram of electron-hole recombination processes. Time resolution of TRPL can be

as low as a few ps [167] with state-of-the-art SPC detectors.

For events faster than electron-hole recombination such as band-edge electron/hole
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relaxation or separation a different technique must be used, the most popular of which is

transient absorption spectroscopy (TA). TA allows ultra-fast dynamics to be resolved,

such as 1P-1S relaxation [168] or electron/hole trapping [169]. TA is a pump-probe

experiment where first the system is ’pumped’ with a femtosecond laser which excites

the sample and then ’probed’ by white light generated from a sapphire, YAG or CaF2

crystal. The probe path length is varied by a micrometer stage, and changes in the

absorption of the white light by the sample are monitored as a function of the delay

between the pump and probe allowing charge relaxation to be quantified by measuring

intensity and spectral features across the absorption spectrum. The resolution is limited

only by the pulse-width of the laser as state-of-the-art motor delay states can be con-

trolled at the sub micron level (1 fs = 300 nm at the speed of light). Hence, relaxation

processes at the sub-100 fs level can be extracted [170].

3.1.1 The Prototypical Quantum Dot: CdSe/CdS

By far the most studied and well understood QDs are those of CdSe [14,171,172], which

have near unity QY, ideal color purity and monoexponential decay dynamics, indicative

of only one relaxation channel. However, CdSe QDs are very unstable photochemically,

even under ambient conditions [173]. To remedy this, often CdSe QDs are coated with

a wide bandgap CdS shell. The CdS conduction band minimum is ∼0.1 eV higher than

CdSe while the CdS valence band maximum is ∼0.6 eV below that of CdSe. This leads

to confinement of the electron and hole in the core, while also protected the emissive

core layer from surface defects or other traps [173–176]. A thicker shell can serve to

prevent the QD from blinking, useful for LEDs and single QD applications [177–181].

CdSe-based QDs have 30 years of experimental and theoretical understanding behind

them [182], and continue to be a very active research field today [173,183–188]. However,

their emission maximum is limited to ∼580 nm to ∼680 nm making NIR applications

impossible. Here we will work with CdSe/HgS/CdS QDs where the HgS interlayer

thickness is controllable at the single ML level. It will be shown that this leads to

discrete jumps in the emission spectrum for different thicknesses of HgS and the emission

energy can be decreased to below 1 eV.
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3.2 Electronic States of CdSe/HgS/CdS Quantum Dots

Prior to diving into the experimental results we will look at the electronic states of Cd-

Se/HgS/CdS via the effective mass approximation [16]. This will allow us to understand

the material at hand and this section will be referred to repeatedly throughout the rest

of this chapter and the following ones.

HgS is a member of the mercury chalcogenides family along with HgSe and HgTe.

Three forms of HgS are found in nature; the most common is α-HgS, also known as red

cinnabar or vermilion, which has a trigonal lattice and a bandgap of 2.1 eV [121]. For

centuries α-HgS was used by painters for the color red via the mineral vermilion,1 long

before the hazardous health effects of Hg were known. The second most common form

and that to be focused on primarily in this thesis is β-HgS, or metacinnabar, which

has a zinc-blende crystal structure and a bandgap of -0.5 eV to 0.5 eV [121] (see below

for explanation of this range). Lastly there is hypercinnabar, in the wurtzite crystal

structure, which is formed at higher temperatures than the previous to forms of HgS.

Hypercinnabar is intimately related to β-HgS as well will see below. For the remainder

of this section we will focus on β-HgS as that is primarily where our interests lie though

the results here should be directly transferable to wurtzite HgS.

For many years all three members of the mercury chalcongenides were thought to

belong to the group of materials which have inverted band structure, or ‘zero’ or ‘nega-

tive’ band-gap materials, in which the bottom of the conduction band is lower than the

top of the valence band. However, experiments on HgS found a wide variety of bandgap

values, both positive and negative, perplexing physicists for decades. Recent theoretical

work by Cardona et al. found that spin-orbit coupling is negative in HgS whereas in

HgSe and HgTe it is positive; this leads to HgS being a semiconductor with a bandgap

of several hundred meV while HgTe and HgSe are semi-metals [189,190].

Here HgS shells are grown on CdSe cores with atomic-level precision before coating

with a final CdS shell to protect the QDs. Similar ‘spherical quantum wells’ have been

created before in CdS/HgS/CdS heterostructures and other materials [191–198]. How-

ever, these QDs were synthesized from a H2O based colloidal synthesis which severely

limited their quality as the QY was limited to only 3-5%. Here we report the synthesis

1 For instance, see Assumption of the Virgin by Titian (1516-1518) or the murals in the Villa of the
Mysteries in Pompeii.
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Figure 3.1: Calculated band structures of the mercury chalcongenides near the Γ point.
A) HgTe and B) HgSe are semimetals, while C) HgS is a narrow gap semiconductor.
Figures reproduced with permission from reference [190].

of high quality CdSe/HgS/CdS QDs with QY up to 60%+, far higher than is obtain-

able in CdS/HgS/CdS heterostructures. The synthesis is described in detail in the next

section of this chapter.

As previously stated the CdSe conduction band minimum is 0.1 eV lower than that

of CdS [18]. Based on calculations and experiments in the literature [191, 199] we take

the bandgap of HgS to be 0.5 eV and the conduction band minimum to lie 1.35 eV

below that of CdS [195, 200], so that it is 1.25 eV below that of CdSe (others use

CdS conduction minimum 1.3 eV above HgS [191]; we find better matching to our 1S

transition energies with a 1.35 eV offset and the 50 meV energy offset will not effect

main results). The valence band maximum offset of CdSe/HgS is nearly zero at just .01

eV while the CdS valence maximum lies ∼0.6 eV below that of the core materials. As

shown in figure 3.2B, this leads to a spherical quantum well in the HgS interlayer for

the 1S electrons while holes are delocalized throughout the CdSe/HgS layer.

To calculate electronic states in CdSe/HgS/CdS QDs we implement an effective-mass

formalism [201] using a mesh-based method of solving the radial Shrödinger equation

as described in [23, 202]. Due to the strong confinement of this system the Coulomb

interaction between charges is negligible so is not included in the calculations. We use

a bandgap of 1.74 eV, 0.5 eV and 2.5 eV for CdSe, HgS and CdS respectively. The

electron (hole) masses in units of the free electron mass m0 are 0.16 (0.45) for CdSe,

0.036 (0.044) for HgS and 0.2 (0.7) for CdS. Lastly, the lattice constants are 6.08 Å

for CdSe, 5.85 Å for HgS, and 5.82 Å for CdS [121]. The minimal lattice mismatches
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allow for the growth of high-quality QDs even with single ML shell layers. Air is used

as the outermost layer, with m = m0, in all the calculations in order to truncate the

wave functions (see figure 3.3A). The zero energy level is taken to be the bottom of the

conduction band of HgS.

Figure 3.2: A) Schematic of the spherical quantum well. B) Schematic of the het-
erostructure band profiles with the parameters used in the calculations listed. C) Cal-
culated electron/hole energy levels for a 1.50 nm radius CdSe core, 1 ML HgS, and 1.2
nm CdS shell. The 1S electron state is localized in the HgS well while the 1Pe state is
above the CdSe conduction band minimum. All hole states are delocalized leading to
this being a quasi-type-II structure.

Results of the six lowest electron and hole states is superimposed onto the energy

level schematic in figure 3.2C using a 1.50 nm radius CdSe core, a 1 ML HgS shell, and

a 1.2 nm CdS shell. The hole states are close together as is typical in semiconductors

which have a much greater effective hole mass than electron mass, and are delocalized

throughout the CdSe/HgS layer. The 1S electron state (1Se) is localized inside the HgS

well lying 300 meV below the CdSe conduction band minimum. The 1Pe state lies 380

meV above the 1Se state and 80 meV above the CdSe conduction band. The 1Pe state

is only 16 meV below the CdS conduction band minimum so may be treated as delocal-

ized across the entire QD. The higher level states exist throughout the CdSe/HgS/CdS

heterostructure as well, and above them exist more discrete states and a transition to

a continuum of higher energy electronic states.

The 1Se, 1Sh and 1Pe radial wavefunctions, R10(r) and R11(r), are plotted in fig-

ure 3.3A for the 1 ML HgS sample. The cusps are non-physical and come from the

discrete jump in effective masses at interfaces when using the effective mass formalism.

Clear localization of the electron in the HgS layer is seen, while the hole is delocalized
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throughout the structure. Doing this for 1-4 ML of HgS and calculating the square of

the electron-hole wavefunction via equation 3.2 shows that the overlap increases with in-

creasing HgS thickness (figure 3.3B). This can be understood intuitively as with thicker

HgS widths the electrons move deeper into the well (becoming more localized) while

holes remain delocalized. Furthermore as HgS width is increased the CdSe/HgS volume

fraction decreases indicating a higher probability of finding a hole in the HgS layer and

a correspondingly larger overlap integral.

Figure 3.3: A) Radial 1Se, 1Sh and 1Pe wavefunctions for the 1 ML HgS sample. B)
Square of the overlap integral for the 4 different HgS thicknesses.

In figures 3.4A,B the electronic (solid lines) and hole (dashed lines) energies are

plotted as a function of HgS thickness with a fixed 1.50 nm radius core (figure A) and

variable CdSe core radius with a 1 ML HgS shell (figure B). As the HgS interlayer thick-

ness increases the hole states remain largely unchanged because the holes are delocalized

throughout the CdSe/HgS heterostructure and therefore less susceptible to increases in

the HgS thickness. On the contrary, as we increase the thickness of the HgS layer the

electronic states move further and further into the well due to the decreasing quantum

confinement in the HgS interlayer (figure 3.4A). This effect is most prominently seen in

the lower energy 1Se and 1Pe states while the delocalized higher energy states are less

susceptible to changes in the HgS interlayer thickness. The horizontal grey dashed line

at 1.25 eV denotes the CdSe conduction band minimum while the vertical grey lines de-

note integer MLs of HgS. Previous work on CdS/HgS/CdS QDs showed that partial ML

growth still resulted in shifts in the absorption/emission spectrum, so regions between
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the vertical lines are in principle obtainable although this has not yet been explored in

CdSe/HgS/CdS QDs [193].

For all HgS thicknesses (we use 3 Å as the minimum thickness which is ≈ 1/2 ML)

the 1S state is localized in the HgS core. Between 1 and 2 MLs of HgS the 1Pe state

also drops into the well. A further increase of the HgS layer serves to push the 1Se and

1Pe states further into the well and the energy between them changes from 380 meV at

very small HgS widths to ∼300 meV at larger shell thicknesses. The 1De state drops

into the HgS well between 3 and 4 MLs of HgS located ∼500 meV above the 1Pe state

while the remaining states are still above the CdSe and CdS conduction minima.

Figure 3.4: A) Electron (solid) and hole (dashed) energy levels for a fixed CdSe core
and CdS shell while the HgS layer is continuously increased. The dashed line at 1.25 eV
denotes the CdSe conduction band minimum and the vertical grey lines denote integer
multiples of the HgS lattice constant (0.585 nm). B) Variable CdSe core radius while the
HgS and CdS layers are fixed at 1 ML and 1.2 nm, respectively. The horizontal dashed
line again denotes CdSe conduction band minimum. C) 1Se-1Sh transition energies of
CdSe/HgS(n)/CdS(2) QDs with n an integer between 1-4. Solid lines are calculated
data points are PL emission peaks from experiment. Square symbols denote zinc-blende
crystal structure samples while stars represent wurtzite. The error bars represent the
full-width at half-maximum of the PL spectra.

In figure 3.4B the CdSe radius is increased while the HgS layer is fixed at 1 ML.

Here large changes in the hole energies is seen for small CdSe radii when the CdSe/HgS

layer is in the strong confinement regime. Around 2.5 nm CdSe radius the 1Sh state

becomes relatively insensitive to the core thickness but the other states are still moving

up in the valence band slightly. The 1Ph state lies ∼25 meV below the 1Sh state. The

1Se state is largely unchanged by any variations in the CdSe radius as the 1Se state

is localized in the HgS layer regardless of CdSe radius (horizontal dashed line denotes
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conduction band minimum for CdSe) and thus impervious to changes in the CdSe or

CdS layers. The higher order electronic states are more sensitive to to the CdSe radius

with the 1Pe then 1De dropping into the HgS layer at CdSe radii of ∼1.75 nm and ∼3

nm, respectively.

Changing the CdS layer thickness does not effect the electron and hole energy levels

by more than ∼1 meV as the 1S electrons and holes are localized in the CdSe/HgS layers.

However, CdS shell thickness has very important contributions to surface passivation

and the QY of the samples as will be discussed at length later.

The 1Se-1Sh transition energies are plotted for 1-4 ML HgS as a function of CdSe

radius in figure 3.4C. The data points represent the PL emission peaks from experiments

with various CdSe core and HgS ML thicknesses. The CdS outer shell thickness is 2 ML

for all samples in 3.4C. The error bars serve to denote the full-width at half-maximum

(FWHM) of the emission peaks due to size dispersion of the CdSe core. Thus far we

have limited ourselves to discrete values of the HgS ML thickness but it is possible to

grow fractional MLs of HgS which should extend the flexibility of emission energies even

further [193].

CdSe/CdS QD emission (not shown) covers most of the visible spectrum but none

of the NIR. Adding just a 1 ML HgS shell between the CdSe/CdS layers extends the

transition energy out to the 700-850 nm range with additional HgS MLs continuing

to decrease the transition energy out to below 1 eV. Such flexibility bodes very well

for the potential applications of CdSe/HgS/CdS QDs as NIR emitters. Here we only

examine 1-4 MLs of HgS but thicker HgS shells can in principle be grown leading to

a further red-shift in transition energy out to more than 2 microns towards the HgS

bulk bandgap of 0.5 eV. It will be shown in the next section that we are capable of

growing CdSe/HgS/CdS QDs with up to 6 MLs of HgS but QY for these samples is

comparatively low compared to the 1-4 ML HgS samples.

3.3 Experimental Results

Having familiarized ourselves with the electronic properties of CdSe/HgS/CdS quantum

dots we now turn towards the experimental realization of these novel materials and the

optical characterization of them. We begin with an overview of the synthesis technique,
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followed by an analysis of their steady-state absorption and PL spectra and conclude

with a study of their PL dynamics.

Throughout this section and the following chapters both the HgS and CdS shell

thicknesses will be changed repeatedly which could potentially get confusing. To hope-

fully clarify the results each sample will be referred to as CdSe/HgS(n)/CdS(x ) where n

denotes thickness of HgS layer in unit of MLs and x will denote the CdS shell thickness.

The core radius is fixed for most of the measurements at 1.5 nm.

3.3.1 Synthesis of CdSe/HgS/CdS QDs

To extend the CdSe/CdS core-shell material into the NIR we combined two well-

established synthetic techniques that allow us to grow HgS shells onto CdSe cores

with atomic-level accuracy: colloidal atomic layer deposition (c-ALD) [203] and suc-

cessive ion layer adsorption and reaction (SILAR) [204] (figure 3.5). These self-limiting

half-reactions of S2− (in the form of (NH4)S OLA) and cationic Hg2+ (in the form

of Hg(OAc)2OLA) on the CdSe surface in a non-polar phase enables us to generate

‘closed-shell’ structures at room temperature. The colloidal stability of the growing

heterostructures is maintained by co-ligation of the NC surfaces with aliphatic alkyl

chains of oleylamine molecules [205].

Specifically, highly monodisperse CdSe cores with either zinc-blende (zb) or wurtzite

(w) crystal structures are functionalized with sulfide ions using ligand-exchange reac-

tions. Here, S2− efficiently strips off the pristine ligands from the NC surface and forms

1/2 ML of the shell material. To form a complete ML of HgS Hg2+ ions are deposited

onto CdSe/S2− using the SILAR approach. In contrast to the S2− layer grown via

c-ALD where the excess precursors (NH4S) can be removed under low pressure, here

the amount of Hg2+ ions added must be carefully controlled. The high affinity and

reactivity of mercury ions towards sulfide ions leads to fast surface reactions; a large

excess of Hg2+ ions can trigger undesirable Hg2+ to Cd2+ cation exchange despite the

‘protective’ sulfide layer [191]. Additionally controlling the amount of Hg carefully min-

imizes waste, something that should be always be done with a Hg based material. The

precise amount of Hg-based precursors was calculated from the ratio between the core

and shell volumes and known parameters of bulk CdSe and HgS. The initial concentra-

tion of CdSe QDs was determined based on the sizing curve and size-dependent molar
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extinction coefficients [206].

Figure 3.5: A) Schematic of the synthetic steps. Starting from a CdSe core Hg and S
ions are added via SILAR and c-ALD respectively, while CdS outer shell is grown at
∼200 ◦C. RT stands for room temperature. B) TEM images of 1, 2 and 3 ML HgS of
CdSe/HgS(n)/CdS(2) QDs.

By successively repeating S2− and Hg2+ half-reactions we are able to strictly grow

one ML of HgS at a time. After the formation of CdSe/HgS QDs with the desirable

number of HgS MLs a protective outer CdS shell layer is deposited. CdS has almost

a perfect lattice-match with HgS ( differing by only ∼1/2%) guaranteeing efficient sur-

face passivation. Two MLs of CdS shell were grown using the same approach as for

the HgS layer deposition where S2− and Cd2+ half-MLs were deposited using c-ALD

and SILAR techniques, respectively. However Cd2+ cations do not show the same high

affinity towards sulfide-terminated surfaces leading to the formation of homogeneously-

nucleated CdS QDs along with CdSe/HgS(n)/CdS(2) QDs. Fortunately, the CdS QD

sub-ensemble may be removed by means of size-selective precipitation using acetone as

a non-solvent. The as-grown CdSe/HgS(n)/CdS(2) QDs do not show any emitting char-

acteristics due to a high concentration of surface defects. To reduce the concentration

of surface traps the QDs are thermally annealed at T = 200◦C for 7 minutes in the

presence of a small amount (∼150 µL) of Cd- and S- precursors.

To grow thicker CdS shells the as-synthesized CdSe/HgS(n)/CdS(2) QDs are further

heated to T = 220◦C in the presence of Cd- and S- precursors. The amounts of the
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precursors are calculated from the QD particle size and the desired final shell thickness.

After the addition of the precursors is completed the temperature is lowered to 200◦C

and 1 mL of oleic acid is added. This reaction mixture is annealed for 30 min, leaving

the final product. The high temperature treatment leads to the formation of highly

crystalline QDs with impressive QYs, stability and symmetric and narrow PL linewidths.

Using this growth technique arbitrary complex sequences of different atomic layers

can be grown around QD cores; for example CdSe cores could be coated in alternating

HgS and CdS shells resulting in an ‘onion’ type QD structure with a series of HgS

quantum wells. Alternatively, a variety of materials could replace the CdSe, HgS or

CdS layers to synthesis a new nanomaterial with some desired property.

It took many years for CdS shell growth to be perfected on CdSe QDs. It is far from

inconceivable that such advances may be made on these CdSe/HgS/CdS QDs in the

future serving to maximize their potential as NIR emitters. Controlled doping, alloying

or different temperature shell growths all might lead to more high-quality QDs with

specific properties applicable for some desired purpose.

Figure 3.6: Absorption and emission of 3.8 nm zinc-blende CdSe cores coated with HgS
and CdS. A) CdSe-zb QDs coated with n MLs of HgS. Clear absorption features can be
seen. B) Coating in a 2 ML CdS shell and annealing results in emission. C) Absorption
and emission of the 4 ML CdS shelled sample. The numbers in (B) and (C) indicate
the QY.
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Figure 3.7: Absorption and emission of 3.2 nm wurtzite CdSe cores coated with HgS
and CdS. A) CdSe-w QDs coated with n MLs of HgS. Clear absorption features can be
seen. B) Coating in a 2 ML CdS shell and annealing results in emission. C) Absorption
and emission of the 4 ML CdS shelled sample. The numbers in (B) and (C) indicate
the QY.

3.3.2 Steady-State Optical Properties

The steady-state absorption, emission and QY are shown for 1-4 ML of HgS with 0,

2 and 4 ML of CdS on a 3.8 nm diameter CdSe-zb core (figure 3.6) and on a 3.2 nm

CdSe-w core (figure 3.7). X-ray diffraction spectra (XRD), not shown, indicate that the

HgS crystal structure follows the CdSe core crystal structure so the CdSe-zb core leads

to βHgS, or metacinnabar, while the CdSe-w core leads to hypercinnabar, as discussed

previously. Both of these materials have similar electronic properties, and indeed both

of their PL peaks for various CdSe and HgS sizes nicely follow the EMA results in figure

3.4C. In figure A of both figures 3.6 and 3.7 CdSe/HgS(n) QDs show no emission but

clear absorption features consistent with the quantum confinement of the CdSe core

and the HgS interlayer, as in figure 1.1B. The progressive red-shift with increasing HgS

thickness is consistent with a reduction in the quantum confinement as the HgS layer

gets larger. Figures 3.6B and 3.7B show the CdSe/HgS(n) cores from figure A coated

with 2 ML of CdS then thermally annealed. Now strong emission is observed near

the absorption feature onset indicative of bandgap emission from the QD. PL emission

maxima extend from 800 nm for the 1 ML HgS sample out to 1150 nm for the 4 ML HgS
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sample. Figures 3.6C and 3.7C show the absorption and emission of the QDs coated

with a 4 ML CdS shell. The PL peaks are nearly identical but the QY is enhanced by

∼50%. This can be attributed to improved passivation of trap states as will be discussed

more in-depth later. The QY is greater than 50% for 1-3 ML HgS samples in both zb

and w crystal structures, with the 4 ML HgS samples showing a slightly reduced QY

of ∼35%. Such high QY in the NIR bodes well for the use of CdSe/HgS/CdS QDs in

LEDs, lasers and as single photon emitters.

The full-width at half-maximum (FWHM) of the emission spectra is 205, 188, 162

and 141 meV for the zb crystal structure with 1-4 ML HgS and 2 ML CdS and 200,

185, 179 and 155 meV for the w crystal structure series. While far from the linewidth

of ∼50 nm that state-of-the-art visible emitting QDs can achieve, these values are still

quite remarkable for NIR-emitting QDs and without a graded core/shell interface. A

later chapter will show that single QD emission spectra of the 1 ML HgS samples

show linewidths of ∼80 meV, so the ensemble PL linewidths are comparatively narrow

compared to the wide single QD linewidth. Hence size dispersion of the CdSe cores is

not the only cause of the broad PL bandwidth, it is something intrinsic to the QDs

themselves.

A natural question to consider is whether we are actually growing only 1 ML at a

time or are a variety of ML thickness growing concurrently. Indeed, growing single ML

on top of a QD is nearly impossible with most synthetic techniques and any sizable

lattice mismatch will destroy any chance of having a smooth transition at the interface.

Fortunately βHgS and HgS-w are very stable materials with similar properties, and

both have a lattice mismatch with CdSe of merely ∼4%. To prove that only 1 ML is

grown in each double ‘half-reaction’ we purposely grow ’messy’ batches of QDs (did

not wash between each half-reaction) and look at their emission spectra. As shown in

figure 3.8, the 3 ML sample shows clear side peaks at the 2 ML and 1 ML emission

energy, and the 2 ML sample shows a clear side peak at the 1 ML emission energy. The

side peaks of the ‘n’ ML emission spectra match up perfectly with the emission peaks

of the ‘n - 1’, ‘n - 2’, ... CdSe/HgS(n)/CdS QDs in a ‘clean’ synthesis, indication of

a step-wise series of single ML growth. This analysis shows the strength of our self-

limiting half-ML reactions via the c-ALD and SILAR steps. If the synthesis was not

growing single MLs at at time instead of distinct peaks from each batch of QDs a broad
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emission from a continuous distribution of HgS widths would be observed. As mentioned

previously it was shown to be possible to grow fractional HgS MLs in CdS/HgS/CdS

QD synthesis [193] but we have not examined that here as in each step the amount of Hg

introduced is carefully controlled to account for exactly one ML of growth in each cycle.

In these sub-ML fractions, Hg can effectively be treated as a dopant in the CdSe/CdS

system; the abrupt shift in emission energy at only 5% of a ML indicates how efficiently

Hg traps the electrons (and holes, in the case of CdS/HgS/CdS), something that will

be explored in future studies.

Figure 3.8: When the samples are not washed between each half-reaction the result is
a sub-ensemble of different ML emission spectra. If the reactions were not self-limiting
to 1 ML at a time then there would be a broad high energy emission peak from the
sub-ensemble QDs rather than the distinct peaks observed.

Lastly, we directly compare the absorption and emission spectra of CdSe cores coated

with 1 ML HgS and then coated with 2, 4, or 6 ML of CdS in the zb and w structures

(figure 3.9). A small blue-shift is seen in the absorption and emission spectras with a

thicker CdS shell which can be attributed to the higher temperatures required for thicker

CdS shell growth. The CdS shell dependence on the emission maxima was calculated

with the EMA to be negligible in the previous section, where changing CdS thickness

resulted in minute ∼1 meV changes in the 1S transition energy. Therefore something

physically is changing in the system at these elevated temperatures. Whether this is

partial cation exchange between Hg and Cd or a removal of emitting trap states is yet to
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be determined, but whatever the cause the effect serves to create higher quality samples.

Strong increases in the absorption of thicker HgS samples is seen at higher energies,

an indicator that the delocalized high energy electronic states play a role with the initial

absorption process. This role will be examined more closely in the next chapter, where

interesting high-fluence PL dynamics seem to arise from the absorption of these high

energy photons.

Figure 3.9: Comparison of absorption/emission spectra of CdSe/HgS(1)/CdS(x) QDs
with x = 2 ML (red), 4 ML (blue) and 6 ML (purple) in A) zinc-blende crystal structure
and B) wurtzite crystal structure.

Throughout experiments perfecting the synthesis parameters we also played with 5

and 6 ML HgS samples. These were shown to have greatly reduced QY and a strong fast

component in the PL dynamics. Therefore we limited ourselves here to 1-4 ML of HgS

due to their optical properties being optimized but in principle an arbitrary number of

shell thickness could be grown. Future work will be needed in order to protect these

delicate samples from degradation during the HgS and CdS shell growth where likely

defects and surface traps dominate.

Going from 2 to 4 to 6 ML of CdS outer shell thickness resulted in consistent

improvements in the QY of the QDs; this is in agreement with decades of work on

CdSe/CdS QDs where thicker shell QDs prevent charging of the QDs and lead to higher

QYs and monoexponential decays. CdS can be grown on CdSe out to 20 or more MLs

in so called ‘giant’ QDs [177] or dot-in-bulk QDs [180] where the CdS shell is thick
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enough that it is ‘bulk-like’. Future work on extending the CdS thicknesses of these

CdSe/HgS/CdS QDs will likely result in similar enhanced optical properties.

3.3.3 PL dynamics

Here we examine the low-fluence (average number of excitons per dot 〈N〉 << 1) PL

dynamics of CdSe/HgS(n)/CdS(x) QDs. The samples are excited with a 3.1 eV pulse

with a temporal width of ∼200 fs. The emitted light is sent through a monochromater

and then fiber-coupled to a superconducting single-nanowire photon detector (SNSPD)

[207]. For these low-fluence measurements the beam size is kept large (∼500 µm) and

the power low. The repetition rate is kept at 250kHz.

PL dynamics for the 2 ML CdS shelled series is shown in figure 3.10 for both the

zb and w series. With increasing HgS width a systematic increase in the PL lifetime

is seen. In the following analysis we assume that in the ensemble PL dynamics all

individual QDs have the same radiative lifetime τr while the non-radiative lifetime τnr

may differ from dot-to-dot due to different concentrations of defects or ligand traps.

The data for all samples is fit nicely by a multi-exponential fit wherein the PL decay is

modelled by IPL(t) =
∑N

i=1Aie
−t/τ i for an N-exponential decay. Here τ i is the effective

single-exciton lifetime given by τ i = τrτ inr

τr+τ inr
and Ai is the relative fraction of the QDs in

the i-th sub-ensemble normalized such that
∑N

i=1Ai = 1. The QY in each sub-ensemble

is defined as φi = τ i

τr
and the total QY can be expressed by φ =

∑N
i=1Aiφi =

∑N
i=1

Aiτ
i

τr
.

Defining the average lifetime of the ensemble as 〈τ〉 =
∑N

i=1Aiτi, this relates the QY,

〈τ〉 and τr by τr = 〈τ〉
φ .

The data for the 2 ML CdS shelled series is fit nicely by a triexponential fit (N = 3)

and the parameters are summarized in table 3.1 for the zb series. All show a fast sub 5

ns component followed by a second component of ∼25 ns. Lastly, the longest component

varies from 62, 87, 121 to 136 ns as the HgS shell width is increased. Clearly, the longer

time component is dominated by radiative relaxation while the fast components are

likely due to non-radiative processes. The average lifetimes 〈τ〉 vary from 34 ns to 58.2

ns as the HgS thickness increases, which when dividing by the QYs shown in figure 3.6

results in radiative lifetimes of 135, 153, 184 and 485 ns.
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Figure 3.10: A) PL dynamics of CdSe-zb/HgS(n)/CdS(2) QDs. B) PL dynamics of
CdSe-w/HgS/CdS(2) QDs.

A1 τ1 A2 τ2 A3 τ3 〈τ〉 τrad

1 ML HgS .212 2.2 .351 18.5 .437 61.6 33.8 135.4

2 ML HgS .335 2.3 .355 20.9 .310 87.4 35.3 153.4

3 ML HgS .190 4.9 .400 40.0 .410 120.6 66.3 184.3

4 ML HgS .361 1.4 .260 24.0 .260 135.8 58.2 484.9

Table 3.1: Parameters of tri-exponential fits for the zinc-blende 2 ML CdS shelled series.

All lifetimes are in nanoseconds.

Dynamics of the 4 ML CdS shelled series were done only on the zb cores. These

samples show much more ‘single-exponential’ behavior than the 2 ML CdS sequence

(figure 3.11A, a consequence of the thicker CdS shell passivating surface defect sites

or reducing the probability a QD is charged. In figure 3.11B the dynamics of the 2, 4

and 6 ML CdS shelled samples on 1 ML of HgS are compared, normalized at t = 0.

All samples show a similar long lifetime component while the 2 ML sample shows a

strong fast component (shown clearly in inset of figure 3.11B) that is nearly completely

removed in the 4 ML sample. Going from 4 to 6 ML of CdS results in a further, albeit

slight, decrease in the amplitude of the fast component. Due to the strong relationship

between decreasing the fast PL dynamic amplitude and the increasing QY the fast PL

components can be attributed to charged QDs due to the trapping of charges on surface
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sites leading to an increased probability for trion emission and Auger processes to occur.

The is will be explored more thoroughly in the multi-exciton dynamics studied in the

next chapter.

Figure 3.11: A) PL dynamics of CdSe/HgS(n)/CdS(4) series. B) PL dynamics of 1 ML
HgS sample with 2, 4 and 6 ML of CdS. Inset: short time decay dynamics.

The 4 and 6 ML CdS shelling series are fit by a bi-exponential curve (N=2) with the

reduction in the number of parameters needed for a good fit being an early indicator

that a thicker CdS shell reduces the number of non-radiative decay channels. For the

4 ML CdS sequence, the fast component is nearly fixed at ∼30 ns while the long com-

ponent increases systematically from 79 to 140 ns (table 3.2). The radiative lifetimes

are calculated to be 73.5, 106.2, 183 and 306 ns respectively for 1-4 ML of HgS using

the QYs from figure 3.6. These values differ significantly from the 2 ML CdS series

for all but the 3 ML HgS sample; the cause of this is unknown, as the increase in CdS

thickness should effect only the non-radiative lifetimes and not the radiative lifetime as

the electron-hole overlap only changes by ∼1% and emission maxima changes only by

∼1 meV when changing the CdS thickness according to the EMA calculations.
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A1 τ1 A2 τ2 〈τ〉 τrad

1 ML HgS .675 29.0 .325 77.8 44.8 73.5

2 ML HgS .362 31.4 .638 88.7 68.0 106.2

3 ML HgS .334 28.8 .666 126.0 93.5 183.4

4 ML HgS .226 25.9 .774 138.8 113.3 306.1

1 ML HgS / 6 ML CdS .217 19.0 .783 44.4 38.9 58.0

Table 3.2: Parameters of biexponential fits for the 4 ML CdS shelled series as well as

for the 1 ML HgS / 6 ML CdS sample. All lifetimes are in nanoseconds.

In chapter 5 single QD studies of the CdSe-zb/HgS(1)/CdS(4) series are performed.

There a single-exponential lifetime of ∼75 ns is found, in excellent agreement with the

τr = 73.5 ns calculated from the ensemble PL dynamics. The 4 ML CdS sequence is of

much higher quality than the 2 ML CdS sequence so we treat the τr values from table

3.2 to be more accurate than that from table 3.1.

6 ML of CdS has thus far has only been grown on the 1 ML HgS sample; the PL dy-

namics there indicate a much weaker fast component than in the CdSe/HgS(1)/CdS(4)

sample. The average and radiative lifetimes are measured to be 38.9 ns and 58.0 ns,

both faster than that measured in the 4 ML CdS sample. Again, this is not predicted

by the calculations but can be explained via 1)removal of long-lived trap species and 2)

the blue-shift in the emission spectra when moving from 4 ML of CdS to 6 ML as shown

in figure 3.9. The cause of this is likely due to some physical or chemical change in the

sample occurring during the high temperature CdS shell growth but the exact cause is

still under investigation. Single QD measurements of these CdSe/HgS(1)/CdS(6) QDs

show an average PL lifetime of 59 ns, in perfect agreement with the radiative lifetime

measured here through the ensemble PL dynamics.

3.3.4 Theory of PL lifetimes

We conclude this chapter with a theoretical assessment of the PL lifetimes in Cd-

Se/HgS/CdS heterostructures after beginning with an overview of the radiative decay

of CdSe/CdS QDs.

The radiative lifetimes of bulk II-VI semiconductors are typically on the order of 1
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ns [208], but low temperature PL decay dynamics of CdSe QDs are on the order of 1 µs.

A long-standing puzzle, the cause was found not to be from surface states as initially

thought but from the existence of a dark exciton in the ground state of the system [209–

211]. Due to fine structure splitting during quantum confinement, the lowest band-edge

state is optically forbidden leading to long lifetimes at low temperatures when thermal

reactivation is impossible. At room temperature, there is a mixture of bright/dark

states due to thermal activation and lifetimes are on the order of 15-20 ns. The radiative

lifetime of CdSe can be calculated [212] via

Γex =
1

τex
=

8ωnEp
9× 137m0c2

KD2 (3.1)

where ω is the frequency of emitted light, n the refractive index of surrounding medium,

Ep is the Kane energy parameter [213], m0 is the free electron mass, K is the square of

the overlap integral between the electron and hole wavefunctions in the confined exciton,

K =
∣∣∫ d3red

3rhΨex(re, rh)δ(re − rh)
∣∣2, (3.2)

D = 3εout
2εout+εin

is the depolarization factor, and εin/out = n2
in/out are the high frequency

dielectric constants of the emitting material and the surroundings. For CdSe NCs in a

standard solvent this leads to a zero-temperature radiative lifetime of ∼3.3 ns. Because

the 1S electron and 1P3/2 hole transitions are optically forbidden via selection rules the

lifetime of CdSe is increased by a factor of 16/3 at room temperature leading to a room

temperature lifetime of ∼17 ns [212], in excellent agreement with experiments.

We attempt the same analysis as that for CdSe but including the HgS MLs. The

QDs are in hexane (ε = 1.9) and 11.4 and 6.3 are used for the dielectric constants of HgS

and CdSe, respectively [121]. The Kane energy of HgS is 21 eV [214] and 17.5 eV [215]

for CdSe. The square of the electron/hole overlap integrals was calculated in figure

3.3B for the QDs in question here. In general equation 3.1 applied to CdSe/HgS/CdS

in hexane results in

1

τ
= Γ = 1.505× 1011ωEpKD2. (3.3)

Here things get more difficult as now the electron is localized in the HgS well while

the hole is delocalized; we need to decide on how to incorporate the Kane energy and
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the dielectric constants into the calculations of the radiative lifetime. As a first order

approximation we ignore the dielectric effect of the HgS layer and use the Kane energy of

CdSe. This results (for the 1 ML sample) in a low temperature lifetime of 4.8 ns, merely

45% larger than that of CdSe, but serves to establish a lower-bound on the radiative

lifetime in CdSe/HgS(1)/CdS QDs. On the other end of the spectrum if we ignore the

dielectric constant of CdSe and treat everything as in HgS we find τ = 9.0 ns, about

a factor of three larger than for CdSe, while volume averaging the dielectric constants

of CdSe and HgS results in a lifetime of ∼7.5 ns. These results indicate that the zero-

temperature radiative lifetime of CdSe/HgS(1)/CdS should be around 2.5 times larger

than for CdSe alone.

To verify this, we will need to measure the low temperature PL dynamics of the

CdSe/HgS/CdS QDs, which is planned for a near-future study. Temperature depen-

dent emission spectra were measured (not shown) and the PL was found to increase in

intensity until saturating around 30 K. This saturation indicates the QY at low tem-

peratures approaches 100%. Future work will also focus on the fine structure states of

the CdSe/HgS/CdS QDs as currently we have focused only on the n and l quantum

numbers in the EMA. Due to the general nature of II-VI semiconductors we assume

that the same optical selection rules which apply to fine structure of CdSe apply to

CdSe/HgS so that the room temperature lifetime will be increased by a factor of 16/3

over that of the low temperature lifetime. This implies the room temperature lifetime

of CdSe/HgS(1)/CdS would be ∼48 ns, still considerably smaller than our measured τr

values of 73.5 ns and 58.0 ns for the 1 ML HgS samples with 4 ML and 6 ML of CdS

shell thickness. However, both of these decay curves are still bi-exponential while state-

of-the-art CdSe QDs show single-exponential ensemble PL dynamics. Hence, growth

of a thicker CdS shell leading to a single exponential PL decay could indeed show a

radiative lifetime of ∼50 ns.

The measured PL dynamics of the 1-4 ML HgS series show consistently longer

lifetimes with thicker HgS interlayers. To understand this with the above analysis the

changing variables in equation 3.1 are emission frequency, square of overlap integral, and

dielectric confinement. The emission frequency decreases by about 50% when going from

1 to 4 ML of HgS, which is not enough to explain the factor of ∼4 increase in radiative

lifetime. The square of the overlap integral increases from 0.76 with 1 ML to 0.95 with
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4 ML which should lead to an increasing PL decay rate contrary to our experimental

results. Thus, the dominant contribution to the changing PL decay dynamics must

come from changes in the dielectric confinement of the electrons and holes. The above

study of the 1 ML HgS sample showed how drastically the lifetime could be altered with

changing the D2 term; this role must be further understood before a systematic analysis

of theoretical radiative lifetimes can be made in CdSe/HgS/CdS QDs.

3.4 Conclusions

In this chapter, we have explored the synthesis and electronic and optical properties of

novel infrared emitting CdSe/HgS/CdS QDs. A dual use of SILAR and c-ALD synthesis

techniques allow us to synthesize high-quality QDs of novel materials with the potential

to be extended to the synthesis of a variety of new materials. The HgS well leads to

a quasi type II structure with electrons localized in the HgS well while the holes are

delocalized throughout the CdSe/HgS heterostructure.

The emission wavelength is increased from 750 nm out to nearly 1200 nm with

increasing HgS width. Through growth of 4 or 6 ML CdS outer shells the QY can be

increased to nearly 70%, remarkably high for an NIR emitting material. The radiative

lifetime is found to increase systematically with thicker HgS interlayers, and thicker

CdS outer shells result in close to single exponential decay dynamics.

The next chapter will concern the multi-exciton decay dynamics of CdSe/HgS/CdS

QDs, while the final chapter will show preliminary studies of single photon emission

from CdSe/HgS/CdS QDs. Extending single photon emission out into the NIR is one

of the primary applications of these QDs, and will be covered in depth in that chapter.

CdSe/HgS/CdS QDs show great potential for broad use as fast, stable and narrow

linewidth NIR emitters. Future work on alloying the CdSe, HgS, and CdS interfaces

should lead to the same ultra-high quality optical properties in the NIR as shown in

compositionally graded CdSe/CdS QDs.

3.4.1 Methods

Synthesis: The synthesis was primarily described in-text. The temperatures cited were

found by systematic studies of emission and QY of QDs grown at various temperatures.
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The QDs were dispersed in toluene or hexane for all optical measurements.

Spectroscopy: The steady-state absorption and PL were measured using a Horiba

FluoroMax system. Time resolved PL was done using a SNSPD single photon detector,

and the sample was excited with a 3.1 eV pulse train from a Ti:sapphire amplifier

(Coherent RegA-9000) at 250 kHz.

Calculations: The EMA calculations were done in Mathematica using a modified

version of code used previously for PbSe/CdSe samples. All parameters used were

found in literature.
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Chapter 4

Multi-exciton dynamics in

CdSe/HgS/CdS Quantum Dots

In the previous chapter we studied the synthesis, electronic states and optical properties

of novel CdSe/HgS/CdS QDs. In this chapter we will build off of this foundation by

examining the dynamics of multi-excitons (when the average number of excitons per dot

〈N〉 >> 1) in CdSe/HgS/CdS heterostructures. Intuitively, one might predict that the

strong confinement of the electrons in the HgS layer would lead to intriguing dynamics

when N >> 1 excitons are pumped into the system. This is indeed the case as we study

in the CdSe-zb/HgS(n)/CdS(4) series. We begin with a power dependent PL dynamics

study on the 1 ML sample, where we see a biexciton component but also a second,

longer fast component appear at high excitation powers. The same measurements are

done on the 2-4 ML HgS samples and comparisons are made. We conduct a power

dependent steady-state PL study where we obverse weak emission at ∼620 nm from

what presumably is the CdSe core.

4.1 Power Dependent PL dynamics CdSe/HgS/CdS Quan-

tum Dots

Here the samples are excited with the same 3.1 eV pulses as for the low-fluence measure-

ments using the 2nd harmonic of a Ti:sapphire laser from a RegA amplifier. Operated

74
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at 250kHz, these pulses have a FWHM of ∼200 fs, and the SNSPD photon-detection

system has a time resolution of ∼40 ps. The pulse train is focused tightly onto a ∼70

µm spot on the sample to enable the excitation of large numbers of excitons. The power

is varied from 12.5 µW to 25 mW so that the per-pulse fluence varies from 5.8×1012 to

1.2×1016 photons/cm2. The samples are continuously stirred to prevent charging of the

QDs with prolonged exposure to the incident laser pulses.

The probability of a QD absorbing a photon in any given excitation cycle is a

Poissonian process as each absorption event is independent of any prior absorption

events. This implies that for an excitation power that results in 〈N〉 excitons per dot

on average the probability of finding a QD in the Nth excitonic state is

P (N, 〈N〉) = 〈N〉Ne−〈N〉/N !. (4.1)

Furthermore, 〈N〉 can be expressed in terms of the per-pulse photon fluence jp mul-

tiplied by the absorption cross section σ, 〈N〉 = σjp. This allows the absorption cross

section to be readily calculated by measuring the saturation in the PL dynamics. Follow-

ing all multi-excitonic recombination, which likely is non-radiative, each QD eventually

emits a single exciton before the system returns to its ground state. Hence the late

time PL dynamics can be modelled by IPL(t−→ ∞) = 1-p0 = 1-e〈N〉 = 1-eσjp (i.e, the

probability that no excitons are excited goes to zero at high excitation powers, which is

observed via the saturation of the long-time PL dynamics). By varying the power of a

sample and plotting the long-time PL amplitude 〈N〉 and σ can be determined.

We begin with an analysis of the power dependent dynamics of the 1 ML sample

and then extend that to the 2-4 HgS ML samples. To prevent overloading the SNSPD

detector a neutral density (ND) filter is used to limit the amount of light entering the

detector. We operate at 250kHz so the counts/s is kept below 10kHz/s. This means

a photon is detected once every ∼20 laser cycles allowing for sufficient time for the

nanowire to cool. To accurately count the number of photons entering the system we

convert the ND filter to fractional transmittance defined by T = 10−ND. This, along

with keeping track of measurement time for each power, allows us to accurately measure

photon decay events as a function of excitation power.

The raw data for the 1 HgS ML sample is shown in figure 4.1A,B. Figure A shows the

full PL decay over 200 ns while figure B is zoomed-in on the first 3 ns. The time between
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data points is 8 ps, and at low fluence (dark green) we observe the same decay dynamics

as that measured in figure 3.11A with a larger beam size and lower resolution. In figure

4.1A a clear saturation is seen at longer times allowing us to convert the excitation power

into 〈N〉, as shown in the legend. Detailed analysis of the saturation behavior will be

done later. Fast components can be seen at increasing powers, most easily seen in figure

4.1B. Such decay dynamics is typical of QDs where biexciton (BX) decay (quasi-particle

formed from 2 excitons which may recombine radiatively, leaving behind an exciton, or

non-radiatively via the Auger process) dominates due to the strong confinement of the

system. The fast BX component can be initially seen in the 3rd decay from the bottom,

where 〈N〉 = 0.16; the appearance at such low fluences is due to the Poissonian nature

of photon absorption as even at 〈N〉 = .16 there is still a 1.1% probability a QD has a

BX via equation 4.1.

Figure 4.1: Power dependence of the 1 ML HgS sample plotted 4 different ways. A)
Raw data showing full PL decay, B) short time decay of raw data, C) decays normalized
at 3 ns and D) decays normalized at 100 ns.

To isolate the multi-exciton components over the single exciton (X) components one
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typically normalizes the decay at ‘long times’ [51,216] where long means t >> τBX . As

τBX is on the order of 100 ps, this means that normalizing at any time larger than 1 ns

should result in identical decay dynamics for all powers at longer times. Such analysis

is done in figure 4.1C, yet instead of the decay dynamics following each other at longer

times the higher powered samples are found to have a second, longer fast component

arise as well. To see this fully, we instead normalize the PL decays at 100 ns in figure

4.1D. Now the decays at long times, starting around 70 ns, all have the same decay

rate, namely that of the single exponential decay rate. At shorter times there is the BX

component near t = 0 but also a second fast component with lifetime of ∼10 ns. Such

behavior is unusual and will be examined extensively throughout this chapter.

To isolate the fast components the decays normalized at 100 ns as in figure 4.1D

and then the low intensity single exciton decays are subtracted. The resulting curves

feature only the multiexcitonic component (figures 4.2A,B) allowing us to focus on those

dynamics exclusively. In (A), the data is the same data as in figure 4.1D just with the

low-fluence curves subtracted while in (B) the decays are normalized at 2 ns. In 4.2B,

the BX component is clearly seen rising over the longer fast component, and also the

longer fast components are all seen to follow the same decay.

Figure 4.2: A) Isolated multi-exponent components found by subtracted the self-similar
single exciton decays. B) The decays from (A) normalized at 2 ns showing the self-similar
longer multi-exponential feature as well as the strong BX component. C) Isolated BX
component by subtracted the self-similar longer fast component decays in (B).

Lastly, we take the data from 4.2B and subtract off the lowest intensity decay to

isolate the BX component, similar to what was done initially going from figure 4.1D

to 4.2A. Such analysis is typically only done once to isolate the BX component [217],

yet here it must be done twice due to the appearance of the second fast component.
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This process results in an isolated BX decay (figure 4.2C) with a lifetime of 70 ps.

Again, the BX component is found to not change with increasing powers even when the

fluence produces >> 2 excitons per dot. Such behavior can be attributed to the ∼40 ps

resolution time of our detector, as N > 2 exciton recombination processes will happen

even faster than 40 ps [218]. The radiative lifetimes of higher-order exciton states can

be expressed via statistical scaling [219–221] where the lifetime of a N-exciton complex

is τr,NX = N−2 τr,x. Therefore τr,2X = τr,BX = τr,x/4. Based on the measured τr for the

single exciton we would predict that the BX component for the 1 ML HgS sample has a

lifetime of 15-20 ns, orders of magnitude longer than the measured value of 70 ps. This

can be attributed to highly efficient Auger recombination in QDs [218], particularly in

these QDs where the electrons are tightly bound in the HgS well.

The same analysis is performed for the 2-4 ML HgS samples and similar behavior is

seen. Rather than going slowly through each one, the decays normalized at 100 ns (the

same as figure 4.2D) are shown in figure 4.3A-C. In figure 4.3A a strong second fast

component is seen in the 2 ML sample akin to that seen in the 1 ML sample, while in

the 3 and 4 ML samples a second fast component is seen though not as strong as in the 1

and 2 ML samples. However all samples do show this second fast component in addition

to the BX decay indicating this behavior is intrinsic to the CdSe/HgS(n)/CdS(4) QD

samples themselves and not just an artifact of the very strongly confined 1 ML sample.

Comparisons of the multi-exciton decay components for 1-4 ML HgS is shown in figure

4.3D; all show clear multi-exponential decay and the thicker HgS shelled samples have

stronger BX emission.

The multi-exciton decay components in figure 4.3D are fit with a tri-exponential

function. All samples show a sub 100 ps BX component followed by a ∼2 ns component

and a ∼20 ns component. The BX lifetimes are found to be 70 ps, 98 ps, 75 ps and

64 ps for 1-4 ML of HgS, respectively. The 70 ps for the 1 ML agree perfectly with

that found from subtracting off the self-similar longer multi-exponential components in

figure 4.2C. This fast BX lifetime is dominated by Auger recombination in all samples

as the radiative BX lifetime is τr/4 and τr was found in chapter 3 to be ∼70 - ∼300 ns

for the 4 ML CdS shelled series.

It is well known that Auger lifetimes scale with the volume of the QD [216,222,223],

explained due to the decreasing confinement at larger QD volumes. However such



79

Figure 4.3: PL decay dynamics normalized at 100 ns for A) 2 ML, B) 3 ML and C) 4 ML
HgS samples. D) Multi-excitonic decays with the self-similar single exciton components
subtracted off for all 4 HgS MLs.

behavior is not observed in these CdSe/HgS/CdS QDs. The volume of the CdSe/HgS

region increases from 20.4 nm3 with 1 ML to 38.6, 65.1 and 101.6 nm3 for the 2-4 ML

HgS samples. Hence, if the 1 ML Auger lifetime is 70 ps we would expect that the 2

ML sample has an Auger lifetime of ∼130 ps, 3 ML ∼220 ps and 4 ML ∼350 ps. What

is observe is drastically different, with the 2 ML Auger lifetime ∼100 ps and the 3 and

4 ML Auger lifetimes 75 and 64 ps. The small rise and then drop of Auger lifetime (one

might argue that the small changes in Auger lifetimes are negligible and they could be

treated as the same) with increasing HgS width is extremely unusual and must be a

consequence of the unique heterostructures here. In addition to the larger volume of

higher ML HgS samples, based on the EMA calculations and experiments we also know

that increasing the HgS width does several other things: 1) the 1S and 1P electrons

drop further into the HgS well 2) the 1S and 1P separation changes from ∼20 meV to

∼30 meV 3) The 1D state drops into the HgS well at the 3 ML HgS thickness 4) the
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square of the electron-hole overlap integral increases from ∼0.6 to ∼0.85 and 5) all of the

samples have longer multi-exciton components and these lifetimes are also comparable

for all samples studied here.

First we will examine the last comment, that all of the samples have similar longer

high-fluence lifetimes in addition to the BX component. As mentioned previously, this

longer component has a bi-exponential decay with lifetimes of ∼2 ns and ∼20 ns. Recall

that the 2 ML CdS shelled series (figure 3.10 and table 3.1) needed a tri-exponential fit to

model the low-fluence PL dynamics where the longest lifetime increased systematically

with increasing HgS widths while the two shorter lifetimes were less susceptible to

changing HgS widths. In fact, the two short time components for the low-fluence 2 ML

CdS samples were ∼2 ns and ∼20 ns for all but the 3 ML HgS sample, exactly the same

as that found for the 4 ML CdS series in the multi-exciton PL dynamics at high fluence!

This ‘coincidence’ led us to directly compare the high-fluence 4 ML CdS decay against

the low-fluence 2 ML CdS decay. Shown in figure 4.4, near perfect agreement is seen

between the two curves for all four samples with varying HgS widths, minus the strong

BX component near t = 0 in the high-fluence 4 ML CdS samples.

Figure 4.4: Direct comparison of decay dynamics for low-fluence 2 ML CdS samples
(red) with high-fluence 4 ML CdS samples (black).
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Such results strongly suggest that the QDs are charged even at low fluence in the

2 ML CdS shelled series. Photo-induced charging of bulk semiconductors has long

been understood [224]. There, photoionization happens via the removal of an electron

(typically not holes, as holes tend to have higher effective masses than electrons) to a

zero-energy vacuum state after absorption of a photon of sufficient energy. In QDs the

incident high energy photon ejects the electron to an acceptor state in the ligand shell

or surrounding solvent or encapsulating matrix [225]. Work on PbSe based IR emitting

QDs has shown strong photoinduced charging with 3.1 eV excitation (as is used here)

and an absence of photoinduced charging at 1.55 eV excitation [225,226]. This implies

the photoinduced charges require photons of sufficient energy E >> EG in order to

efficiently promote electrons to the trap states.

That these effects of charging are seen in the ensemble 2 ML CdS series PL dynam-

ics even at very low fluences, when 〈N〉 << 1, implies at least one of the following: 1)

the dots remain charged for long periods of time so that the probability of accepting

a photon in the charged state is high or 2) the QDs are intrinsically charged. Charge-

separated states in PbSe and PbS were found to have extremely long lifetimes of 20 -

85 seconds [225], giving credence to the first option. Additionally, Chen and Guyot-

Sionnest showed that HgS and HgSe QDs can be intrinsically n-doped in ambient con-

ditions [227]. Through detailed electrochemistry measurements they found the Fermi

level in HgS QDs to lie ∼400 to ∼600 meV above the HgS conduction band minimum.

While electrochemistry measurements have not been performed on these dots at this

time their being intrinsically charged would explain the experimental results. In figure

3.4A the electron and hole energy levels were plotted as a function of HgS thickness over

a 3.0 nm diameter CdSe core. The bottom of the conduction band is the zero energy

level on the graph and the 1S energy level is found to lie ∼900 meV and ∼350 meV

above the HgS conduction minimum for the 1 and 4 ML samples. These values are rea-

sonably close to the Fermi level reported by ref [227] though this system is considerably

different than theirs so again, more experiments are needed before we can definitively

conclude that the QDs here are intrinsically charged.

Contrary to the 2 ML CdS series, in the 4 ML CdS series the fast components

are not strongly seen at low fluences. However, the fast component does not come in

only at 〈N〉 >> 1 as a gradual increase in the fast component is seen for all but the
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lowest excitation powers in figures 4.1C,D. At low fluences the absence of a charging

component in the PL dynamics in the 4 ML CdS series can be attributed to either the

increased shell thickness making it harder for photoionization to occur as the surface

ligands, which likely are the acceptor states for the electrons, are further away from

the CdSe/HgS core, or else the CdS shell prevents ambient charging of the QDs for

the same reason, namely that it is more difficult for an electron or hole to tunnel from

the surface to the HgS well. The rise of the fast components with increasing exciton

occupancy is interesting; it could be that there is a distribution in the number of traps

per QD so that as more QDs are excited per pulse the probability that a charged QD

is excited increases. At the same time as individual QDs start to get multiply excited

in a single pulse (recall the BX component appears at only 〈N〉 = 0.16 in figure 4.1B)

Coulomb interaction between two electrons, or two holes, will be very large due to the

ML thicknesses of the HgS region. Hence, through Coulomb repulsion a charge may

be ‘not allowed’ to relax to the 1S state and remain in the 1P state or higher, after

which photoionization may more readily occur as it is already in, or near, the CdSe core

states. Such a ‘Coulomb blockade’ has been observed in core/shell QDs with volumes

much larger than our HgS shell volumes [18] so such behavior is not unprecedented.

4.1.1 Saturation of the Short and Long Time PL Amplitudes

Throughout this chapter the average number of excitons excited per dot per pulse, 〈N〉,
has been used extensively. Finally we devote time to analyzing the saturation behaviors

in depth. Per equation 4.1 we expect the long time PL amplitudes to saturate as IPL ∝
1 - e〈N〉. Due to the second fast component we observe at high powers we take the ‘long

time’ component to be 100 ns for all samples studied here. Fits to the Poisson model

with the PL amplitudes at 100 ns taken from figure 4.1A and analogous figures for 2-4

ML HgS are shown in figure 4.5A with the different data sets offset for clarity. Each

curve fits the data nicely and allows us to calculate 〈N〉 and σ for each sample. The

fits indicate absorption cross sections of 5.5, 7, 4 and 2 x 10−15cm2 for 1-4 ML of HgS.

The error bars on these fits are large, so the absorption cross section may be taken as

constant between the 4 samples until further measurements are done. This contradicts

intuition, where the larger HgS shell sizes should increase the absorption cross section as

the corresponding CdS shell thicknesses will also be larger. To verify these numbers TA
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measurements will need to be done on all 4 samples and the saturation of the bleaching

of the 1S states examined. To date this has been done with only the 1 ML HgS / 2 ML

CdS sample (see below).

The saturation of the t = 0 component is shown in figure 4.5B with the data sets

offset for clarity. The saturation of the BX component can be attributed to the two-fold

degenerate 1S state in the sample. As mentioned previously higher order recombination

processes (tri-excitons, etc.) occur too fast to be registered on the SNSPD system. A

direct comparison of the PL amplitudes at 0, 1 and 100 ns (from figures 4.1A,B) is

shown in figure 4.5C for the 1 ML HgS sample. Saturation at t = 1 ns is also included

due to the appearance of the second fast components at higher fluences; the 1 ns delay is

long enough to ignore the BX component while still capturing all of the secondary fast

components. The 0 and 1 ns components both start off at the same value a factor of ∼9

above the long tail component. The large separation between the 0 and 1 ns delays and

the 100 ns delay can simply be attributed to recombination of electrons/holes reducing

the amplitude of the long time component. The 0 ns and 1 ns amplitudes do not separate

until 〈N〉 ∼ 1, after which the t = 0 component rises ∼50% over the 1 ns component.

The ratios of the 0 ns amplitude with the 1 ns and 100 ns amplitudes are shown in

figure 4.5D for all samples, using the color-coding from figures A,B. The closely packed

group of data points at the bottom shows the ratio between 0 ns and 1 ns amplitudes.

All of the ratios there start near 1, as at low fluence there is no BX or secondary fast

component decays, and they saturate between 1.5 and 2.

The more sparsely packed group of data at the top shows the amplitude ratios for t

= 0 and 100 ns. The spread of values at low fluence can be attributed to the increasing

PL lifetimes with HgS thickness; the thinner HgS samples decay faster and hence their

ratio at all fluences is higher than for slower decaying samples. The ratio from low

fluence to high fluence varies from ∼1.75 for the 4 ML sample to 3.6 for the 2 ML

sample, with the 1 ML sample ratio being 2.7 and the 3 ML sample 2.4.

The BX component has 4 recombination pathways, so the PL of the BX component

should saturate at 4 times the single exciton component. Likewise, charged states known

as trions (bound states of 2 electrons and one hole (T−) or one electron and two holes

(T+)) will have radiative lifetimes half that of neutral excitons, and correspondingly will

have a saturation at twice that of the single exciton level. If the data is normalized at
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Figure 4.5: A) Saturation of PL amplitude at 100 ns, where data is normalized to in
figure 4.1D and 4.3A-C. Lines are from 1 - p0 Poissonian fits. B) Amplitude saturation
at t = 0 ns. C) PL amplitudes at 0, 1 and 100 ns for the 1 ML HgS sample. D) Ratio
of PL amplitudes at 0 and 1 ns (bottom group of data points) and ratio at 0 ns and 100
ns (top group of data points.

low fluence and scaled such that long time component saturates at 1, as is done for the

2 ML HgS sample in figure 4.6A, we see that the 1 ns amplitude then saturates at 2 and

the 0 ns component saturates near 4 as expected from statistical scaling. This process is

shown schematically in figure 4.6B overlaid on the PL decay normalized at 100 ns (figure

4.3A) but on a log-log scale. The fast component is attributed to BX recombination,

which is dominated by the Auger process. The second longer components are taken to

be trions, either negative (X−), as shown first in the schematic, or positive (X+) as is

shown later. Further measurements using photochemical charging will need to be done

before positive and negative trions can be distinguished in this system. The trions show

lifetimes of ∼2 and ∼20 ns, much greater than the Auger lifetime found for the BX to

be <100 ps. The cause of this is currently unknown, although the 20 ns lifetime could

be due to X+ where the confinement is not as great due to the delocalized holes. Lastly,
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only a single exciton remains which recombines radiatively with a lifetime of ∼100 ns

(for the 2 ML HgS sample).

Figure 4.6: A) Saturation of the 2 ML HgS amplitudes normalized at low powers. Here,
the long delay time saturates at 1/2 the value of the 1 ns component and 1/4 the
value of the 0 ns component, in agreement with statistical scaling for exciton, trion and
biexciton recombination pathways. B) PL decay of 2 ML HgS sample normalized at 100
ns on a log-log scale. Fast component is due to biexciton (BX) recombination, while
longer fast components are attributed to either positive (X+) or negative (X−) trion
recombination. Last term due to exciton radiative recombination.

As shown in figures 4.5D and 4.6A, the 2 ML HgS sample is fit nicely by the expected

saturation values. The other samples have similar values for the amplitude saturation

of the 1 ns delay but the t = 0 component saturates at less than 4 for all of the

samples except the 2 ML sample. This likely is due to some combination of neutral

and charged BX emission in the QDs, something that needs to be investigated more

thoroughly. On basic photon absorption principles the exciton intensity should increase

linearly, so that IPL,X ∝ 〈N〉. Following this the PL intensity of the BX should vary

as I2
PL,X = 〈N〉2 due to two photon absorption events needing to occur before BX

recombination is possible. However, figure 4.5B shows nearly a linear dependence at

all fluences until saturation. Evidently something more complicated than Poissonian

absorption of excitons is occurring in these QDs; full analysis will require TA across all

4 samples as well.
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4.1.2 CdSe Core PL Dynamics

Thus far we have focused on the PL dynamics from the HgS emitting layer and neglected

weak emission from the CdSe layer. We consider that fully here and show that the PL

dynamics indicate this is a natural process arising from fast radiative recombination

of excitons prior to relaxing to the HgS layer. The core emission is only seen in the

zinc-blend crystal structure samples; it is absent in the wurtzite samples. The cause of

this is unknown and will not be discussed here.

The power dependent PL emission spectrum is shown in figure 4.7A normalized to

the peak emission value. The shape of the HgS layer is seen to be constant over a range

of exciton numbers from 〈N〉 << 1 to 〈N〉 >> 1 indicating the binding energies of

any multi-exciton species must be very small. In addition to the main PL peak weak

emission is seen at 620 nm. As this is consistent with emission from CdSe/CdS QDs

we refer to this emission as ‘core’ emission. The intensity of the ‘core’ PL is ∼1% that

of the HgS PL as shown in figure 4.7B. Such low intensity indicates extremely low QY

from the core PL, likely do to the fast relaxation of electrons to the HgS layer.

At first glance one might think that this PL is due to a sub-ensemble of CdSe/CdS

QDs. Indeed, imperfect shell growth of the 1 ML HgS sample could in principle leave

some QDs uncoated with HgS. However, the PL dynamics of the 1 ML HgS sample

core emission over a range of powers from 〈N〉 << 1 to 〈N〉 >> 1 show that the

core PL dynamics is always much faster than that expected for radiative recombination

in CdSe/CdS QDs indicating there are not sub-ensembles in these samples. A bi-

exponential fit of the lowest fluence decay (figure 4.7D green) provides lifetimes of 240

ps (65% amplitude) and 1.5 ns (35% amplitude). Treating the radiative lifetime of the

core PL as ∼20 ns (typical for CdSe QDs) and the QY as ∼1% from the ratio of the

core and HgS layer PL areas implies that the measured lifetime of the core PL should

be τr x QY = 20 ns x .01 = 200 ps, in excellent agreement with the measured fast

components in figures 4.7C,D.

To determine the origin of this core PL we return to figure 3.4A and examine the

relevant energy levels. The 1Pe-1Sh transition energy is 2.02 eV in near perfect agree-

ment of the PL emission seen here. In the next section this will be examined more

thoroughly. 1Pe-1Sh transitions have been observed in core/shell QDs previously [23].

The core emission gets progressively weaker with a thicker HgS width which can
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Figure 4.7: A) Emission spectrum of the 1 ML HgS sample showing the weak core
emission. B) Integrated areas of the core (blue) and HgS (red) emission as well as
the ratio between them (black, right axis). C) Core PL dynamics for 1-4 ML of HgS.
Samples are excited at high powers so 〈N〉 >> 1. D) Power dependence of the core PL
dynamics from 〈N〉 << 1 to 〈N〉 >> 1.

intuitively be explained by a faster electron relaxation time to the HgS well the deeper

the 1S state falls inside the HgS layer. Hence, to see the core PL from these samples

they must be excited at high excitation powers. Such dynamics are shown for 1-4 ML of

HgS in figure 4.7C as the samples are pumped with high-fluence (〈N〉 >> 1) pulses. The

short time component gets progressively faster with thicker HgS layers, in agreement

with the previous argument that electron relaxation to the HgS well will be faster in

samples with more MLs of HgS. For the 3 and 4 ML samples, the decay is close to

resolution-limited (inset of figure 4.7C), indicating that the PL decay is near ∼40 ps.

In addition to the fast component a second longer component is seen all the samples.

The cause of this second component is likely due to 1) detrapping of charges on the

ligand shell 2) re-excitation of charges from the 1S state through Coulomb repulsion or

3) direct trap emission from the ligand shell or defect sites.
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4.2 Transient Absorption of CdSe/HgS(1)/CdS Quantum

Dots

Having examined the interesting PL dynamics in CdSe/HgS/CdS QDs many questions

still remain. The BX lifetime for all four samples is comparable, all the samples have

a longer fast component, there is core emission with a fast (∼100 ps) and slow (∼1-

2 ns) component, and the scaling of short time and long time components are similar,

indicating that the quadratic BX dependence is not seen. Quantification of PL dynamics

is limited by the resolution of our detector, ∼40 ps, and the recombination rate of

electron-hole pairs in the system. To this end, we now perform TA spectroscopy on the

CdSe/HgS(1)/CdS(2) sample. These results are preliminary, and TA data on the 4 ML

CdS sequence for all 4 MLs of HgS needs to be done before systematic conclusions can

be made in comparison to the PL data.

Figure 4.8: High-fluence TA spectra excited at A) 710 nm and B) 400 nm. Clear
bleaching is seen of the 1S state as well as a core state. C) The core state is visible even
at low fluence and 710 nm excitation.

In figure 4.8A,B an overview of TA data for the CdSe/HgS(1)/CdS(2) QDs excited

at (A) 710 nm and (B) 400 nm is shown. The system is pumped resonantly at 710 nm in

order to isolate the electron/hole relaxation dynamics versus the intrinsic 1S dynamics.

Figure 4.8A shows a very strong 1S bleach when pumping resonantly, but also shows a

weak peak at 615 nm even at low fluence (seen more clearly in figure 4.8C). With 400

nm excitation there is a pronounced core peak with a fast decay and redshift of energy

as well as a delay in the growth of the 1S feature. This can be attributed to electron

relaxation to the HgS well, as will be discussed later. It is intriguing that the core

feature is seen even when pumping resonantly at 710 nm. This implies that the core PL
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and absorption must be related to the 1Sh state, as that is the only delocalized state

absorbing at low fluences. Inspection of figure 3.4A indicates that for the 1 ML HgS

sample the 1Pe-1Sh transition lies at 610 nm, a likely source for the core absorption

feature seen here and the PL seen in the previous chapter. Such behavior has been

observed before [23] in PbSe/CdSe core/shell structures; optical selection rules are not

strictly conserved in core/shell structures as inversion symmetry breaks down allowing

the potential for transitions where ∆n 6= 0 and ∆l 6= 0 like 2S-1S or 1P-1S [215].

Figure 4.9: Low-fluence TA with 3.1 eV excitation. The 1S state shows no fast com-
ponent and a 6 ns long component while the core state shows a fast 750 fs component.
The fast component is evidence for electron localization in the core as indicated by the
schematic.

Now we go more in depth through each of the TA results. First we study the low-

fluence dynamics with 400 nm excitation. The core and 1S features are normalized at
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long times and the decays are found to line up perfectly (figure 4.9). The core component

has an additional fast 750 fs component which can be attributed to electron relaxation

into the HgS localized 1S state (figure 3.2C). This is twice as fast as the 1.5 ps electron

localization time in CdS/HgS/CdS QDs [228] though these QDs were different sizes so

more data is needed before this can be considered conclusive. The bottom of figure 4.9

is a schematic of the initial absorption and then relaxation processes.

At high-fluence (〈N〉 ≈ 7) the 1S and core features are no longer self-similar (figure

4.10). The 1S state shows a tri-exponential decay with lifetimes of 20, 180 and 6000

ps while the core state shows a tri-exponential decay with lifetimes of 7, 60 and 3500

ps. The amplitude of the fast component on the core state is much stronger than the

fast component on the 1S state. Interestingly, the fast component of the core feature

(7 ps) is an order of magnitude slower than for low-fluence. This is likely due to the

Coulomb blockade suggested above, wherein charges are impeded from relaxing to the

core due to charges already being there.1 The cause of this is currently unknown, but

a schematic of the possible processes involved is shown in the schematic at the bottom

of figure 4.10.

Lastly the dynamics when the system resonantly are examined (figure 4.11). The

dynamics are similar for both low and high power between the core and the 1S features.

This feature is attributed to 1Sh absorption as the 1Pe state is not excited here. At

high excitation powers the core bleach becomes more pronounced. As mentioned with

the longer fast components in the PL decays, this likely has to do with excitons getting

‘pushed out’ of the HgS well due to the higher occupancy there when the system is

strongly excited.

To date we have only performed TA on the CdSe/HgS(1)/CdS(2) sample though

it was the 4 ML CdS samples studied extensively earlier in this chapter. For this

reason we will not spend time extensively comparing the measured lifetimes of the TA

versus the PL as any conclusions drawn would not be conclusive at this time. However,

tri-exponential fits were needed for all studied dynamics (low/high power and 1S/core

states) as was found in the low-fluence 2 ML CdS series (figure 3.10). The fastest

component in TA is due to relaxation to bandedge states, whereas the hundreds of ps

1 This is in addition to state-filling, which will obviously also cause some charges to remain at higher
energy states.
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Figure 4.10: High-fluence TA with 3.1 eV excitation. The curves are no longer self-
similar and the electron localization time is now 7 ps. Auger processes dominate in this
situation when 〈N〉 >> 1.

and ten ns components are likely due to Auger processes and radiative recombination.

TA on the 4 ML CdS samples, where the fast components in the PL at low fluences

was absent, will provide important additional insight into what is happening in these

samples.

4.3 Conclusions

In this chapter we have examined the multi-exciton dynamics of CdSe/HgS/CdS QDs.

With an emphasis on the 4 ML CdS shelled sequence, we performed power dependent

PL measurements for 1-4 ML of HgS. Each sample showed a strong biexciton component

with a sub 100 ps lifetime, but also showed longer fast components with lifetimes of ∼2

and ∼20 ns. The cause of the longer fast components is shown to likely be due to

charging of the QDs, with the most strong evidence for this coming from the saturation

behavior of the charging component amplitudes as well as the fact that the high-fluence

charged components match up almost perfectly with the low-fluence dynamics of the 2
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Figure 4.11: TA at low fluence (A) and high fluence (B) when pumping the system
resonantly at 1.75 eV (710 nm). The core feature is seen even at low fluences. The
decays are similar in short time but not long time at low excitation powers and at high
excitation powers the dynamics are similar though the core short time amplitude is
much more pronounced.

ML CdS series.

We looked at the core emission and showed that the dynamics there are consistent

with fast radiative relaxation during relaxation to the HgS well. The emission from the

core was found to be ∼1% that of the main HgS peak, and did not increase drastically

with power. TA data showed that the core PL is intrinsic to the ground state of the

system as it was observed even when pumping the system resonantly at low powers. The

core absorption bleach at 400 nm excitation had a fast component of 750 fs, quantifying

the electron relaxation time to the 1S state in the HgS well. Future work will examine

the TA data more thoroughly and carefully relate the results back to the PL dynamics.
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Chapter 5

Single Photon Emission from

CdSe/HgS(1)/CdS Quantum

Dots

In this final chapter we will explore the use of the aforementioned CdSe/HgS/CdS QDs

as single photon emitters (SPE). Here we will limit ourselves to the 1 ML HgS sample

and vary the thickness of the CdS outer shell. We will show fast single-exponential

decay dynamics, excellent anti-bunching indicating the applicability of these dots as

SPEs, and reduced blinking with thicker CdS shells.

5.1 History

Single photons are ideal sources for the transportation of information; they are indi-

visible and their quantum state cannot be cloned [229]. The act of receiving or not

receiving a photon can be recorded as a binary qubit with the information potentially

secure secure over arbitrary distances. Moreover, photons can be used in quantum key

distribution (QKD), a secure communication based on components of quantum mechan-

ics with allows two parties to produce a shared secret key known only to them. The first

and most famous example of a QKD is BB84, named after C. Bennet and G. Brassard

who developed the scheme in 1984 [230], which uses a private quantum channel and

94
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public classical channel to provably share information securely.

Prior to studying QKD from photonic sources first one needs an ideal source of

an SPE. The first SPEs were lasers which were heavily attenuated until they reached

the point where the average photon per cycle was much less than one. However, the

number of photons in each pulse is described by Poissonian statistics so this is not a

perfect source of single photons. Epitaxial QDs have been heavily investigated as use for

SPEs and show great promise at cryogenic temperatures. Their large sizes of ∼50 nm

(large in the sense that they are not in the quantum confinement regime) means their

energy-level spacing is small so that at room temperature the systems are non-emissive.

This makes practical applications more difficult, as QDs must be cooled to ∼4 K prior

to efficient single photon emission.

Colloidal QDs are thus ideal to use as SPEs as they have all of the advantages

of epitaxial QDs plus the huge benefit of a large separation of electronic states due

to quantum confinement. The study of single QDs has numerous uses in addition to

being used as SPEs because single QD studies reveal vital information into intrinsic

linewidths and radiative processes of QDs that are obscured in ensemble results. On

this note colloidal QDs have been extensively studied at the single QD level over the

past 25 years [172,231] and many of the advances and understandings made there may

be directly applied to our QDs.

5.1.1 Quantifying Single Photon Emission

To quantify the degree or quality of single photon emission the Hanbury-Brown and

Twiss (HBT) technique is employed (figure 5.1A). In the HBT technique a stream of

photons, in this case emitted from QDs, is incident on a 50/50 beamsplitter, such as a

half-silvered mirror, which splits the incident photon stream into two different paths.

Both of these beams then go to photodetectors (commonly Si amplified photodetectors

(APD)) and the arrival times of the photons on each detector is recorded along with the

trigger time of the excitation source. Then photon correlations are done on the arrival

times of the photons of the two APDs as a function of time.

For a continuum of photons, such as from a continuous wave (CW) laser or a lamp,

the number of photons is large so that the beamsplitter merely sends half of the input

one way and half the other way. At the single photon level things get much more
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interesting: a photon incident on the beamsplitter must end up along one path after

the beamsplitter. Therefore for a single photon source only one of the detectors registers

a photon in any given excitation cycle.

The second-order correlation function is defined as

g2(τ) =
〈I1(t)I2(t+ τ)〉
〈I1(t)〉〈I2(t+ τ)〉

(5.1)

where I1 and I2 are the signal intensities on the two APDs, t is the arrival time of the

photons and τ is the repetition rate of the pulsed excitation source. g2 serves to quantify

the degree of ‘singleness’ from a single photon emitter. g2 = 0 indicates perfect single

photon emission while g2 = 1 indicates perfectly classical emission where the probability

of measuring two photons in a single pulse is the same as measuring photons in adjacent

pulses.

A simulated g2 profile is shown for a classical pulsed light source and a perfect

single photon source in figure 5.1B,C, excited at an arbitrary repetition rate of 2 MHz

and a single exciton lifetime of 20 ns. The side peaks correspond to a photon being

detected at APD 1 on one pulse cycle with APD 2 detecting a photon at the previous

excitation cycle or the next excitation cycle (peaks at ±500 ns) while the peaks at 1000

ns correspond to a photon being detected at APD 1 two cycles before/after a photon

is detected at APD 2. The amplitude of the t = 0 peak corresponds to the probability

that two photons were detected within a single excitation cycle, is the what is absent

when studying SPEs in the HBT system. Figure 5.1B corresponds to a classical light

source where the probability of detecting multiple photons from a single pulse is the

same as detecting photons excited by adjacent pulses while 5.1C represents a perfect

SPE in which two photons from a single pulse are never recorded on the detectors. The

g2(0) value is found by integrating all of the peaks and calculating the ratio of the area

under the central peak over that of the side peaks. Typically, the area of the different

side peaks is averaged to give a more accurate value.

The situation in 5.1C represents an ideal SPE but in practice QDs will always have

some biexciton emission leading to a small peak at t = 0. The photon absorption

process is treated as Poissonian, as was done chapter 4. The probability of finding a

QD in the Nth excitonic state, with an average of 〈N〉 excitons per dot, is P(N, 〈N〉) =

〈N〉Ne−〈N〉/N!. Hence, even with 〈N〉 = 0.2, the probability that a QD has a biexciton
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Figure 5.1: A) Schematic of the Hanbury-Brown and Twiss setup. APDs 1 and 2 time
tag all photons and are synced with the pulse trigger of the diode laser. B/C) Simulated
g2 measurement using a 2 MHz repetition rate. A) Non-single photon source. The peak
at t=0 indicates the probability of 2 photons arriving to the detectors at the same time
is the same as 2 photons arriving on adjacent pulses. C) Simulated g2 of a perfect single
photon source. The lack of a peak at t=0 indicates that 2 photons from the same pulse
train are never emitted.

is still .016, far from negligible. This leads to a finite g2(0) peak even for SPEs; g2(0)

< 0.5 is defined as the cutoff for single photon emission though for QDs g2(0) is often

much less than 0.1.

In the previous chapter it was seen that non-radiative Auger process dominates over

biexciton emission in CdSe/HgS/CdS QDs. This leads to the measured g2(0) peak being

even less than the probability a QD has a biexciton because many of these biexcitons do

not decay radiatively. The Bawendi group used this fact to argue that the g2(0) value is

proportional to the biexciton QY divided by the exciton QY [232], so that g2(0) ∝ ΦBX
ΦX ,

where Φ is the QY and BX, X denote biexciton and exciton respectively. Therefore the

g2(0) measurement together with the enesmble QY may be used to determine the BX
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QY. In certain applications, such as lasers or LEDs, a high BX QY is required in order

for stimulated emission or high injection currents to be possible. For single photon

emitter applications a low BX QY is desired as it leads to a greatly reduced g2(0) value.

For quantum applications this leads to a catch-22 of sorts where single photon emission

is necessary but the cause of low BX QY, fast Auger recombination, would destroy any

chance of long-term coherence of the system.

Fortunately, ‘Auger-suppression’ has been developed in CdSe/CdS QDs, and other

QDs, by alloying the core/shell interface. This leads to an increase in the g2(0) value

[233] (though still below 0.2) but serves to create nearly non-blinking QDs with the

possibility for increased coherence times. Recent work measured the coherence time

of perovskite QDs at 3.6 K to be 80 ps, a significant fraction of the low temperature

radiative lifetime of 210 ps [234]. Future work will measure coherence times in graded

CdSe/CdS QD systems as well as in CdSe/HgS/CdS QDs.

5.2 Results

We measured single QD emission and dynamics for the 1 ML HgS QD with 2, 4 and

6 ML of CdS shelling. The concentrations of QDs dispersed in hexane is diluted from

that used for ensemble studies by ∼500,000 prior to dropcasting onto a glass slide. The

samples are excited with a diode laser at 488 nm and the emitted light is sent to an HBT

setup as in figure 5.1A or to a spectrometer. Detailed description of the experimental

setup is provided in the methods section. The two APDs in the HBT setup time-tag

the arrival of each photon on each detector enabling photon-correlation measurements

to be done as a function of time or intensity.

The intensity versus time trajectories are shown in figure 5.2 for zb-CdSe/HgS(1)

QDs coated with 2, 4 or 6 MLs of CdS. This is done by summing the photon counts on

both APDs with a 40 ms bin time over a period of 5 minutes. The 2 ML CdS sample

shows very strong intermittency in the intensity as a function of time. This process is

known as ‘blinking’ and is due to the QD switching between a bright ‘on’ state and a

dark ‘off’ state [235]. The mid-level states may be attributed to a finite binning time

so that some of the ‘on’ states are not fully captured in the 40 ms window due to the

fast blinking [236]. Blinking arises from from the escape of charge carriers to the QD
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surface [231]. If one charge carrier is trapped a charged QD remains, resulting in fast

non-radiative Auger upon the re-excitation of the QD. If both charge carriers are trapped

then no photon is emitted as the electron-hole pair is quenched during thermalization

prior to relaxation to the bandedge. Based on our previous studies of PL dynamics

in ensemble CdSe/HgS/CdS QDs with various CdS thicknesses we presume that the

cause of the fast blinking here is due to charging of the QD leading to dominant Auger

processes which limit the QY of the sample.

Figure 5.2: Blinking trajectories (left) and frequency histograms (right) of Cd-
Se/HgS(1)/CdS(x) with x equal to A) 2 ML B) 4 ML C) 6 ML. The thicker shells
heavily suppress blinking, leading to ‘on’ times of greater than 95% in the 6 ML CdS
shelled sample. Here the binning time is 40 ms and the collection time 5 minutes for
each sample.

Indeed, going from 2 ML CdS to 4 or 6 ML of CdS results in a drastic reduction in

the blinking of the QD, akin to the reduction in the fast component of the PL dynamics

in figure 3.11B. The 6 ML sample is in the ‘on’ state greater than 90% of the time

indicating it would be an excellent SPE. Reduced blinking with increasing shell thickness

has long been observed in CdSe/CdS QDs and an onset in blinking suppression has been

observed at 4 ML CdS [237], in excellent agreement with our results. At thinner CdS
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shell layers the electrons or holes can still efficiently tunnel through the CdS barrier to

surface defects while thicker CdS shells suppress this tunnelling exponentially. In giant

CdSe/CdS QD systems shell thicknesses can be grown out to 16-20 ML [177, 237], far

beyond our current synthetic capabilities for CdSe/HgS/CdS QDs. However, such a

drastic increase in the photo-stability of these NIR QDs with ‘only’ 4 or 6 ML of CdS

bodes well for even thicker shelled CdSe/HgS/CdS systems where blinking would likely

be completely suppressed and QYs would approach 100%.

Figure 5.3: Second order photon correlation measurements for three of the 1 ML HgS 6

ML CdS QDs. The g2(0) value is less than 0.1 for each sample, indicating near optimal

single photon emission.

The QDs exhibit excellent anti-bunching with g2(0) values of less than 0.1. Data for

3 separate QDs is shown in figure 5.3. Each shows only a small, barely discernable peak

corresponding to 2-photon emission. Base on measurements in the previous chapter the

BX lifetime much faster than their radiative lifetimes so it is not unexpected that we
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have such low g2(0) values. We have not performed g2 measurements for the thicker

HgS MLs but there is no reason to expect them not to exhibit similar values of g2(0).

Hence, CdSe/HgS/CdS are well poised to be used as SPEs in the NIR spectrum.

Next we examine the single QD emission spectra, focusing on the CdSe/HgS/CdS(4)

QDs though the 2 and 6 ML CdS samples show analogous emission characteristics. The

ensemble (a thick film dropcast onto a glass substrate and studied in the single QD

setup) emission spectra is peaked at 1.67 eV (745 nm) and has a FWHM of 141 meV

(63 nm) when fitted by a Gaussian, as shown in figure 5.4A. Superimposing over this

several different single QD emission spectra (figure 5.4B) reveals that the single QD

emission peaks are centered near the ensemble peak and have FWHM of approximately

half that of the ensemble spectrum. This is shown most clearly in figure 5.4C where

the FWHM versus peak emission energy is plotted for ∼20 different QDs. The FWHM

varies from ∼50 meV to ∼100 meV with most being around ∼75 meV, more than half

that of the ensemble PL spectrum. The red data point in figure 5.4C is that of the

ensemble emission spectrum for a dropcast film. There is no observable sensitivity on

FWHM to the emission peak for these QDs.

Figure 5.4: Single QD spectra of CdSe/HgS(1)/CdS(4) QDs. A) Ensemble PL spectra
of a dropcast film. B) Single QD spectra superimposed over the ensemble spectra. Color
is used only for clarity. C) FWHM as a function of emission peak for a variety of single
QDs. Red data point is the ensemble sample.

Bare CdSe QDs can have ensemble PL linewidths as low as 96 meV, and can be re-

duced to 67 meV with a CdS shell [238]. CdSe/CdS single QDs have linewidths of 50-70

meV [239], in general agreement with our results here, though our ensemble broadening

is more pronounced than theirs. Due to the ML control over HgS thickness, the broad-

ening must come from either the CdSe core or CdS shells. Still, emission linewidths of
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∼75 meV for an NIR material is quite remarkable. State-of-the-art CdSe/CdxZn1−xSe

asymmetrically strained QDs have sub-thermal linewidths of < 20 meV [186]. Applying

such techniques, as well as an alloyed shell [22], to our samples here might lead to near

room-temperature linewidths. The cause of the ∼3kBT linewidth of the CdSe/HgS/CdS

QDs is unknown. Studying the samples as a function of temperature will reveal infor-

mation about the phonon broadening of the system. An HgS ML will experience great

strain upon contraction of the CdSe core with reduced temperature; the effect of this on

emitting characteristics will be interesting but is beyond the scope of this thesis. The

FWHM of the thicker HgS MLs has not been measured at the single QD level at this

time, but in chapter 3 the ensemble steady-state PL linewidths systematically decreased

with increasing HgS widths for both the zb and w crystal structures.

To better characterize these materials, we measured the time-binned lifetime as a

function of time as well as the counts/bin. The resulting graphs show excellent overlap

(figure 5.5A) with the PL lifetime in the ‘on’ state being nearly constant at 80 ns while

the ‘off’ periods show a greatly reduced lifetime. In figure 5.5C the ‘on’ state decay,

represented by the shaded red region in figure A, and the ‘off’ state decay, represented

by the shaded grey box in figure A, are shown for a 4 ML CdS sample. The ‘on’ state

shows a single exponent decay with a lifetime of 75 ns, while the off state has a fast

decay of 3 ns. The ‘off’ state corresponds to weak glass emission, as has been shown

previously [240]. The fluorescence lifetime-intensity distribution (FLID) indicates these

dots do not show a strong second emission and are characterized by a single ‘on’ state

(figure 5.5B).

Statistics of the ‘on’ fraction and lifetime distribution for the 4 ML CdS and 6 ML

CdS shelled QDs is shown in figure 5.6. The ‘on’ fraction clearly increases when going

from 4-6 ML of CdS, with the 6 ML CdS exhibiting the ‘ceiling effect’ with most of

the dots nearly 100% on. The 4 ML CdS QDs show more of a bimodal distribution

with a peak of 50-60% on and another peak of 80-90%. The 4 ML CdS series also

shows a bimodal distribution of the average lifetime, with 2 fractions having lifetimes

of ∼60 ns and ∼90 ns, while the 6 ML CdS series has a more symmetric single-peaked

distribution of lifetimes with an average lifetime of 59 ns. The narrower distributions

and higher average ‘on’ time can be attributed to the higher quality of QDs with the 6

ML CdS shell. The average on percentage increases from 49% for the 2 ML CdS QDs
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Figure 5.5: A) PL lifetime and intensity as function of time for a CdSe/HgS(1)/CdS(4)
sample. B) fluorescence lifetime-intensity distribution for same dot as in (A). C) Lifetime
of ‘on’ state, red, and ‘off’ state, black, based on shaded regions in (A).

(not shown) to 64% for the 4 ML CdS QDs and finally 83% for the 6 ML CdS dots.

Clearly the cause of reduced QY in the thinner CdS shelled samples is due to strong

blinking of the QDs.

The average lifetimes for the 4 ML CdS is ∼80 ns in good agreement with the

radiative lifetime of the CdSe/HgS(1)/CdS(4) sample as seen in table 3.2. The average

lifetime of the 6 ML CdS series is 59.1 ns, nearly coincident with the measured ensemble

radiative lifetime of 58 ns (table 3.2). Such close alignment gives validity to the measured

ensemble radiative lifetimes, though the cause of the increasing lifetime with increasing

electron-hole overlap is still unknown as it is contrary to equation 3.1.

5.3 Conclusions

In this chapter we have explored preliminary use of CdSe/HgS/CdS QDs as single

photon sources. Thicker CdS shells were found to greatly suppress the blinking of
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Figure 5.6: Histograms of on% and lifetime for numerous 1 ML HgS QDs with A) 4 ML
CdS and B) 6 ML CdS shells.

the QDs just as in CdSe/CdS QDs. Together, these results indicate that many of

the synthetic techniques applied to CdSe/CdS to increase their single photon optical

properties should also be applied to CdSe/HgS/CdS as well. g2(0) values of less than

0.1 were consistently seen and linewidths were on the order of 75 meV, about half that

of the ensemble spectrum.

Having established the use of CdSe/HgS/CdS as SPEs, future work will focus on

their more interesting quantum photonic properties, studying such effects as low tem-

perature single QD emission, coupling CdSe/HgS/CdS QDs to NIR optical cavities, and

studying Hong-Ou-Mandel interference [241, 242] in order to quantify the coherence of

optical states in this system. The results of this chapter, and the results of the previous

two chapters, show clearly the great quality and potential for CdSe/HgS/CdS QDs.
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5.3.1 Methods

The single QD measurements were performed on a home-built confocal fluorescence

microscope system [186]. The samples were dropcast onto glass substrates from hexane

after dilution of ∼500,000 over that of a sample for ensemble optical studies. Pulsed

(1 MHz) or CW 488 nm laser was used for excitation, coupled to the sample using a

100X air-objective lens (numerical objective 0.9) with a 1 mm working distance. This

objective was used both for focusing the laser beam onto the sample and for collecting

the emitted PL. PL lifetimes, g2 and FLID measurements were measured using a time-

correlated photon counting setup in the HBT configuration with two silicon avalanche

photodiode detectors (time resolution ∼350 ps).

The PL emission was measured on an optical grading spectrometer using a CCD

camera. Integration times were 5 ns for each PL spectrum, and the samples were excited

with a CW 488 nm pulse from the same diode laser used for the APD measurements.

All measurements were done at room temperature and ambient conditions.
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Appendix A

List of Acronyms

Care has been taken in this thesis to clearly define all acronyms but despite this confusion

may occur, particularly for a reader unfamiliar with the materials or experiments in

question. This appendix contains a table of all acronyms used in this thesis.

Table A.1: List of Acronyms

Acronym Meaning

Al2O3 Aluminum Oxide OR Alumina

ALD Atomic layer deposition

APD Amplified photodetector OR Avalanche photodiode

BX Biexciton

c-ALD Colloidal atomic layer deposition

CdS Cadmium Sulfide

CdSe Cadmium Selenide

CW Continuous wave

DEZ Diethylzinc

DOS Density of states

EDX Energy-dispersive x-ray

EMA Effective mass approximation

ES Efros-Shklovskii

Continued on next page
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Table A.1 – continued from previous page

Acronym Meaning

FLID Fluorescence lifetime-intensity distribution

FTIR Fourier transform infrared spectroscopy

FWHM Full-width at half maximum

HBT Hanbury-Brown and Twiss

HgS Mercury Sulfide

IPL Intense pulsed light

LSC Luminescent solar concentrator

LSPR Localized surface plasmon resonance

M Mott

MEG Multiple exciton generation

MIT Metal-insulator transition

ML Monolayer

NC Nanocrystal

NIR Near-infrared

nnh Nearest neighbor hopping

PL Photoluminescence

PPMS Physical properties measurement system

QCP Quantum critical point

QD Quantum dot

QKD Quantum key distribution

QY Quantum yield

RF Radiofrequency

Si Silicon

SiH4 Silane

SILAR Successive ion layer adsorption and reaction.

SPE Single photon emitter

SPS Single photon counting

STEM Scanning-tunneling electron microscopy

TA Transient absorption

Continued on next page
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Table A.1 – continued from previous page

Acronym Meaning

TEM Transmission electron microscopy

TRPL Time-resolved photoluminescence

VRH Variable range hopping

w Wurtzite

X Exciton

X+,− Trion

XRD X-ray diffraction

zb Zinc-blende

ZnO Zinc Oxide
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Note of Unlimited Release

Chapters III-V of this thesis consist of research performed at Los Alamos National

Laboratory, a Department of Energy National Laboratory managed by Triad National

Security, LLC. The research contained in this thesis is approved for unlimited release

with no restrictions by the Review and Approval System for Scientific and Technical

Information under Los Alamos Unlimited Release number LA-UR-20-22985.
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