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Abstract

Optimizing material systems for their translation to the marketplace relies on a com-
plete understanding of the underlying fundamental physical mechanisms governing the
observed properties of the material. In semiconducting nanocrystals, coordinating the
physical properties of the material with the synthetic procedures used to manipulate
these properties has led to the successful proliferation of these systems throughout the
display industry. Most of the high-profile applications of nanocrystals rely on the quality
of these materials as emitters of light. Until recently, all of the applications have been
limited to emitters of visible light due to ubiquitous silicon detector technology. If we
look at longer wavelengths of light such as the near infrared and shortwave infrared (NIR
and SWIR) we move toward regions that were historically exploited by the military and
as such, all associated technology was heavily regulated. Relatively recent deregulation
of SWIR detector technology has opened up these technologies to academic researchers
and commercial industries. This deregulation has been accompanied by significant ad-
vancements in both the detector technology and also the development and discovery of
new materials that are active in this wavelength regime.

Much of the success that nanocrystals have found in industry has relied on the under-
standing of the physical mechanisms that lead to an emission event. As spectroscopists
and physical chemists we take snapshots of physical properties and we systematically
manipulate our materials to develop a basic understanding of how the energy is trans-
ported and transformed in our material. As we push further into the infrared, we are
working with materials that are highly unoptimized and underdeveloped but which have
incredible potential as material systems for in vivo high resolution biological imaging
and single emitters for optical and secure quantum communications.

Indium Arsenide (InAs) has long been exploited in the epitaxial quantum dot com-
munity for its emission throughout the SWIR and critically at the wavelengths where
optical communication occurs. Currently, this is the leading technology for quantum-
dot-based single photon and entangled photon emitters. These systems suffer, however,
due to their difficult and heterogeneous fabrication procedures. Colloidal InAs has re-
cently been synthesized with high quantum yields and tunability throughout the SWIR.
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In this thesis we explore some of the fundamental emission mechanisms that occur in
colloidal InAs NCs. Colloidal NC synthesis aims for a homogeneous sample of emitters.
While InAs is far off from this goal, with new and sensitive SWIR single photon detector
technology, we can study InAs at the single NC level to unravel some of the fundamen-
tal physical properties determining emission in this material. We find, strikingly, that
while the ensemble properties of this material may be far from ideal, the single InAs NC
properties approach some of the best visible-emitter systems that we have. This sug-
gests that there is a path forward for implementation of these materials in high-profile
applications.

In this thesis I have translated a technique known as solution photon correlation
Fourier spectroscopy to study the emission mechanisms in infrared emissive materials.
I explore first lead sulfide quantum dots emissive in the NIR and conclude that the
emission is mediated by multiple emissive states. I then translate this technique to the
SWIR, overcoming several technical challenges with microscopy at longer wavelengths.
Finally I use this new technique to study InAs QDs at the single nanocrystal level.
I conclude that single SWIR emissive InAs QDs have narrow emission linewidths but
significant broadening due to heterogeneities at the ensemble level. While this is by
no means a complete picture of the emission mechanisms in these materials, it is a
demonstration of the types of experiments and the current technological capabilities
available to us to understand these materials. At the end, I provide some suggestions
and preliminary work to push our understanding even further.

Thesis Supervisor: Moungi G. Bawendi
Title: Lester Wolfe Professor of Chemistry
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Chapter 1

Introduction

1.1 Shortwave Infrared Accessibility

The shortwave infrared (SWIR) region of the electromagnetic spectrum ranges from

1 pm to 2 pm. For many years, the SWIR region of the electromagnetic spectrum was

restricted to very few applications. Most notably, modern optical telecommunications

operates almost exclusively in the SWIR due to the low Rayleigh scattering cross-section

of silica-based optical fibers and the high power transmission achievable in certain spec-

tral windows (e.g. 1530-1565 nm C-band used for telecommunications) due to the

relatively weak water absorption in those regions.2 0 The SWIR wavelength region lies

just outside of the wavelengths of light that can be detected on the ubiquitous silicon de-

tectors. The detection of SWIR light requires specialized detectors, the most widespread

of these detectors are based on Indium Gallium Arsenide (InGaAs) which has a bandgap

that depends on the ratio of InAs / GaAs. Standard InGaAs detectors with 53% InAs

concentration are sensitive from 0.9 pm to 1.7 pm covering much of the SWIR. For

many years all of the SWIR detectors were built for enhanced vision systems (EVS)

utilized exclusively by the U.S. military. Because these detectors were developed only

for specialized defense applications in collaboration with the Night Vision Laboratory

of the U.S. Army, and the Defense Advanced Research Projects Agency, very few SWIR

detectors were released to civilians or academic labs. Compounding this issue, there are

strict trade agreements including the international traffic in arms regulations (ITAR)
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which prohibit the release or export of any military technology to foreign countries or

foreign nationals, further alienating research labs from utilizing this technology.

Starting in 2012 and continuing through 2016, a review of ITAR in the United States

reclassified non-military specific SWIR technology as exempt from export regulations

and thus accessible by commercial industries and academic research groups. Ever since

these exemptions were put in place, there have been huge expansions of SWIR techno-

logical advances in material science, medical imaging, communications, and the trans-

portation industries. New applications include video-rate imaging of in vivo processes,

new devices for disease diagnosis, secure optical quantum communication, and sensors

for next-generation driver-less cars. The influx and accessibility of new SWIR detec-

tor technology has led to the foundation of many new companies offering smaller and

smaller form factor and reduced weight SWIR detectors. According to the U.S. De-

partment of State of 2018, there are roughly 50 SWIR detectors that have exemptions

as commodities. Before 2012, there were only 2 detectors approved as commodities.1 09

The ever growing SWIR detector diversity has been accompanied by a dramatic drop

in the price of the detectors. It has been reported that between 2010 and 2014 SWIR

detector prices have decreased by an order of magnitude.1 42 Even though the total price

of the detectors has decreased, this is complemented by higher volumes of detectors sold

because the overall SWIR detector market was 147 million USD in 2018 and is expected

to increase to 250 million USD in 2024 at a compound annual growth rate of 10%. 11

As a result of the new SWIR detector technologies over the past decade, many new

SWIR emissive materials have been designed and discovered. These materials include

metallic nanoclusters, rare-earth doped nanoparticles, semiconducting quantum dots,

carbon nanotubes, and organic dyes. The following table (Table 1.1) lists the SWIR

emitters that have been discovered along with their emissive range, quantum yield, and

fluorescence linewidth.
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Material Emission Range Diameter (nm) PLQY Emission FWHM References
Au NPs

Carbon Nanotubes (CNTs)

Rare Earth Doped NPs

Ag 2S QDs

Ag2Se QDs

AglnSe2 QDs

Cd3As 2 QDs

InAs/CdSe/CdS QDs

InSb QDs

PbS QDs

PbSe QDs

PbTe QDs

HgTe QDs

HgSe/CdS QDs

IR - 26

IR - 1061

IR - E1050

Indocyanine Green (ICG)

AF 750

IRDye 800CW

Singlet Oxygen (102)

900 - 1000 nm

1000 - 1400 nm

1000 - 1600 nm

800 - 1200 nm

650 - 1300 nm

800 - 1300 nm

530 - 2000 nm

970 - 1500 nm

1300 - 1850 nm

900 - 1900 nm

1000 - 4000 nm

1150 - 3000 nm

1200 - 5500 nm

1300 - 1650 nm

1130 - 1170 nm

920 - 1081 nm

900 - 1300 nm

750 - 1600 nm

600 - 1300 nm

600 - 1300 nm

1 - 2 nm

3 - 10 nm

> 5 nm

2 - 10 nm

2 - 40 nm

9 - 23 nm

2 - 5 nm

2 - 7 nm

3.3 - 6.5 nm

2 - 8 nm

3 - 17 nm

2 - 9 nm

3 - 12 nm

3 - 5.7 nmr

0.6 - 3.8%

0.1%

10 - 90%

0.5 - 2%

1-3%

21%

20 - 60%

16 - 82%

NA

30 - 90%

1 - 80%

4 - 50%

0.01 - 40%

17%

0.05 - 0.01%

0.18 - 0.32%

0.2%

1%

0.8%

3.3%

1.4%1270 nm

500 meV

broad

100 meV

170 - 200 meV

> 200 meV

> 200 meV

150 meV

100 - 200 meV

150 meV

150 - 200 meV

35 - 350 meV

130 meV

160 - 170 meV

100 - 200 meV

100 meV

120 meV

200 meV

175 meV

35 meV

26

53 67 128

151 101

147

4257

79

61

49 12

145

124 102 139 97 23

22 124 115

98

1 76

120

124 63

28 64

8 24

24

21

21 24

128

Table 1.1: This table summarizes the NIR and SWIR emitters that have been studied including metallic-like nanoparticles,
semiconducting quantum dots, and organic dyes. This table was adapted, updated, and expanded from references 48, 15, and
88.

Material Emission Range Diameter (nm) PLQY Emission FWHM References



1.2 SWIR Emitters

As more and more SWIR emitters emerge, we now have choices as to which emitters

to employ in different applications. Organic dyes, especially those that have already

been FDA-approved, provide a really attractive platform for high penetration depth,

non-invasive biological imaging.2" For applications that require minimal material and

high brightness such as identification friend or foe (IFF) patches for the military or

single photon sources for quantum communication applications, we turn toward semi-

conducting quantum dots which are more versatile emitters that have high quantum yield

across the SWIR and also have broad absorption across visible and NIR wavelengths.

1.2.1 Lead Chalcogenide Nanocrystals

The Lead Chalcogenide (Sulfide, Selenide, Telluride) nanocrystals are simultaneously

tunable and have high quantum yields throughout the entire SWIR region. This makes

these materials attractive as fluorophores for biological imaging applications. Even

though these materials have interesting emission profiles, they are primarily utilized

for their absorption properties in quantum dot solar cells. Lead Sulfide (PbS) in par-

ticular has undergone ligand and device structure engineering to produce photovoltaic

(PV) devices with external quantum efficiencies exceeding 10%. 4 These materials are

particularly interesting for PV applications because they: (1) are solution processable

at low temperatures, (2) have bandgaps and can absorb much of the solar spectrum,

(3) are made with earth abundant materials, and (4) exhibit exceptionally high internal

quantum efficiencies (IQEs) due to physical phenomena that lead to multiple charges

produced from one excitation event.

Most colloidal QD applications benefit from the solution processability of the ma-

terial. Thin film optoelectronics, like PV devices leverage the solution nature of these

materials into inks that can be printed. Specifically, a few surface treatments can stabi-

lize lead sulfide QDs in a concentrated solution that can be inkjet printed onto a variety

of substrates. 851 0 4 These developments have opened the doors for roll-to-roll printing of

QD solar cell devices.
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Unlike most of the studied II-VI NCs (Cadmium Selenide (CdSe)), PbS NCs have a

large exciton Bohr radius of -18 nm which allows us to study the strong-confinement

regime. In addition, PbS NCs have rock salt crystal structure which gives them a direct

bandgap at the L point in the Brillouin zone. Due to the high degeneracy at these

band-edge states, PbS NCs have different temperature dependence of the band gap than

other NC systems that we have studied." Another fascinating and unique characteris-

tic of these NCs is their ability to facilitate multiple exciton generation (MEG) where

absorption of one photon at an energy much above the bandgap creates several exci-

tons. This mechanism has been observed in PbS and PbSe QDs.4 ' Efficient MEG could

be one solution to capturing and using high energy photons from the solar spectrum.

On a fundamental level lead chalcogenide NCs exhibit interesting physical phenomena

that are under-explored due to the instability of the material and the lack of detection

technology to interrogate these materials spectroscopically.

1.2.2 Indium Arsenide Nanocrystals

Colloidal Indium Arsenide (InAs) QDs have only in the past few years become of

interest owing to the challenges associated with III-V semiconductor precursors. Work

from many groups has focused on making monodisperse InAs QDs by changing precur-

sor reactivities and changing injection modalities. 49 Although colloidal InAs has only

recently become a viable material to study, much work has been done in the epitaxial

QD community with InAs-based systems. Most of the epitaxial InAs work has been

aimed at developing novel single-photon and entangled-photon light sources for optical

communication.

As more and more quantum applications such as quantum cryptography and quan-

tum key distribution are realized, there is a growing need for scalable on-chip single-

photon light sources. The ideal single photon emitters used in these light sources would

satisfy several conditions:

* The emitter would be completely deterministic - meaning that for every external

stimulus there would be a single photon emitted with probability of 100%. This is
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related to the quantum efficiency of the source q/.

" The emitter would have a 0% probability of emitting a second photon with the

first photon. This is found by looking at the second order correlation function at

time zero g((0).

* The emitter would emit photons of exactly the same energy and polarization every

time. This is represented by the uncertainty in the wavelength of the emitted

photons AA.

" The maximum emission rate would depend only on the external stimulus that was

pumping your emitter. This characteristic determines how quickly the source can

be asked for a photon (fmax)

Of course, achieving all of these properties in a single system is nearly impossible but

significant strides have been made. In order to determine whether or not the emitter

has true "single-photon" character, we have to examine the second order correlation of

the photons that are emitted from the emitter. If we find that the material emits single

photons with zero probability of emitting multiple photons, then the emitter can be

classified as single-photon in nature. In order to determine the probabilities of single

and multi-photon emission we split the photon stream with a beamsplitter and send one

output to a single photon detector and the second output to a different single photon

detector. If we examine the cross-correlations (g(2) (T)) between the two detectors at

different time separations (r) we find that for an ideal single photon emitter g(2) (0) = 0

and g(2 ) (T) > g (2)(0). Qualitatively this means that the probability of finding a second

photon emitted within the lifetime of the emitter r is zero for a perfect single photon

source. You might wonder why we couldn't take a laser off the shelf and attenuate the

intensity so that we get on average one photon per unit time. Emission from a laser

follows Poisson statistics meaning that the photons arrive randomly. If we perform the

same cross correlation experiment with a classical light source (like a laser) we see that

g(2 ) (0) = 1, or qualitatively, the emission of one photon is independent of any other

emission event.
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Many different systems have been proposed or experimentally tested for single pho-

ton emission including quantum wells, single molecules, neutral single atoms, single ionic

species, various color centers, and semiconducting QDs. For the purposes of this intro-

duction I will focus on QD single photon emitting systems. Many different QD systems

have been tested for single photon emission and even successfully implemented in quan-

tum information experiments. 111,122 Most of the current single photon emitter epitaxial

QD systems are based on InAs embedded in different higher bandgap semiconductors

such as Gallium Arsenide (GaAs). This is an especially interesting system because it is

one of the only epitaxial QD systems that produces photons in the C band for optical

communications. I will discuss the challenges and the successes of this material in terms

of the "perfect single photon emitter" guidelines that I outlined above.

Epitaxial InAs is a deterministic photon emitter meaning that for an external ex-

citation (either optical pump or electrical pump), single photons will be emitted. The

efficiency of this emission varies widely because these materials are embedded in matrices

that easily facilitate non-radiative pathways that could lead to a photon not being emit-

ted. Phenomena such as blinking in QDs also lowers the overall efficiency of the emission.

QDs suffer on the multi-photon emission parameter because biexciton formation in these

materials occurs readily, which would lead to two photons being emitted at the same

time. In these materials, the biexciton emits photons with a different spectral signature

than the single photon and can easily be filtered out. In other applications, this biexci-

ton emission is utilized to produce pairs of polarization entangled photons. 110,121,125 Due

to different energy dissipation channels throughout the material, QD emission has some

linewidth and in fact, this spectral linewidth can be quite broad in some cases, lowering

the ability to create exactly the same color photon upon each emission event. Finally,

the radiative emission pathways that give rise to single photon emission in QDs is slower

than in other systems (on the order of 1 ns).2 We can play tricks and embed these QDs

in a cavity to enhance the emission lifetime (on the order of 200 ps) and thus approach

the goal of high repetition rate single photon emitters."

One main challenge with epitaxial InAs and any epitaxial system is the difficulty

and irreproducibility of the synthesis. All epitaxial QDs have very different character-
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istics and it is really difficult to create two identical emitters. Because of this, we turn

to colloidal QDs as a potential replacement. Recent developments in the synthesis of

colloidal InAs QDs have opened up the potential demonstration of these materials as

single photon emitters. As in the epitaxial systems, InAs colloidal QDs are emissive in

the wavelength ranges important for optical communications. Until now, very little was

known about the underlying physical emission mechanisms in this material.

1.3 Emission Linewidths

In both lead chalcogenide and indium arsenide systems it is crucial to understand

how energy dissipates through the system leading to the emission of a photon. If we

can understand these mechanisms and the synthetic underpinnings of these processes,

we can build and tailor these materials to any application we want.

When we study an ensemble of emitters there are two groups of processes that we are

studying: the effects arising as a result of having a group of heterogeneous emitters, and

the effects that are intrinsic to the material. In order to disentangle these two regimes we

need to study emitters at the single emitter level. This gives us an idea of the potential

of the material to perform, independent of the quality of the synthetic strategy employed

to make the material.

We access the different physical processes that occur in QDs by studying the flu-

orescence that is emitted from these systems. One powerful tool to understand the

different physical mechanisms in QDs is the spectral linewidth. If we start with the

lifetime-limited spectrum of the NC and start to add in interactions of the exciton with

its environment, this spectrum starts to broaden and if we have hypothesized correctly

about the sources of broadening in these systems, our built up spectrum will have similar

spectral linewidth to the spectrum we observe. We approach spectroscopic characteriza-

tion in these systems from the top down, first we start with an ensemble characterization

which includes absorption and emission spectra of a solution of emitters. Next, we focus

in on the single NC linewidths and we then begin to lower temperature and focus on

short time scales to access dynamics that lead to spectral broadening on the single NC
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level. Spectral broadening in single NCs can come from several fundamental physical

processes including: 3 1

" Exciton fine structure. Excitons in NCs do not necessarily consist of only one

electronic state. There may be multiple fine structure states which have some

energy splitting that may contribute to the electronic structure of the system.

Depending on the splitting energies between these states and the external energy

applied to the system (temperature changes), radiative processes can originate

from different states, thus increasing the energetic spread of the emitted photons.

* Exciton phonon coupling. NCs are small crystals which can support vibrations

throughout the lattice. Some of these vibrations or phonons can couple to an

electronic transition and shift the energy of the emitted photons. These appear as

phonon sidebands in a photoluminescence spectrum and are shifted toward lower

energies compared to the zero phonon line (emission with no coupling to phonons).

There are many different types of couplings to phonons that can occur and coupling

strength is related to the the crystal structure, the size of the NC, the inorganic

shell material thickness, and other factors.

" Spectral fluctuations. At low temperatures NCs can exhibit spectral fluctua-

tions due to interactions of the exciton with the surface or the environment. These

fluctuations can be observed if you look at spectra on short time scales. However,

once the temperature has been raised or at long time scales, these fluctuations lead

to a broadened spectrum.

Adding in all of the homogeneous broadening factors listed above gets us to the

single NC spectrum. If we now add in all the inhomogeneous broadening effects such

as polydispersity in shape, size, and surface, we get back to the ensemble spectrum of

the NC solution. To deconvolute inhomogeneous broadening we must transition from

ensemble measurements to single NC measurements and unravel the single NC spectral

broadening mechanisms via low temperature experiments and experiments that can

access short time scales.
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1.4 Thesis Overview

A thorough investigation into the spectral broadening mechanisms has enabled the

translation of visible NCs to the marketplace as next-generation display technologies. In

order to realize SWIR emitters for applications ranging from targeted medical imaging to

single photon emitters for quantum information, we need a fundamental understanding

of the emission mechanisms in these materials. In this thesis I have taken these new

SWIR NCs and developed ways to study the fundamental physical processes that govern

their emissive properties.

In Chapter 2, we build up a tool set to explain some of the emission mechanisms in

near infrared (NIR) emissive lead sulfide QDs. We start by exploring a technique that

can be used to extract spectral linewidths from a solution of emitters. This technique

called solution photon correlation Fourier spectroscopy is the basis of many of the mea-

surements throughout this work. By accessing spectral information in solution, we have

been able to study newly synthesized, unoptimized emitters. In this chapter we also use

temperature-dependent information about these nanocrystals to build up a model that

suggests that emission in lead sulfide NCs is defect mediated.

In order to extend this solution-based technique into the SWIR, we need to first

understand the optical challenges for building optical microscopes for infrared light.

Chapter 3 discusses in detail the most current descriptions and characterizations of

each piece of a confocal microscope built to interrogate SWIR light. First we character-

ize and classify all commercially-available focusing objectives and the advantages and

disadvantages of each technology. Following this, we discuss all of the other optics in

the system including mirrors, lenses, and beamsplitters. Next, we discuss the different

single photon detection technologies that are available for the SWIR. Finally, we discuss

the challenges associated with SWIR confocal microscopy including the aberrations that

occur with long wavelength light. This chapter should be used to guide the design of

new SWIR confocal microscopes.

In Chapter 4 we use the SWIR confocal microscope that we built using the guide-

lines from Chapter 3 to interrogate a newly synthesized material system based on InAs
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NCs. These NCs are highly susceptible to photo-degradation and oxidation and our

solution-based single NC experiment proved to be currently the only way to study these

materials. In these experiments, we start to build an understanding of the fluorescence

broadening mechanisms.

What is presented in this thesis is by no means a complete picture of the emission

mechanisms in SWIR emissive NCs. What we have done is set the foundation for future

experiments to elucidate the fundamental physics behind these intricate and broadly-

applicable materials. Chapter 5 starts to hint at some of the future experiments that

could be really interesting in completing the picture that I have started with this work.

As more sensitive detector technology, better optics, and optimized syntheses of these

materials are discovered, we can push forward toward a more complete picture of the

complex mechanisms governing emission in these systems. Future experiments include

low temperature analyses of the emission in these materials, analyses of redder emitting

materials, and a survey of multi-excitonic processes that occur in these materials.
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Chapter 2

NIR and SWIR Active Lead Sulfide

Nanocrystals

2.1 Acknowledgements

This work was done in collaboration with Dr. Justin Caram. The nanocrystals used

in these experiments were synthesized by Dr. Jessica Carr and Dr. Whitney Hess.

Parts of this chapter are printed with permission from Caram, J. R., Bertram, S. N. et

al. PbS Nanocrystal Emission Is Governed by Multiple Emissive States. Nano Letters.

16, 60706077 (2016). Copyright 2016 American Chemical Society.

2.2 Background

2.2.1 Lead Sulfide NCs

Lead sulfide (PbS) NCs can be synthesized with size-tunable bandgaps spanning the

near and short-wavelength infrared (NIR 700 - 1000 nm and SWIR 1000 - 1600 nm) for

applications beyond the bandgap of silicon-including photodetectors, 123 light emitting

diodes, 1 2 9 photolvoltaics,1 3 2 and incoherent up/downconversion of infrared light. 134,143

However, optimizing performance for these applications relies on understanding elec-

tronic properties of heterogeneous preparations of NCs. Significant recent effort has
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gone into improving the reproducibility and quality of PbS NC syntheses, including al-

tering precursor reactivity 65 , precursor stoichiometry, 140 and understanding the role of

hydroxyl anions for surface passivation. 149 In these experiments researchers use ensem-

ble photoluminescence (PL) linewidth to report on size heterogeneity, trap density, and

intrinsic electron phonon coupling -critical properties for applications. 6 ,150 However,

estimates of the narrowest possible linewidth for PbS NCs diverge considerably. For

example, for NIR-emitting PbS QDs, single NC studies show linewidths of <100 meV

(by inspection) 114 while temperature-dependent ensemble size-selected photolumines-

cence excitation spectroscopy find homogeneous line-broadening in excess of 160 meV

for similar samples. 46 In this study, we combine results from solution Photon Correla-

tion Fourier Spectroscopy - a method which measures the average single NC linewidth

with temperature dependent ensemble spectroscopy to disentangle PL line-broadening

mechanisms for PbS QDs. Insight from these experiments allows us to propose a general

model that explains the origin of PbS NC linewidths, and provides a path for synthetic

optimization.

2.2.2 Measuring Single Nanocrystal Spectral Linewidths in So-

lution

The technique solution-Photon Correlation Fourier Spectroscopy (s-PCFS) allows

us to measure the spectral correlation of photon pairs arriving from an ensemble of

emitters diffusing through a focal volume. 18,30,33,90 It accomplishes this by mapping these

photons probabilistically to the outputs of a Michelson interferometer with a variable

path length difference (6) based on their energies. By measuring the photon stream on

each leg of the interferometer (defined as a and b in figure 2-1), the second order intensity

correlation g(2 ), encodes both single emitter diffusion information as well as spectral

information, allowing us to combine fluorescence correlation spectroscopy (FCS) with

Fourier spectroscopy to obtain average single molecule linewidths.8 7 Below, we provide

a derivation (combining ideas from both references 30 and 87) of how to extract an

average single molecule spectrum from an s-PCFS interferogram.
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Figure 2-1: Traditional photon correlation Fourier spectroscopy utilizes two detectors
on either end of a Michelson Interferometer. By varying 6 over different distances,
photons are mapped to Da and Db with different probabilities. The cross-correlation
signal between detectors can be used to study intraphoton energy gaps as a function of
time.

In figure 2-1 we show the setup for a typical PCFS experiment. From reference 87,

each interferometer output (denoted a, b) has an electric field as follows:

Ea (t) = 7RE (t) + TTE (t + 6/c) (2.1)

Eb (t) = RITE (t) + TTRE (t + 6/c) (2.2)

Where c is the speed of light and R/T represents reflection or transmission of the electric

field. The intensity Ia(t) is the square of the electric field at detector a.

Ia (t) = CocIEa (t)1 2

1
cOC [R*R*E* (ti) + T*T*E* (ti + 6/c)] [RRE (ti) + TTE (ti + 6/c)] =

2
1

CocIR12 IT 2 (IE (ti) 2 + JE (ti + 6/c) 2 + 2 * Re[E* (ti) E (t, + 6/c)]) (2.3)

Taking the time averaged value of Ia(t) and changing 6/c = rg

(Ia (t)) = cocRj2 T12 (IE (t) )2 1 + KRe [E* (t) t, + ) (2.4)

Here we have utilized the assumption that the fields are stationary. In other words,
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the time averaged intensity is identical to the statistical average over an ensemble of

emitters. This allows us to assert that (E(t1 )) = (E(t1 + Tg)) = (E(t)). We can analyze

the response of the field as a function of time separation T between photon arrivals. The

second term in equation 2.4 can be expressed as follows,

Re[E (ti) E* (t, + Tg)] Re[(E* (ti) E (t, + Tg))] = g( 1 ) (2.5)KE (t) 2 ( E (t) 12)

Where gO) (Tg) is the degree of first-order temporal coherence of light. The Wiener-

Khintchine theorem maps g(')(Tg) to the frequency spectrum of the emitted light

g (1)rg) - s(w)exp(27rwTg)dw = FT[s(w)], (2.6)

Leaving us with the time averaged intensity relationship

(Ia(t)) = (I(t))(1 Re{FT[S(w),, } (2.7)

Where 1(t) = 1/2cocIE(t)1 2 and 1R1 2 = 2 = 1/2.

From equation 2.7 we can now begin to evaluate correlation functions. First, let us

assert a form for S(w), the spectral function, which represent the distribution of photon

frequencies (energies) from the emissive sample.

S(w) (w[t]) (2.8)

In this equation, 6 represents delta function in frequency and w[t] = wo + A(t), where

wo is a central carrier frequency and A(t) is a time varying fluctuation in the central

energy of a single emitter such that (A(t)) = 0. Plugging this into equation 2.7 we get

a time averaged intensity function for path a,

1 1
(Ia/b(t) = -I (t))( (Re{FT[6(w[t]]}) (I(t))(1 (cos(Tgw[t])) (2.9)2 2

While the choice of sign is arbitrary, due to conservation of energy, it must be the
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opposite for each detector. Given this, let us evaluate the intensity cross correlation

function across detectors

ab Ka Mb (t + T)

(Ia (t) )KIb (t + ) (

(ab) (I(t)(1 + cos(rgw[t])I(t + r)(1 - coS(Tgw[t + T]))

9 ( ) (I-))I) + (2))1

Making the assumption that frequency fluctuations are independent of intensity fluctu-

ations we can simplify equation 2.10:

g(ab)(T) - (I)I(I + )) ((1 + Cos(Tw [tI)(1 - cos (T [t+ T)) (212)
(I (0))(I(t + 0))

Expanding the binomial yields

((1 + cos(rgw[t])(1 - cos(Tgw[t + r])) =

((1 + cos(Tgw[t]) - cos(Tgw[t +,T]) - cos(Tgw[t])cos(rgw[t + ])). (2.13)

In the implementation of PCFS, we "dither" (oscillate) a stage over several optical peri-

ods (1/wo) while measuring the correlation function such that any term which oscillates

at an optical frequency averages to zero, for example

(cos(gw [t])) j cos(Tg(wo A(t)))dg ~ 0 (2.14)

Therefore, the middle terms of equation 2.13 are experimentally eliminated using the

dither described by equation 2.14. The outside term can be expressed using the trigono-

metric identity cos(u)cos(v) = '(cos(u - v) + cos(u + v)) yielding

1
(cos(Tgw[t])cos(TgW[t + T])) = (cos(r(W[t] - w[t + r])) + cos(Tg (W[t] + W[t + r]))) =

2
1
-(cos (Fg(A(t) - A (t + r))) + cos(rg(2wo + A(t) + A(t + T))) =

1
(cos(rg(A (t) - A (t + r)))). (2.15)

2
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The final expression 2.15 comes from eliminating the components that oscillate at twice

the optical frequency. We now express the cross correlation signal as follows:

9(ab) () - g(2 )(1 - I(cos(r 9(A(t) - A(t + r))))) (2.16)

9ab (T) = g(2 )(r) I - Re{FT[P ( )]} (2.17)

Re{FT [p ((, r)]} = 2 K1 -- 2) (2.18)

After Fourier transform over the a range of path length distances, 6, we obtain the the

autocorrelation of the fluorescence spectrum S(w) the spectral correlation. Here p((, T)

describes the relative emission frequencies.

1 T oo
P((, r) = -- S* (w, t) S (w + (, t + T) dwdt (2.19)

T J J-oo

It is straightforward to extend this result to ensemble spectral correlations in solu-

tion.33 ,90 In this case, we arrive at the governing equation:

Re{FT [(g2 (T) - 1)Psingie ((,r) + pens ((, T)] 2(g2 (,) _ gab(T)) = 2(r) (2.20)

Using the fact that an ensemble of emitters will have Poissonian statistics, and that

the single molecule contribution decays to zero after the particle diffuses out of the

focal volume tD, (9g2,(r) = 1 and single (r > TD) = 0) we arrive at the single molecule

contribution to the spectral correlation.

2e F ~ ~ ] 2(2() - ga()) _ j2 (T> TD) (2.21)'
Re{ FT [Psingle (,)]} (g2 () - 1)

This technique allow us to monitor spectral fluctuations of individual molecules across

a diverse set of correlation time-scales. In the following experiments we average the signal

over the from 10 ps to 1 ms. s-PCFS probes the spectral correlation, or the intraphoton

energy gaps, losing information about the absolute energy. This makes it impossible

to directly invert the spectral correlation to arrive at the time resolved fluorescence
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spectrum. To arrive at the spectra plotted in figure 2-6 (c) we use a spectral model (two

displaced Gaussians) to arrive at a spectral correlation expression.

2.2.3 Fundamental Physical Properties of PbS NCs

In this work we have used several different experimental findings that have allowed

us to uncover some intrinsic emissive properties of PbS QDs.

1. We show that PbS NCs display increasing spectral linewidth and Stokes shift with

decreasing size.

2. We find that these NCs display characteristic size dependent lineshape asymmetry

which can be fit to two emissive states, one which shifts with respect to the first

exciton peak, and another that stays fixed.

3. We use s-PCFS to demonstrate that NIR emitting PbS NCs have broad intrinsic

linewidths.

4. We use temperature dependent linear and time-resolved emission measurements

to show two inter-converting states in small and intermediate sized NCs. We

conclude that emission from individual PbS quantum dots arises from two states:

a pinned-charge defect state and a band-edge state.

The contribution of each state to the overall emission depends on the size of the nanocrys-

tal, which sets the energy of each state, and the temperature, which sets the rate of

transition from band-edge to defect over an activation barrier. Our model reproduces

the trends in size-dependent emission spectra and temperature dependent lifetimes. Un-

derstanding the nature of the emissive state is of critical importance to extracting ex-

citation and charge from Pb chalcogenide NC systems. However, assigning states in

PbS nanocrystals remains a significant challenge. Due to a filled lead 6s orbital, PbS

acts as an L-point semiconductor with a 64-fold band-edge degeneracy."2' 1 1 2 Further

complicating the structure, a small optical band-gap leads to significant perturbation

from valence-conduction band mixing, spin-orbit coupling and inter-valley scattering. It
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is likely that similar to CdSe NCs, PbS emission is in part mediated by complex fine-

structure, which complicates simple assignment to a band-edge and defect states. 107 The

presence of a homogeneously broadened defect state may partially account for anoma-

lously fast triplet transport from NCs to organic materials, 134 and high electron conduc-

tivity in NC films 0 ,12 3 due to broadened intrinsic linewidths which can increase charge

and exciton transport.

2.3 Synthesis of PbS Nanocrystals

Core only samples used in the following experiments were prepared using methods

described in references 66 and 148. The lead precursor is prepared by mixing lead

(II) acetate trihydrate (99.999% trace metals basis, Aldrich), octadecene (ODE, 90%)

(99%, Aldrich) and oleic acid (85%, TCI) in a 3-neck flask stirred and degassed at room

temperature for 30 min by pulling vacuum on the Schlenk line, then degassed at 120

*C for an hour until clear and colorless. The flask is placed under nitrogen and cooled

to the injection temperature. The sulfur precursor was prepared from 10 ml ODE and

213 pL (TMS) 2S (Aldrich, synthesis grade) in a nitrogen filled glovebox. The sulfur

solution is injected into the lead precursor when the solution reaches a set temperature

(50-150) 'C depending on the size desired. For the smallest PbS particles samples the

lead precursor was prepared using 2.00 mmol lead acetate, mixed with 62.5 mmol ODE

and 4.436 mmol OA. The injection was done at 50 'C. An ice bath was quickly used

after injection to quench the reaction for 10 minutes. PbS core and PbS/CdS core/shell

QDs were prepared following a modified protocol by Liu et al.86 Here the Pb-precursor

consisted of PbO (0.900 g, 4.03 mmol 99.999%), OA (2.5 mL; 7.9 mmol,), and ODE

(37.5 mL) added to a 100 mL three-neck flask. The solution was degassed as before.

The same procedure was followed for the S-precursor with 20 mL degassed ODE under

nitrogen were mixed with (TMS) 2S (0.42 mL, 1.99 mmol). For each reaction, the molar

ratio of Pb:S:OA was kept constant at approximately 2:1:4. 10 mL Pb-precursor stock

solution was heated to 30C under nitrogen. 5 mL of S-precursor was subsequently

injected into the flask and the solution was heated to either 40'C or 50'C at a rate of
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20C/min. PbS QD growth solutions were transferred to a glovebox for cation exchange

and purification. The Cd-precursor consisted of CdO (0.218 g, 1.70 mmol 99.99%), OA

(1.6 mL, 5.1 mmol), and ODE (12.7 mL) added to a 50 mL three-neck flask. The solution

was degassed at room temperature, heated to 2000 C under nitrogen until dissolved, and

finally cooled to 100'C for further degassing. For cation exchange, 0.3 mL Cd-precursor

was added to 5 mL of the growth solution and stirred at room temperature for five

minutes. PbS and PbS/CdS QDs were purified in the glovebox by precipitation with

isopropanol, methanol and butanol depending on the size. All sizes are determined from

the-first-exciton absorption peak using reference 96.

2.4 Ensemble Absorption and Emission

2.4.1 Room Temperature PbS NC Properties

A key challenge for addressing the origin of PbS emission lineshapes is the large vari-

ation in ensemble spectral properties as a function of size. We illustrate the absorption

and emission properties of a size series of PbS quantum dots in figure 2-2 (a), synthesized

according to references 66 and 148.

In contrast to CdSe quantum confined NCs, PbS nanoparticles manifest a highly

size-dependent ensemble photoluminescence linewidth and Stokes shift.3 4,138 Small, near

IR (~2 nm; 700 - 900 nm) emitting NCs display broad ensemble linewidths (160-240

meV) and large stokes shifts (150 - 400 meV) while larger PbS NCs (emitting from

1200-1600 nm) have narrower PL linewidths (< 100 meV) and smaller Stokes shifts

(- 30 - 80 meV), akin to their CdSe NC counterparts.99 Size polydispersity naturally

leads to inhomogeneous line broadening and higher apparent Stokes shift due to the

increased absorption of a higher volume sub-ensemble consistent with inhomogeneous

line broadening.8 4 Transmission Electron Microscopy (TEM) (in figure 2-2 (b)) shows

greater morphological polydispersity in smaller PbS quantum dots, however photolumi-

nescence excitation spectroscopy (figure 2-2 (c), and shown elsewhere in reference 46)

suggest size heterogeneity is not the dominant contribution to the observed ensemble
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Figure 2-2: Size dependent optical properties of PbS quantum dots. (a) Six represen-
tative absorption and emission spectra for different PbS NC preparations. PbS NC
absorption and emission is highly tunable across NIR and SWIR wavelengths. (b) TEM
of nanoparticles studied shows size polydispersity, though contrast is poor for sub-2nm
particles. (c) Ensemble absorption and emission spectra (black) plotted with the peak
shift from the central energy (red). The peak shift is plotted along against wavelength
of excitation.

linewidth for small PbS quantum dots.

We reproduce the analysis done in reference 138 and find that the emission spectra

of an ensemble of PbS QDs show a distinct asymmetry (figures 2-3 (a)-(b)).We find

that this asymmetry is best characterized as emission arising from two distinct features,

which we label A and B respectively. In figure 2-3 (a), we fit the observed emission

spectrum to two Gaussians

-- (E- EA)2 -(E- E) )2

2Cle ff~ + 02e O'2

-(E-EA )2 -(E-EB)2

PL(E)=CAe 2" +CBe 2,

(2.22)

(2.23)

where the average energy and standard deviation of the first and second features are

EA,B and UA,B respectively. We find that EA stays fixed while EB shifts when both

energies are compared to the first absorption feature as a function of size. This shift
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Figure 2-3: (a) Emission spectra of PbS QDs show a size-dependent asymmetric line-
shape, with small PbS PL spectra displaying an elongated tail to the blue and larger
dots showing tails elongated to the red. (b) We fit each of these spectra to two Gaussian
functions (equation 2.23, labeled A and B, and plot their peak positions relative to the
first exciton peak with red and blue dots.) with energies relative to the first exciton
peak represented by orange or blue dots (A and B respectively). The size of the dot
reflects the magnitude of that Gaussian peak's contribution to the total fit of the PL
spectrum. The error bars are the standard deviation of the peak position of each Gaus-
sian, calculated from the square root of the diagonal of the covariance matrix calculated
during least squares fitting.

gives rise to the observed change in direction of the PL asymmetry in the PL feature

from small to large NCs. stays relatively fixed compared to the first absorption feature,

while EB shifts relative to the bandgap (figure 2-3 (b)). This shift gives rise to the

observed change in direction of the asymmetry in the PL feature.

2.4.2 Temperature Dependent Emission of PbS Films

Experimental Details

For ensemble temperature-dependent emission measurements, 3 preparations of PbS

NCs (synthesis described above) were diluted in a solution of 4% poly(methyl-methacrylate)

by weight in toluene. The samples were then drop cast onto quartz substrates (ESCO

Optics) and placed into a cold finger cryostat (Janis). The cryostat was then evacuated

and cooled to 77 K with liquid nitrogen. The cold finger was heated and held at multiple

temperatures ranging from 77 K to 320 K. The NC film was excited with at 532 nm and

the emission spectra were recorded on either an InGaAs photoidode (Thorlabs) using
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lock-in detection and a scanning monochromator. The same films were used to collect

PL lifetimes and were excited using a pulsed diode laser (PicoQuant) at 532 nm, 100kHz

repetition rate. The emission from the NCs was directed to an InGaAs single photon

counting module (Micro Photon Devices) connected to a time-correlated single photon

counting card (PicoHarp 300, PicoQuant). Lifetimes were taken at each temperature,

and repeated for over several days.

Temperature Dependent Emission and Photoluminescence Lifetime

We study the temperature dependence of PbS NC emission to probe whether the two

states suggested in figure 2-2 interconvert, resulting in the observed linewidth states that

contribute to the observed linewidth. In figure 2-4 (a) we show temperature dependent

PL emission of three dilute samples with first absorption features at 700, 950 and 1200

nm respectively, all prepared using method (1). We observe large temperature dependent

variation for two of the samples, consistent with prior measurements. 52,137 We plot the

emission spectra of each sample as we vary the temperature from 77 to 320 K.

Furthermore, we find that PbS QD quantum yield also increases with decreased

temperature, correlated to longer PL lifetimes plotted in figure 2-4 (b)-(d). We fit the

time resolved photoluminescence to two exponentials,

C(t) = C+e+)t + Ce-r()t (2.24)

where + and - refer to "slow" and "fast" rates respectively. These two rates demonstrate

the presence of at least two states with different lifetimes contributing to the overall

PL. The ability to modulate the relative contribution of each state using temperature

strongly suggests that these states can interconvert during the microsecond emission

lifetime of PbS QDs. In figure 2-5, we examine spectrally resolved emission of 3.1 nm

QDs observing spectrally dependent bi-exponential behavior consistent with transfer

from between states.
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Figure 2-4: a) Temperature dependent emission spectra for 2.2, 3.1, 4.1 nm PbS quantumn
dots (900, 1050, and 1300 nm emission), with time-resolved PL spectra plotted in (b)-(d)
for each ensemble respectively) (solid line). In 2.2 nm QDs we observe a slight early
time rise, which we attribute to higher quantum efficiency of the InGaAs detector for
redshifted QD emission. In (b) we plot time-resolved PL for 77, 150, and 200-320 K in
steps of 20 K. In (c)-(d) we plot 77, 220, 260, and 320 K time resolved emission. All fits
are to equation 2.24 and plotted as a solid line.

2.5 Single NIR PbS Nanocrystal Spectra
To assess the intrinsic linewidth of NIR emitting PbS QDs we perform s-PCFS on

NCs that emit below 950 nm (the spectral window of Silicon single photon counting

modules). s-PCFS has been described earlier in this chapter as well as in several refer-

ences,18, 3 3,90 and has been used to study average single molecule linewidths of CdSe/CdS,

InP and InAs quantum dots. s-PCFS allows us to reliably extract the average single-

molecule linewidths from an ensemble of quantum dots in solution. After processing, we

fit the average single NC PCFS interferogram (figure 2-6 (a)) to the Fourier transform

of the autocorrelation of a two-component Gaussian spectrum to extract the average

single molecule linewidth for different preparations of PbS nanocrystals.

In figure 2-6 (c), we plot the intrinsic linewidth of 3 different preparations of PbS
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Figure 2-5: (a) The emission of 3.1 nm QDs at room temperature and 77 K, plotted
against 5 band-pass emission filters. (b)-(c) Time-resolved PL spectra for each filter
at room temperature (b) and 77 K (c). The bi-exponential behavior is consistent with
two slowly equilibrating states, where equilibration is slower at 77 K than at room
temperature.

NCs; one prepared using Lead Acetate as a precursor (light orange sample) and two

prepared using Lead Oxide as a precursor (all other samples), the latter also grown with

a thin shell of CdS. For all five samples the average single NC linewidth closely matches

the ensemble linewidth, suggesting that the majority of line broadening is intrinsic to

the nanocrystal. We use S-PCFS to demonstrate that NIR emitting PbS QD emission is

intrinsically broad despite morphological polydispersity (as shown in figure 2-2 (a)). This

provides direct evidence of defect emission for small PbS QDs. Defect states typically

show large homogeneous linewidths due to higher NC polarizability leading to increased

electron-phonon coupling.50 Prior studies of NIR PbS QDs have suggested that the

observed broad linewidths are a result of various mechanisms including hybrid state

emission,119 defect emission, 138 complex fine structure, 3 8 and strain induced acoustic
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Figure 2-6: (a) Typical ensemble and single NC spectral correlations. We fit this to
generate single molecule spectra plotted against the ensemble PL spectra in (c). (b)
The detector cross-correlation beyond and within the CL of quantum dot emission. We
observe a fluorescence correlation trace at 6 > CL, and spectrally induced modulation
at |61 < CL. On the left, typical single molecule and ensemble spectral linewidths. The
groupings represent the same core with and without an exchanged cadmium shell. We
observe little difference between ensemble and single molecule linewidths in all cases.

phonon coupling. 46

2.6 Modeling Multiple Emissive States

2.6.1 Qualitative Two-Emissive-State Model Schematic

In figure 2-7 we combine the information in figures 2-2 - 2-6 to construct a model

that reproduces the observation of broad NIR linewidths and temperature dependent

bi-exponential rates in PbS quantum dots.

As figure 2-3 shows, the size-dependent ensemble emission spectra are best described

by two Gaussian functions; one whose average energy stays constant relative to the band-

edge absorption feature (A), and one which shifts linearly (B). The behavior of state
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Figure 2-7: (a) PbS QDs emit from band-edge or pinned-energy defect states depend-
ing on NC size. Larger dots have lower energy band-edge emission while smaller dots
have lower energy defect emission (b) We model time-resolved emission, by invoking two
states, A and B, that can interchange over a transition state barrier according to tem-
perature dependent rate constants k, and k2. They can also relax to the ground state via
independent rate constants kA and kB. (c)-(e) We plot the time resolved populations of
the band-edge state (purple/A), defect state, (green/B), and total excited state (black
dashed line C) for 0 (c), 100 (d) and 200 (e) meV activation barriers.

A's peak energy is consistent with emission from two size-confined carriers. In turn, the

energetic shift of state B relative to the first-exciton peak reflects emission from at least

one carrier in a non-size dependent (pinned) conduction and/or valence band. Transi-

tions arising from defect/pinned carriers and confined electrons or holes are invoked to

explain the large Stokes shift, broad linewidths, and weak size tunability of the emission

from ternary QDs, such as Cu'nS2 /Se 2 
7 1 08 and Cu+ doped CdSe NCs.141 Furthermore,

sub-band gap defect states in PbS NCs have been suggested by both experiment and

theory, with varying explanations including partial oxidation, non-stoichiometry, incom-

plete surface passivation and shape anisotropy.3 7,3 8,1 1,52,6 9, 1 19,146 Therefore, in figure 2-7

(a) we assign peak A to band-edge recombination, and peak B to recombination of a con-

fined carrier with a pinned defect, for simplicity drawn as the electron. We assign peak B
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to emission from a partially confined defect state and peak A to a fully confined electron

and hole (e.g. band-edge emission). The defect emission arises from one energetically

pinned and one confined charge carrier. The relative positions of defect and band-edge

change as a function of NC diameter. In small PbS NCs, the defect emission sits below

the band-edge, while in larger NCs the defect is above the band-edge. This results in

blue-shifted or red-shifted asymmetric lineshapes for small and large dots respectively.

Completing the model, we study what mediates band-edge to defect (and back)

transitions in PbS QDs. The presence of two features in the emission spectrum and

two decay rates whose relative contributions are modulated by temperature leads us to

employ a kinetic model illustrated in figure 2-7 (b). Critically, we find that four rates

govern the emissive properties of PbS NCs from 150 to 320 K:

A BT A*^+ G B - G (2.25)
k2

ki = Ape-O(Ea), k2 = Ape (Ea+AEAB) (2.26)

where kA,B and ki,2 represent decay to the ground state and transport between each state

over an activation barrier, respectively. k1 and k2 are determined by several parameters:

the energy difference between defect and band-edge states EAB, an activation energy

Ea, 3 = (kbotzT)- 1 , and an attempt frequency Ap. We solve this rate equation in the

supporting information of 23 and figure 2-7 (c)-(d) shows several qualitative features

this model. Starting with an excited state population in State A (CA = 1, CB = 0),

faster emission rates from the defect than the band-edge (kB > kA) and a large energy

difference between states A and B (EAB = 100 meV) we vary the activation barrier (Ea)

from 0 to 200 meV to understand how transfer effects time-resolved photoluminescence

at room temperature. We plot the populations states A, B and the total excited state

population. For no activation barrier (figure 2-7 (c)), the populations quickly equilibrate

and the NCs decay primarily from state B. In figure 2-7 (d) the activation barrier is

not overcome at room temperature, leading to emission from state A. In figure 2-7

(e), transfer between states over the activation barrier competes with emission, leading

to PL from State A initially, followed by emission from state B. The total decay is
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biexponential, in agreement with our observations in figure 2-4 (b)-(d).

This model reproduces several qualitative features of the emission of PbS QDs. For

the smallest dots studied, we observe blueshifting emission with decreasing temperature,

consistent with an initially populated band-edge state that is at a higher energy than

the defect state. If the band-edge state has a higher quantum yield than the defect

state, we anticipate increasing emission intensity with decreasing temperature, also ob-

served for small and intermediate QDs. Furthermore, in 2.2 nm QDs, the band-edge

can provide a long-lived reservoir for defect emission at lower temperatures, resulting in

detection of delayed emission (observed in figure 2-4 (b)). We define delayed emission as

slowed dynamics at early times (e.g. when one prefactor, C+I., is negative), resulting

in the phenomenological bending of the PL curve. Figure 2-4 (b) exaggerates this effect

due the increased sensitivity of InGaAs avalanche photodiodes above 950nm, leading to

preferential detection of redshifted defect emission. In larger QDs (figures 2-4 (c)-(d)),

the defect energy sits higher than the band-edge resulting in increased band-edge char-

acter in the emission across all temperatures when compared to the smaller QDs. For

the largest dots, the defect sits high enough in energy that most of the emission arises

from the band-edge, which explains the relatively low Stokes shift and narrow linewidths

observed. As a further test, in figure 2-5 we plot emission energy resolved PL decay for

3.1 nm QDs, observing longer lifetimes for red-shifted emission, reflecting the changing

defect/band-edge character across the emissive band.

In figure 2-8 (a)-(b) we fit two temperature dependent experimental parameters to

the model proposed in figure 2-7 (b): the "slow" rate r(_) (figure 2-8 (a)), and the

relative quantum yield (figure 2-8 (b)). We extract r(_) from exponential fits to the data

plotted in 2-4 (b)-(d). The relative QY is found by comparing the integrated intensity at

each temperature to the 77 K spectrum (assuming radiative and non-radiative rates are

temperature independent). All fit equations are derived in the supporting information of

reference 23. We report the fit parameters in table 2.1 for each measurement. For small

dots (2.2 nm), we find that we start with a large initial population in the band-edge

state (CA= 0.8) which has a longer lifetime than the defect state (kA= 5.6 * 10's- and

kB= 2.7 * 10's-). The band-edge interconverts over a - 115 meV (Ea) barrier to the
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Figure 2-8: (a) The temperature dependent rate constant from figures 2-4 (c)-(d) fit
to the model proposed in figure 2-7 (b). (b) 2-4 (c)-(d) fit to model proposed in the
supporting information of reference 23. A negative prefactor ratio illustrates delayed

emission from the excited state. (d) The integrated relative quantum yield (relative to

77 K) from the data shown in figure 2-4 (a). (c)-(d) Band-edge (A) defect (B) and total
(C) emission at 200 and 300 K (X and X' respectively) using averaged parameters from

Table 2.1 for 2.2 nm QDs (c) and 3.1 nm (d).

defect state, which sits below the band-edge by 80 meV (EAB), similar to the estimate

from the fit to two Gaussian functions in figure 2-3 (d) (-120 meV). Interestingly, in

figure 2-4 (b) we continue to observe state interconversion at 77 K despite low transfer

rates (- 10s-1 ) from our model. This suggests other states, invoked in prior models

of PbS and PbSe emission below 150 K,51 ,56 may contribute to the dynamics at low

temperatures.Temperature effects are less pronounced for intermediate and large NCs,

as the defect state sits higher in energy (-75meV) than the band edge, allowing for

dominant band-edge recombination even during equilibration. Finally, if we assume that
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the radiative and non-radiative components of kA and kB are constant as a function of

temperature, (down to 77K), we can fit the integrated rate equation to describe the

relative quantum yield as a function of temperature and observe that both processes

show activated emission with a barrier height of ~ 120 meV consistent with the result

of fitting the PL lifetimes prefactor ratio. In figure 2-8 (c)-(d) we plot the population

of the band edge state (A), defect state (B) and total emission for 200 and 300 K. We

observe qualitatively similar time resolved photoluminescence to that plotted in figures

2-4 (b)-(c). Figure 2-8 (c) shows that the model predicts a large temperature dependent

change in 2.2 nm NC lifetimes, due to increased defect character in the emission at

room temperature. Figure 2-8 (d) illustrates that for 3.1 nm dots, the defect state only

modulates the tail of the emission, similar to the observation of figure 2-4 (c).

Fit Parameter Ea (meV) EAB (meV) kA (s- 1) kB (s-1 ) A, (s-1 ) CA CB
H nm 110 100 5.3 * 105 2.5 * 106 1.3 * 10"

QY2 . 2nm 120 60 6.0 * 105 3.0 * 106 1.6 * 10" 0.8 0.2

rF)m 130 -90 2.0 * 105 3.1 * 105 0.5 * 107
QY3 inm 100 -60 3.0 * 105 4.0 * 105 1.0 * 107 1.0 0

Table 2.1: Parameters obtained from fitting r(_) and QY from supporting info in refer-
ence 23 to the data presented 2-8(a)-(b). Subscripts represent average size of nanocrystal
studied.

Our results suggest that improving synthetic control over PbS NC size polydispersity

may not be as critical as controlling or mitigating defect emission. Ternary NCs have

shown that by varying stoichiometry, defect emission can be suppressed in favor of band-

edge emission.71 A similar approach may improve PbS NCs for applications.

2.7 Conclusions

In summary, two states govern the properties of PbS NC emission, a band-edge state

and a defect state. The relative contribution of each state to the emissive properties of

PbS QDs (Stokes shift, linewidth, lifetime) is governed by NC size and temperature. The

defect state dominates emission at room temperature for NIR emitting PbS nanocrystals

leading to broad homogeneous linewidths. Larger PbS NCs display more band-edge
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emission. The presence of an energetic barrier between band-edge and defect prevents

rapid thermalization and complicates the assignment of low temperature fine structure

in quantum dots due to increased polarizablity and coupling to phonon modes.5,9 3 Upon

cooling the competition of rates allows for more band-edge emission, for which size and

shape inhomogeneity plays a larger role in governing the lineshape. One distinct feature

of PbS defect emission is its shorter lifetime compared to band-edge emission. Typically,

weak overlap between localized electron and delocalized hole will increase the lifetime of

the defect state. However, in PbS QDs, the increase in lifetime is masked by a decrease

in quantum yield, which arises from more non-radiative pathways from the defect state.

Accounting from the nearly five-fold increase in quantum yield from defect to band-edge,

the radiative rates are nearly identical.
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Chapter 3

SWIR Microscope Design

Designing a microscope to study physical properties of nanocrystals involves careful

choices about the focusing optics, optical components, and detectors. All of these choices

must be in line with the type of experiment you are performing (e.g. traditional single

nanocrystal spectroscopy or solution-based spectroscopy), and the wavelength regime in

which you would like to study. We have routinely designed intricate microscopes to study

single nanocrystal dynamics in the visible wavelength regime but to-date researchers in

the Bawendi Lab as well as other labs have not designed single nanocrystal sensitive

microscopes in the SWIR wavelengths. It should be noted, however, that many of

the considerations I have taken in this chapter are imported from communities such as

astronomy, FTIR spectroscopy, and others.

In designing the microscope that has allowed me to study single SWIR emissive

Indium Arsenide NCs (Chapter 4) I have performed characterizations of many different

optical components and detectors that could be used in a SWIR microscope. In this

chapter I outline some of the considerations and characterizations one must take to

properly build a SWIR sensitive confocal microscope.
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3.1 Components of a SWIR Confocal Microscope

3.1.1 Focusing Optics

The focusing optic in a confocal microscope is typically the most important optic as

it dictates the focal volume you can interrogate, the frequencies of light you can access,

and the quality of the image of the focal plane. In our confocal microscopes we work

in an epifluorescence geometry meaning that the focusing optic serves to both focus

the excitation and also collect the fluorescence from our material. This geometry works

well when the excitation and sample emission wavelengths are close (i.e. both visible

or both IR) because typical focusing optics are chromatically corrected for only one

wavelength regime such that the focusing plane overlaps perfectly with the collection

plane. For most of our previous applications (s-PCFS of visible and NIR emitters, single

NC spectroscopy of visible emitters, etc.) We have leveraged this chromatic correction

to enable single NC experiments on unoptimized emitters. For the work outlined in

chapter 4 we were working with SWIR emissive NCs that we needed to excite with

visible light. This required a focusing optic that was transmission and chromatically

corrected from the visible wavelengths through the SWIR wavelengths. This turns out

to be non-standard and difficult to achieve because many of the adhesives and coatings

that enable chromatic correction absorb in the SWIR.

Traditionally, spectroscopic setups in the IR have circumvented these issues by

employing all-reflective designs, including reflective objectives based on a two-mirror

Schwarzschild design.9 However, in a Schwarzschild objective, the secondary mirror sits

in the light path of the primary mirror creating a central obscuration in the far-field

beam. This annular beam, while free of chromatic aberrations, cannot be efficiently

coupled through a circular aperture of a confocal pinhole. Moreover, reflective objec-

tives with a higher NA have larger central obscurations leading to even poorer coupling

that reaches theoretical efficiencies of 10 % for a 0.8 NA objective. 10,62 Therefore, our

application of a solution-based, single molecule sensitive experiment requires the use of

refractive, IR compensated objectives. Figure 3-1 shows experimental spectral transmis-

sion data using three commercially available objectives. A broadband superluminescent
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diode (SLD) with a bandwidth full-width at half maximum (FWHM) of 100 nm centered

at 1.55 pm (solid black curve) was reflected from a gold mirror positioned at the sample

plane and imaged onto the entrance of a single mode fiber coupled to a spectrum ana-

lyzer (Agilent 861140b). We see that the collection optics greatly influence the SWIR

spectral transmission. Using a visible oil-immersion objective with SWIR light leads to

severe spectral filtering through the confocal pinhole (single-mode fiber), whereas the

use of a reflective objective (Thorlabs LMM-40X-PO1) or a chromatically-corrected IR

objective (Nikon 60x Plan Apo IR) leads to satisfactory spectral transmission.
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Figure 3-1: The light from a superluminescent diode (spectrum in black) is passed
through several different focusing objectives (oil visible-optimized objective (red curve),
reflective objective (grey squares), and a water IR objective (blue squares)) and the
resulting spectrum was collected on an optical spectrum analyzer.

Tables 3.1 and 3.2 describe most of the commercially available IR focusing optics.

Each of these objectives has different characteristics that are optimal for different types

of experiments. Here are a few examples of how to interpret this table:

1. An experiment where achieving minimal focal volume is not important and emis-

sion is detected with a free-space detector.

51

1

C,)

a)

-oa

N

E
0
z

0
1400

~~-~



Nikon Nikon Nikon Thorlabs

Plan Apochromat A CFI Achromat Plan Apochromat IR Reflective

Magnification 40X, 60X 10OX 60X 40X

Numerical Aperature 0.95 1.25 1.27 0.50

Working Distance (mm) 0.25 - 0.16, 0.21 - 0.11 0.23 0.18- 0.16 7.8

IR Transmission Correction Yes No Yes Yes

Chromatic Correction Yes No Yes Yes

Fiber Compatible Yes Yes Yes No

Immersion Medium Air Oil Water / D20 Air

Vacuum Compatible No No No Yes

Table 3.1: This table summarizes all the important parameters for choosing an IR compatible microscope objective. I have
evaluated the different objectives according to several parameters (left column). Each of these objectives (with the exceptionof the Nikon CFI Apochromat) has an application that it is best suited for.



Olympus Olympus Zeiss

UPLS Apochromat IR LCPLN IR EC Epiplan-Neofluar

Magnification 30X 10OX 10oX

Numerical Aperture 1.05 0.85 0.90

Working Distance (mm) 0.8 1.48 - 1.18 0.31

IR Transmission Correction Yes Yes Yes

Chromatic Correction No Yes Yes

Fiber Compatible Yes Yes Yes

Immersion Medium Silicone Oil Air Air

Vacuum Compatible No No Yes

Table 3.2: This table includes three more objectives that were characterized for their use in an IR compatible microscope



" Typical experiments include detection of well-spaced, stable IR emitters on a

substrate.

" Here we would use the Thorlabs Reflective objective because we do not need

to fiber couple our emission and we are not sensitive to the size of the focal

volume.

2. An experiment requiring minimal focal volume at low temperature.

" Typical experiments include detection of not well spaced IR emitters at low

temperature on a substrate.

" Here we would use the Zeiss EC Epiplan-Neofluar objective because it is rel-

atively high NA and vacuum compatible so we can implement it into the

cryostat and get the objective close to the film. In addition the High NA al-

lows us to study emitters that aren't as bright because of the wider acceptance

cone.

3. An experiment in solution requiring minimal focal volume.

" Typical experiments include s-PCFS of IR emitters (as described in chapter

4).

" Here we would use the Nikon Plan Apochromat IR objective because it is

high NA and is well chromatically and transmission corrected.

3.1.2 Other Optics

Optical Etalons ,

While the focusing optic is crucial to the success of the experiment and must be

chosen carefully, the choice of other optical components in the microscope setup are

arguably equally important. Choice of optics for SWIR/IR microscopes should aim

to minimize the presence of optical etalons. Optical etaloning can be described as an

interference effect that occurs between two flat partially reflective surfaces. These effects

appear as low frequency oscillations in the measured signal. Optical etalons have been
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leveraged in many applications such as dielectric filters where thin films with different

indices of refraction are layered on each othe,r selectively reflecting certain wavelengths

of light. Fabry-Perot etalons are important in different types of spectroscopy including

cavity ring down spectroscopy which relies on long path lengths induced by reflections

in a cavity.

While there are many different ways that optical etalons have been leveraged, there

are also situations in which an optical etalon is detrimental to the experiment. In our

spectral experiments, for example, optical etaloning leads to modulations in our spectral

signatures. It should be noted that experiments in the visible wavelengths do not suffer

as much from optical etaloning because etaloning will only occur when the distance

between the reflective or partially reflective surfaces is on the same order of magnitude

as the wavelength of light you are studying. For visible wavelengths this does not

occur often because most surfaces are on the order of microns apart. This effect is

extremely important to consider when studying SWIR/IR light. The only way to truly

eliminate optical etalons throughout an optical setup is to transition all refractive optics

to uncoated reflective ones. Reflective optics do not have parallel surfaces that the light

can get trapped in and form an etalon. In the s-PCFS experiment, this meant changing

a dichroic mirror to a thick silicon plate, swapping refractive retro reflectors for hollow

gold retro reflectors, and eliminating the pinhole in the setup which required focusing

optics. All-reflective setups are especially attractive in the IR because not only do they

eliminate etalon effects but they also eliminate chromatic aberrations.

(a) (b) Anti-Reflection

07 Coating

Figure 3-2: (a) This panel illustrates the formation of an optical etalon in a piece of
glass that is uncoated. Several reflections of the light within the glass form the etalon.
(b) With an anti-reflection coating applied to the glass now when light hits the glass it
does not create an etalon.
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IR Compatible Optics

Whenever possible, reflective optics should be used but there are certain cases where

we need to transmit through an optic (i.e. refractive objectives, optical filters, cube

beam splitters). The choice of refractive objectives has been discussed at length in the

above section but I would like to add a short note about other refractive optics. When

choosing an optical filter, perhaps to filter out excitation light out from emission light

before passing into the detector, it is important to not only look at the quality of the filter

you have chosen but also its absorption, transmission, and fluorescence characteristics

at longer wavelengths. For example, when filtering out 532nm excitation light from your

emission light the conventional 550 nm long pass dielectric filter (Thorlabs FEL550)

does not have a flat transmission across the entire SWIR, artificially cutting out your

emission. In general, colored glass filters should be avoided as they have undesirable

broadband fluorescence across the NIR and SWIR.

For other optics that must be refractive, like the cube beam splitter that is used in our

interferometers, it is important to make sure that there is an appropriate anti-reflection

(AR) coating applied to all of the surfaces. This prevents the light from being reflected

across the parallel surfaces. A schematic of this effect is shown in figure 3-2. While the

origin of these unwanted etalons can often be frustrating to uncover, one can always find

the frequency of the oscillation by taking a Fourier transform of the spectrum and then

converting this frequency to the corresponding wavelength in glass. Often this can give

you an idea of the size of the parallel glass faces that is causing the etalon.

3.1.3 Detectors

Traditional single NC spectroscopy in the visible wavelengths is done with highly

sensitive silicon array detectors. The correlation-based measurements used in s-PCFS

necessitate sensitive, fast, single photon detectors. While this technology is ubiquitous

for visible light detection, several technical challenges have slowed the development of

single photon detectors sensitive in the SWIR. These technical challenges include dif-

ficulties in decreasing dark noise due to increased blackbody radiation in the infrared,
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difficulty in the fabrication of materials for these detectors, and restrictions on the de-

velopment of such technologies due to army regulations. In the past several years, more

and more of these detectors have been approved for academic labs and the most com-

monly used technologies include: InGaAs/InP single-photon avalanche diodes (SPADs),

photomultiplier tubes (PMTs), and superconducting nanowire single photon detectors

(SNSPDs).

InGaAs/InP SPAD

InGaAs/InP SPADs are single photon detectors that can detect photons between

900 nm and 1700 nm with efficiencies greater than 30 % at 1550nm. 13' This detection

bandwidth is based on the active InGaAs layer in the device. The other InP layers

have higher bandgap and are transparent to light redder than 900 nm. These InP

layers make up the avalanche region where carriers that are created in the InGaAs layer

are tunneled through the InP layers where the multiplication takes place and are then

funneled to the contacts. Due to the narrow bandgap of InGaAs, these detectors suffer

from high dark count rates (DCR) where the avalanche is triggered by events other than

a photon impinging on the detector. Because of this, these detectors must be cooled

below 250K to avoid thermal generation of the carriers in the material. The response

time of the SPAD ranges from 40 ps - 150 ps depending on how much of the detector

is illuminated. 136 While this response time seems relatively short, these devices suffer

from a phenomenon known as afterpulsing. Afterpulsing occurs when carriers become

trapped at interfaces in the device and recombine with some statistical distribution of

times after the device has been re-biased after an avalanche event. These recombination

events lead to false triggers of future avalanche events. Unfortunately as you decrease

the temperature of the device (necessary to decrease the DCR) the statistical waiting

time for false recombination increases. In order to avoid significant afterpusling, one

must wait 10 ps at 220K for the afterpulsing probability to reach < 1%. 135 Jitter, dead

time, and detector efficiencies of InGaAs/InP SPADs are are plotted in figure 3-3.
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Photomultiplier Tubes

Another detector modality for detection of single infrared photons is a photomulti-

plier tube (PMT). This in an InGaAsP/InP based device that has remarkably broadband

spectral sensitivity from 300 nm to 1700 nm with relatively flat efficiencies across this

region. The most prolific of the IR PMTs is the R5590-73 PMT made by Hamamatsu.

This PMT has an average efficiency of 0.5% across the entire wavelength region with a

peak efficiency of 1% at 1550 nm.7 While this efficiency may seem low, the PMT has a

fast detector response time of 3 ns. This quick detector response is masked, however, by

the high jitter in these systems. Due to the large detector area and the uni-directional

sweep to collect the charge created by a photon hitting the detector, the response time

of the detector highly depends on the location upon which the photon hits. This jitter

is calculated to be 1 ps in these devices.55 High jitter dramatically reduces the photon

timing ability we have and is prohibitive for measurements that require precise timing

of photons within 1 ps. DCRs on the PMTs can be quite high due to thermal effects in

the photocathode but these effects can be mitigated by lowering the temperature of the

detector. Afterpulsing should also be considered in these devices because left over gases

in the PMT may ionize after the inital event leading to an afterpulse. The probability

of an afterpulse can be lowered by increasing the gain on the detector or decreasing the

voltage applied to the PMT. Jitter, dead time, and detector efficiencies of PMTs are are

plotted in figure 3-3.

SNSPDs

Superconducting nanowire single photon detectors (SNSPDs). were first developed in

the early 2000s and have steadily been optimized and engineered since then. 70 Upgrades

have included explorations of different active nanomaterials and device geometries. All

SNSPDs have the same operating principle:

1. Photon impinges on the nanowire and is absorbed by an electron or a Cooper pair.

2. This electron quickly loses energy by redistributing its energy to more and more

electrons on the time scale of the thermalization of the material. This typically
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Figure 3-3: Three different types of single photon sensitive detectors exist for SWIR
photons: InGaAs/InP Single Photon Avalanche Diodes, Photomultiplier Tubes, and
SNSPDs. Each detector has different reset time, jitter, and efficiency plotted on each
axis.

occurs on very quick timescales (t < 10 ps). 54

3. These high energy electrons in the device create a local "hot" spot where the

temperature in this spot is higher than the critical temperature at which the

material becomes superconducting.

4. The local spot is no longer superconducting but resistive and spreads across the

whole device. Once the resistive band reaches the edge of the device, this induces

a voltage.

5. The device cools back to below the critical temperature of the material restor-

ing superconductivity to the device. This occurs on timescales around tens of
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picoseconds.

These detectors work very differently from the previous two single photon detectors

because they do not rely on the absorption of the material but rather the superconducting

critical temperature of the material. Because of this, many SNSPD systems can be biased

and cooled in such a way to have detection efficiency from 600 nm - 2000 nm. Not only

do these detectors have broadband detection efficiency, but these efficiencies have been

shown to exceed 93 % in some systems.91 The reset time or dead time on these detectors

are most often < 100 ps allowing count-rates 10MHz - limited now not by the detector

but by the readout electronics.

One down side of these detectors is that because they are so sensitive to single IR

photons, in order to keep the dark count rate reasonable, they must be fiber coupled.

Fiber coupling not only blocks the detector face from the environment (which is full of

hot photons) but the single mode fibers used help to reject long wavelength photons

that could otherwise contribute to the DCR. Fiber coupling does, however, pose other

experimental challenges including: (1) the need to position the fiber head on the detector

face, (2) the inability to use the detectors for broadband applications due to inefficient

coupling of broadband light into fiber optics, and (3) the losses associated with coupling

and transmitting through a fiber. Several attempts have been made to design a free

space SNSPD system with one successful implementation which has been able to detect

photons at 10 pm. " Other than this, no other free space SNSPD system exists.

The three materials that have been incorporated into high-efficiency SNSPDs are

NbTiN, NbN, and WSi. The efficiencies, DCRs, and instrument response times are

listed in table 3.3. Depending on how you bias the detectors you can optimize for

detector efficiency or to minimize the dark counts (the different columns in table 3.3).

Even though many of these detectors have similar efficiencies and instrument response

times, the actual geometry and physical detectors look very different and employ a

varying array of strategies to increase detector efficiency. The NbTiN detectors, for

example use a meandering nanowire pattern to increase the number of active wires

within a given space. In addition, these devices have a silver mirror on the back of the

detector to reflect the light that did not get absorbed by the detector. By doing this,
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Material Specifications

NbTiN 94

NbN118

WSi 91

Detector Spec Min Dark Counts Max Efficiency

Device Efficiency 74% 77.3%
Dark Counts 100 counts/sec > 104 counts/sec
IRF FWHM 68 ps 66 ps

Detector Spec Min Dark Counts Max Efficiency

Device Efficiency 68% 76%
Dark Counts 100 counts/sec > 103 counts/sec
IRF FWHM 75 ps 70 ps

Detector Spec Min Dark Counts Max Efficiency

Device Efficiency 88% 93%
Dark Counts 50 counts/sec 900 counts/sec
IRF FWHM 60 ps 150 ps

Table 3.3: This table lists the three most common types of materials used in fabricating
SNSPDs and the final detector specifications under different biases (one bias to optimize
for the minimum number of dark counts and one bias to maximize efficiency of the
detector). Under these two different biases there are different instrument response times
(indicated by IRF FWHM), different detector efficiencies, and different dark counts.
It should be noted that these detectors do not have the same geometries and each is
optimized in different ways to achieve these efficiencies and response times.

you increase the number of chances that a photon has to hit the detector increasing the

overall device efficiency. The NbN detectors have an interleaved detector pattern where

four electrically independent detectors are patterned such that they are interdigitated.

In addition, researchers have successfully coupled a multimode fiber to the detectors

further boosting the efficiency of the system. The WSi system is somewhat unique

because the individual nanowires have a polarization-dependent absorption so the device

must incorporate a cross-hatch pattern of the nanowires to detect unpolarized light.3"'
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Figure 3-4: Light from a broadband lamp is passed onto the SNSPDs through an in-
terferometer. The FFT of the interferogram gives us the spectral response curve of the
SNSPDs (orange). We see a dip in the spectral response at 1400nm due to the ab-
sorption of silica (transmission shown in red dashed) in the fibers we use to couple into
the detectors. The four-element SNSPDs are back side illuminated through 250 pm of
silicon (transmission shown in grey dashed) explaining the sharp cut on of the detectors
at 1050nm.

The Niobium Nitride (NbN) based SNSPD detectors used in our experiments are

similar to those described in references 27,118 and 16. Light is collected in an optical

fiber and focused onto a 14 pm diameter SNSPD through the backside of a thick (~ 250

pm) silicon substrate with an actively- positioned dual lens asphere assembly. A weak

optical cavity around the thin NbN nanowires is optimized for peak absorption of 1550
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nm photons to yield a peak efficiency ~ 65 %, and the 1.17 eV silicon bandgap acts as

a long-pass filter for light to the red of 1050 nm (see Figure 3-4). The light collection

fibers are specially designed multimode, weakly polarization-maintaining, graded index

optical fiber with a 0.2 numerical aperture and a 30 pm core diameter. The 30 pIm core

of the multimode fiber acts as the confocal pinhole in our experiments. 78

3.2 Chromatic Aberrations in the SWIR

The success and resolution of a confocal microscopy experiment depends on the

quality of the image of the focal volume you are interrogating. There are many different

factors that could lead to a decrease in the quality of the image focal volume. These

factors can be broken into two categories: monochromatic and chromatic. Monochro-

matic factors are distortions that are independent of the wavelength of light that you are

imaging and can occur in only a single wavelength and chromatic factors are distortions

that depend on the wavelength of light and can only occur with more than one wave-

length. Monochromatic aberrations include spherical aberrations, coma, astigmatism,

and distortion. All of these aberrations occur because of fundamental characteristics of

the spherical surfaces that we use in our optics. Chromatic aberrations occur because

the focal length of a given wavelength of light depends on the index of refraction of

the material at that particular wavelength. In order to characterize the extent of the

chromatic aberrations we can relate the index of refraction of the glass used to make

the optic and the wavelengths of light we are interrogating. First we can start with the

thin lens equation:

(3.1)OA = (nA -- 1) (3.1)I

Where #A is the focal length of the lens at a particular wavelength A, nA is the index

of refraction at A and R1 and R2 are radii of curvature of the focusing lens. We can

characterize the extent of chromatic aberration by the difference in focal length of two

different wavelengths of light (AOxA 1 2 ). Now the thin lens equation becomes
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AOAV=2  - A = (n,\ - 1) - ) - (n - 1) - (3.2)
R1 R2 R1 R2

1 1( .
AOA = (nA - nA2) I)(3.3)

If we now notice that there will be some wavelength A3 for which the focal length

will not deviate from the true focal length of the lens. To describe the spread of the

colors with respect to the index of refraction of the material at different wavelengths we

can use the Abbe number or V number (V#) of the glass described by equation 3.4.

V# = - nA 2  (3.4)
nA3 - 1

Abbe numbers are described for a variety of glasses and are standardized across

visible wavelengths by using three standardized spectral lines. These spectral lines are

the Fraunhofer D- (589.3 nm), F- (486.1 nm), and C- (656.3 nm) spectral lines. 39 Using

these wavelengths, typical Abbe numbers for visible wavelength transmissive glasses

range from high dispersion glasses like flint glass where 25 < V < 55, to low dispersion

glasses like crown glasses where 65 > V > 85. For glasses that are optimized for low

dispersion in the infrared (e.g. Zinc Selenide, Magnesium Fluoride, etc.) the Abbe

numbers range from 20 - 1000. The higher the Abbe number the smaller the spread in

focus for different wavelengths of light. Now moving back to equation 3.3 and multiplying

both the numerator and denominator by (n - 1) we see that

n,\ n - ) 1 (3.5)
AOA1\ = A - ) (n\3 1 R2 -I

If we now substitute equation 3.4 and 3.1 into equation 3.5 we find that

A) (3.6)

From equation 3.6 we can see that the magnitude of the longitudinal chromatic
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aberrations (LCAs) can be described as the focal length for wavelength A3 divided by

the Abbe number of the glass used in the lens. For typical N-BK7 glass used in most

optical lenses, the focal spread is about 1.6% of the focal length so for a lens whose

focal length is 50 mm this corresponds to a 0.8 mm longitudinal chromatic aberration

across visible wavelengths. If we now adjust this calculation for an N-BK7 lens across

the SWIR, the Abbe number is now about 35.7 (compared to 64.2 across the visible)

so the focal length spread is 2.8% of the focal length of the lens. For a 50 mm focal

length lens, this is a 1.4 mm spread. To put this in perspective, when we are using

focusing objectives of N-BK7 glass with depths of field of 500 pm, this corresponds to

14 pm of chromatic aberration spread. This can be seen in figure 3-5 where we moved

axially through 16 pzm of focus and could focus all of the different colors at different

focal positions.

In order to understand the extent of the transverse chromatic aberrations (TCAs),

we now have to consider the f-number of the lens. The f-number is defined as the ratio

of the focal length of the lens to the diameter of the entrance aperture. This quantity

describes how well the system gathers light. The smaller the f-number, the more light

the system is able to gather. We can relate the f-number to the numerical aperture of

the lens where F/# = 1/(2NA). The extent of the transverse chromatic aberrations is

just the longitudinal chromatic aberrations divided by the f-number of the lens. In the

case of our focusing objectives with NA = 1.27, the f-number of this lens is 0.39 meaning

that the transverse chromatic aberrations are (0.39)(14pm) = 4.5pm.

If you only want to focus two different wavelengths to a specific focal plane, you can

pair together two thin lenses of different curvatures such that the chromatic aberrations

cancel and two wavelengths will focus to the same plane (shown as the x-intercepts in

figure 3-6 (b)). This pair of lenses is called an achromat. If the two lenses are cemented

together with no spacing between them, this is called an achromat doublet where one

of the lenses is positive and the other is negative and they each have different Abbe

numbers. If you prefer to use the same glass material for the two lenses (Abbe number

remains constant) you will need to place the lenses at a specific separation length to

cancel the effects of chromatic aberration. Here it should be noted that you can use
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Figure 3-5: (a) Cartoon illustration of the effect of longitudinal chromatic aberrations
on the reimaging of the focal plane. The presence of longitudinal chromatic aberrations
leads to an axial spreading of the different wavelengths where redder wavelengths focus
further than bluer wavelengths. (b) A superluminescent diode (SLD; full spectrum in
dashed black) is passed through a non-compensated objective and the output is focused
into a fiber and collected on a spectrum analyzer. Focusing objectives that do not
properly compensate for non-uniform focusing exhibit spectral discrimination. At each
"focal" position (-8um to +8um from the true focus), different wavelengths of light are
coupled into the fiber and at no position are all of the wavelengths properly transmitted
through the fiber.

either positive or negative lenses which are made of the same material. The comparison

of chromatic corrections is shown in figure 3-6. If your system requires corrections for

more than two wavelengths you can design an apochromat which consists of three lenses.

These three lenses will have to be made of different dispersion glasses and will focus

three wavelengths to a single focal plane. This is represented as the three crossings in

figure 3-6 (c). You can continue to increase the number of lenses and thus the number of

wavelengths that focus to the same plane (four wavelength corrections in superachromats

3-6 (d)). What is important in the representations of focal shift in figure 3-6 is not the

number of wavelengths that are being focused to the same focal plane but the magnitude
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Figure 3-6: Figure adapted from reference 39 (a) When there is no correction for chro-
matic aberrations in a lens system the focal shift is linear with changing wavelength. (b)
By pairing two lenses together (either cemented or with a spacing) you can focus two
different colors to the same focal plane. (c) Schematic of focal shift in an apochromat.
With three lenses made of materials of differing dispersion, three different wavelengths
can be focused. (d) With more and more lenses as in a superachromat, more and more
wavelengths can be focused to the same focal plane.

of the focal shifts between points of focus. In an achromat there is significantly more

focal shift between the two in-focus wavelengths than in the superchromat where there

is almost no focal shift between the in-focus wavelengths.
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Figure 3-7: (a) Cartoon illustration of the effect of transverse chromatic aberrations
on the reimaging of the focal plane. The presence of transverse chromatic aberrations
leads to a transverse wavelength-discriminatory spreading leading to a spatial blurring
phenomenon in the image. (b) In an FCS experiment this spatial blurring leads to a
decrease in intensity fluctuations and a lower overall SNR in the fluorescence correlation
trace (blue curves). In contrast, when there are no transverse chromatic aberrations we
see large intensity fluctuations in the emission stream and high SNR in the fluorescence
correlation trace (red curves). The ability to distinguish individual NCs in the focal
volume is necessary for these solution-based correlation experiments.

3.3 Confocal Microscopy in Solution

At its core, s-PCFS is a confocal microscopy technique that relies on faithful imaging

of the sample plane onto the conjugate plane of the pinhole. This pinhole serves to reject

stray light and provides a well-defined sample interrogation volume.29 Because s-PCFS

also extracts spectral information, great care must be taken to ensure that the spectrum

of light emitted from the sample is not altered by the collection optics. Most commercial

optical components such as high-NA objectives and lenses are optimized for the visible,

posing a significant challenge when designing systems in the SWIR. Most visible optics

exhibit significant transverse and longitudinal chromatic aberrations when used in the

SWIR, leading to spatial blurring and reduced spectral transmission through the confocal
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pinhole (Figure 3-7 and Figure 3-5).

Fluorescence correlation experiments like s-PCFS rely on intensity fluctuations in

the emitted photon stream (as shown in the inset of figure 3-7 (b)). The presence of

focal volume distortions and chromatic aberrations leads to a decrease in the average

fluctuation amplitude which manifests itself as an inflated occupation volume and sig-

nificantly decreased correlation curve SNR (figure 3-7 (b)). To put this in perspective,

our nanocrystals range from 2 - 10 nm in diameter and we would like to be at a concen-

tration in our solution that allows us to discriminate single nanocrystals. As mentioned

above, the typical TCA distance for our focusing optic is -5 pm which would effectively

increase the perceived size of the nanocrystal. It is feasible to decrease the concentra-

tion of the solution such that there would only be one nanocrystal in the focal volume

at one time and you might still be able to discriminate photons coming from only one

nanocrystal. Practically (especially with newer, unstable materials) we will always have

at least several nanocrystals in the focal volume so we will need to minimize the TCAs

as much as possible.

3.4 Conclusions

A careful choice of optics for spectral measurements in the SWIR is critical to the

success of the experiment. When choosing a focusing optic for your confocal experiment

there are several criteria that one should measure:

1. The transmission of the optic throughout the entire bandwidth you would like to

study. This can be done by collecting a spectrum of a broadband lamp before and

after passing through the optic and comparing the two spectra.

2. The extent of chromatic aberrations in the microscope. This can first be done

by doing a rough calculation of the chromatic aberration distance (as described

above). You can then confirm with an experiment that focuses relatively broad-

band light through the system into an optical fiber. If the full spectrum is collected

through the fiber, then there are minimal chromatic aberrations.
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3. Make sure that the immersion medium is compatible with your experiment. All

oils for oil immersion objectives have absorption across the SWIR and should

be avoided. Water also has significant absorption and should be replaced with

deuterated water (D 20).
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Chapter 4

SWIR Emissive Indium Arsenide

Nanocrystals
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4.2 Background

4.2.1 SWIR Active Materials and Applications

Recent advances in materials science and detector technology have opened up the

SWIR region to a variety of diverse applications. These advances have found their way

into biomedical imaging applications, where in contrast to visible-near IR (VIS-NIR)

emitters, SWIR-emitting biomarkers show improved imaging contrast and resolution

due to inherently lower tissue scattering and deeper penetration depths. 40,6 7 ,14 2 Synthe-

sis of infrared-emitting colloidal quantum dots has led to the development of a wide
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range of emerging technologies from quantum dot light emitting diodes (QD-LEDs) to

on-chip biosensing.s, 127 The development of Superconducting Nanowire Single-Photon

Detectors (SNSPDs), which boast some of the highest sensitivities, the highest time

resolution, and lowest noise of any SWIR single photon detector technology, has enabled

applications ranging from deep-space high-rate optical communications, high-resolution

imaging, quantum optics, and quantum networks. 17,35,60,92 While a host of potential

single-visible-photon emitters have been studied, one of the outstanding challenges is to

produce single-photon emitting materials for the SWIR that are compatible with the

existing telecommunications band.44

The most promising SWIR-emissive materials that have been developed to date in-

clude carbon nanotubes, rare-earth-doped phosphors, organic dyes, and semiconduct-

ing nanocrystals (NCs).8,6 8 ,1 1 7,13 1 ,13 3 Semiconducting NCs are unique because they are

highly photostable, solution-processable, and exhibit photo-luminescence quantum yields

(PLQYs) orders of magnitude higher than their organic analogues. 124 Among narrow

bandgap NCs, materials composed of Lead Chalcogenides (PbX; X = S, Se, Te) and

Indium Arsenide (InAs) have the highest reported PLQYs with PbS ranging from 60%

at 1 pm to 30% at 1.5 pm and InAs ranging from as high as 37% at 1 prm to 16% at 1.5

pm. 4 9,139

4.2.2 Synthesis of InAs/CdSe Core/Shell Nanocrystals

The synthesis of InAs NCs was originally described decades ago, in which core-only

InAs NCs showed extremely low PLQYs. It was later shown that the addition of an

inorganic shell composed of ZnCdS or CdSe significantly improves the PLQY, likely due

to increased surface charge passivation.3,6 However, synthesis of InAs NCs exhibiting

efficient emission in the SWIR remained a challenge. Combating the difficult chemistry

associated with III-V semiconductor NCs, our group has recently gained kinetic control of

the core growth by tuning the rate of precursor addition yielding higher PLQY particles

and allowing for longer shell growth and redder emission wavelengths.49

InAs cores and InAs/CdSe core/shell samples used in this work (labeled (1) - (5))

were synthesized according to protocols outlined in reference 49. The Indium precursor
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was prepared by dissolving Indium (III) Acetate in Oleic Acid and Octadecene (ODE)

in a four-necked flask. This solution was degassed at room temperature for 5 minutes

and further degassed at 115'C for 60 minutes. The solution was then heated to 295'C.

Tris(trimethylsilyl) arsine ((TMSi) 3As) in trioctylphosphine (TOP) was dissolved and

loaded into the injection syringe. This solution was injected into the Indium solution and

allowed to react for 10 minutes. After the hot injection process, we continuously injected

a solution of tris(trimethylgermyl)arsine ((TMGe) 3As) in ODE at a rate of 2mL/hour

for the first 30 minutes of the reaction and then at a rate of 0.15 mL/hour for 4 more

hours. In order to grow a CdSe shell on the InAs core particles, the InAs cores were

degassed at room temperature for 60 minutes and subsequently heated to 1100C for 10

minutes under vacuum. The cadmium precursor was prepared by combining Cadmium

Oxide with Oleic Acid to form Cadmium Oleate (Cd(Ol) 2 ). The selenium precursor was

prepared by combining TOP and selenium to form a solution of TOPSe and further

mixed with ODE. Once the precursors were prepared, the InAs core solution was heated

to 280'C and once the mixture reached 240'C, the shell precursor injection was initiated.

The (Cd(Ol) 2) and TOPSe solutions were injected at a rate of 2 mL/hour. Aliquots

were pulled at 20, 40, 60, 120, and 180 minutes after the start of the shell injection. The

absorption, TEM images, and particle size distributions for the core-only InAs and the

core-shell InAs/CdSe nanocrystals are shown in figure 4-1.

4.3 Spectroscopy of InAs/CdSe Nanocrystals

4.3.1 Ensemble Absorption, Emission, and PL Lifetimes

InAs/CdSe NCs have a quasi type-II band structure where the hole wavefunction

is confined to the core and the electron wavefunction delocalizes over the core and the

shell. In these systems, growth of the shell leads to a redshift in the emission maximum

due to increased electron delocalization.77 Here, we synthesized InAs NC core particles

emissive at 1200 nm and used a continuous injection of the Cd and Se precursors to

grow a CdSe shell. Aliquots were taken at 20, 40, 60, 120, and 180 minutes of shell
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Figure 4-1: Absorption spectra for InAs cores and InAs/CdSe (1) - (5) (left panel) taken
on a UV-VIS-NIR spectrophotometer (Cary 5000) integrating for 200ms/nanometer.
Transmission Electron Microscopy Images for the corresponding samples (center panel)
taken on a JEOL 2010 Advanced High Performance TEM. Particle diameter distribu-
tions calculated using ImageJ from the TEM images (right panel). Particle distribution
histograms were fit to a gaussian (dashed black line) and the mean and FWHM are
printed next to the corresponding histogram.

growth time (samples (1) through (5), from now on), resulting in NC emission ranging

from 1200 nm to 1590 nm as summarized in figure 4-2.
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Figure 4-2: (a) Ensemble fluorescence spectra of the InAs/CdSe core-shell series. Due
to the limited detector bandwidths, the spectra were stitched together from measure-
ments on two different detectors(Thin InGaAs detector (solid), Extended InGaAs detec-
tor (dashed)). (b) An example interferogram obtained in the SWIR s-PCFS setup. (c)
Fourier spectrum obtained in the SWIR s-PCFS setup (solid) and in a grating spectrom-
eter (dashed), showing good agreement. The slight depression in the Fourier spectrum
at ~1380 nm stems from water absorption in the fibers leading to the SNSPDs.

4.4 Single NC Characterization in Solution

To date, single NC spectral characterization of red emitters has been limited to

NIR emissive PbS and most to-date studies of SWIR emitters have been limited to

investigations of the fluorescence intermittency patterns and characteristic fluorescence

lifetimes. 16,23,27 Although there has been some work assessing spectral linewidths of

colloidally prepared SWIR emitting PbS nanocrystals and epitaxially grown InAs in

the solid-state, no work exists on SWIR-emitting nanocrystals in their native solution
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Figure 4-3: Ensemble PL lifetimes for the InAs/CdSe core/shell series described in
the main text. The lifetimes are extremely multiexponential, but show a qualitative
increase with the shell-thickness. Lifetimes were taken using a 532 nm Picoquant ampli-
fied picosecond pulsed laser diode (LDH-P-FA-266) set to 250 KHz repetition rate and
an average power of 4 1pW. Because the SNSPDs have a spectral cutoff at -1050nm,
measurements of the InAs cores' lifetimes were not performed.

environment. 100,114

A variety of established single-molecule spectroscopic techniques are routinely used in

the VIS-NIR part of the electromagnetic spectrum to elucidate the fundamental physical

mechanisms governing the emission lineshape. Single molecule confocal microscopy has

been a ubiquitous tool in spectroscopic studies of a variety of visible emitters. '" In

this technique, a film of well-separated NCs is photoexcited and emission from a single

NC is collected through a confocal microscope and subsequently spectrally analyzed.

One of the potential downsides of this approach is that the NCs are fixed to a solid-

state substrate and are no longer interrogated in their native solution environment.

Because the spectral lineshape and the PLQY of each nanoparticle could be altered

by the presence of the substrate, it is crucial to carry out spectral characterization in
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solution. 130 This becomes especially important for biomedical applications, where the

NCs acting as biomarkers are suspended in liquid media. 19,81 Another drawback comes

from the inherent bias in selecting NCs for characterization. Obtaining a single NC

spectrum requires integrating enough signal from a single NC to obtain a good SNR.

Statistically, only the brightest NCs emit enough photons to collect a spectrum, leading

to the interrogation of only the most stable and emissive NCs.

4.4.1 s-PCFS in the SWIR

The development of s-PCFS addresses concerns with traditional NC spectroscopy by

performing single NC measurements in solution, utilizing high-speed single-photon time-

tagging hardware to discriminate photons coming from single NCs diffusing through the

interrogated focal volume.89 In a s-PCFS experiment, emission from a dilute solution of

freely diffusing NCs is collected in a confocal microscope setup, sent through a Michelson

interferometer and detected by a pair of single-photon detectors (See figure 4-4). The

intensities at each output of the interferometer are correlated to separate pairs of photons

with different lag times such that, after subtracting ensemble contributions, photons

with lag time shorter than the diffusion time of the particle through the focal volume

can be assigned to a single emitter. Conversely, pairs of photons with lag times longer

than the diffusion time of the particle through the focal volume can be assigned to

different emitters. By collecting photon streams at different interferometric positions

inside and outside of the coherence length of the emitter, we can extract the average

single NC (psingle((, r)) and the ensemble spectral correlations (pensemble((, r)) where (is

the energy difference between the photons and T is the lag time between the arrival times

of the photons. The key feature - and drawback - of s-PCFS is that even though it

interrogates every NC coming into the focal volume, the technique sacrifices information

about the absolute energy of each detected photon, instead producing a tally of all photon

energy differences. The advantage of this approach is that it no longer necessitates long

integration times for each NC - as long as the emitter generates at least two photons

while inside the focal volume, its contribution to the average single particle linewidth

will be recorded. Formally, the resulting s-PCFS data is an averaged autocorrelation of
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the absolute single particle spectrum.

In order to perform s-PCFS in the SWIR we designed a confocal microscope according

to specifications outlined in the previous chapter and illustrated in figure 4-4.
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CW

Laser

Solution of SWIR Emit

Reflective
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Figure 4-4: SWIR s-PCFS setup. InAs/CdSe NCs diffusing freely in solution are pho-
toexcited with a 532nm CW laser (CrystaLaser) focused to a diffraction limited spot
with a 60X Nikon Objective. The emitted photons are collected through the same objec-
tive and passed through a silicon wafer acting as a dichroic mirror to filter out excitation
light. The SWIR photons are passed through a Michelson interferometer where each arm
is coupled into a 30pm core multimode fiber and sent to the SNSPDs. Photon time tags
are recorded with a time correlated photon counting device (Picoquant, HydraHarp 400)
and sent to a PC for analysis.

To demonstrate the efficacy of our SWIR s-PCFS system, we studied single nanopar-

ticle linewidth properties of InAs/CdSe quantum dots emitting in the 1.2-1.6 Am region.

The ensemble PL shows a relatively broad emission across the SWIR with FWHM rang-

ing from 100 meV to 150 meV. To verify the spectral transmission through the SWIR

s-PCFS setup, we performed interferometric measurements of the ensemble InAs/CdSe

spectra. Figure 4-2 (b) shows a typical interferogram from the concentrated InAs/CdSe

(2) sample obtained by scanning the translation stage of our Michelson interferometer
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and integrating emission for 100 ms per step using our SNSPDs. In order to minimize

absorption from CH and OH stretches in the spectral window of the NC emission, the

NCs were suspended in Tetrachloroethylene (TCE), and we used deuterated water (D 2 0)

as the immersion medium for the IR compensated objective. Figure 4-2 (c) plots the

discrete Fourier Transform (DFT) of the interferogram in (b) and overlays it with the

ensemble spectrum from (a). The spectrum of the broad NC emission obtained in our

s-PCFS setup reproduces the IRPL data quite well. The small dip at -1380 nm results

from water absorption in the multimode fibers leading into the SNSPDs and any other

transmissive silica optics. 95
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Figure 4-5: An example FCS trace obtained for the InAs/CdSe core-shell sample (1)
(Sample numbering consistent with text). The photon stream used to compute the
correlation was collected for 15 min. The value of G(r = 0) suggests focal volume
occupation of -25 particles. The colored rectangles indicate the sets of lag times that
were used for the analysis of ensemble and single particle linewidth contributions.
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To investigate the single particle properties, we first performed an s-PCFS measure-

ment on the InAs/CdSe sample with the thinnest shell (light green in Figure 4-2 (a)).

We were not able to perform single particle characterization on the InAs cores due to

the low QY of the unshelled NCs and the spectral cutoff of the SNSPDs. The stock

solution of NCs was diluted in TCE to obtain a focal occupation of -25 particles (see

representative fluorescence correlation spectroscopy (FCS) trace in figure 4-5). At lower

concentrations, the emissive properties of the NC solution quickly degraded.

4.4.2 Experimental Details

s-PCFS experiment: The output of a continuous wave 532 nm laser (Crystalaser

CL532-025-S) was coupled into a single mode fiber, and its output was collimated using

an 8.5 mm diameter reflective collimator (Thorlabs RC08FC-PO1) serving as the excita-

tion source in our experiment. The 532 nm excitation was attenuated to ~20 pW with

a neutral density filter, reflected from a Silicon wafer that served as a longpass dichroic

mirror, and was focused inside the sample-containing quartz capillary with an IR cor-

rected water-immersion objective (Nikon CFI Plan Apo IR SR 60X WI). Deuterated

water was used as the immersion medium. The collected fluorescence passed through

the silicon dichroic and was directed to a Michelson interferometer. The emission was

split into two arms with a non-polarizing cube beamsplitter (Thorlabs BS033) and the

distance in one of the arms was varied using a motorized stage (Aerotech Ensemble

ANT95-100-L). The emission in the interferometer arms was then coupled into two 30

pm core diameter multimode fibers using a pair of off-axis parabolic mirrors (Thorlabs

RC08FC-PO1). A detailed description of the SNSPD detectors used in the experiment

can be found in reference 36. The output of the SNSPDs was amplified, first, on the

second cold stage using a two-stage HEMT (Eudyna FHX45X) preamplifier circuit

and second, with two room-temperature coaxial amplifiers (MITEQ JS2100400-11-10P)

followed by a thresholding circuit (Analog Circuits ADCMP58x) to convert the ana-

log pulse to a digital signal." The digital signals from both interferometer arms were

collected with a time-correlated single photon counter (Picoquant Hydraharp 400).
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4.5 Results of s-PCFS on SWIR Emissive InAs

Figure 4-6 (a) shows the averaged single and ensemble NC linewidths (blue and black

lines, respectively) for the InAs/CdSe samples with the bluest emission (InAs/CdSe (1)

in Figure 4-2 (a)). The ensemble linewidth predictably reproduces the width obtained

from the IRPL measurements (~100 meV), while the averaged single-particle linewidth

appears to be almost twice as narrow (~52 meV) as the ensemble linewidth. This dis-

crepancy between ensemble and single NC linewidth suggests that there is significant

inhomogeneous broadening in this system in contrast to NIR emissive PbS NCs which

show single NC linewidths of ~180 meV dominated by homogeneous broadening. 23 Re-

markably, the single NC linewidth of InAs/CdSe is comparable to some of the narrow-

est visible CdSe NCs, with room temperature emission linewidths ranging from 40-70

meV.3 2 In addition, visible-emissive InAs/ZnS NCs have single NC linewidths on the

order of 70-80 meV suggesting that intrinsically, the InAs/CdSe NCs are significantly

narrower. 32

To investigate the single NC linewidth evolution as a function of shell thickness

in InAs/CdSe, we performed s-PCFS measurements on the remaining, redder-emitting

NC samples. The trend in single NC linewidths is shown in Figure 4-6 (c). We see

that in general, the single NC linewidth increases with shell growth and appears to

plateau for the largest shell sizes. For quasi type-II heterostructures, like InAs/CdSe,

the broadening of the single particle linewidths with increasing shell thickness is com-

monly attributed to enhanced exciton-phonon coupling (EPC).3132 However, there is

little consensus in the literature on how the magnitude of EPC evolves with shell thick-

ness. Some single particle studies on CdSe/CdS core-shell structures show a continuous

increase in single particle linewidth and attribute it to a steady increase in EPC with

shell thickness.31' 3 2 While other studies on the same material, using resonance Raman

techniques show slight reductions in EPC upon growth of a CdS shell onto CdSe core

NCs.8 2 The predominant mechanism of EPC in type-II heterostructures is thought to

be polar (Fr6hlich) coupling between the electric field induced by the separated electron

and hole (exciton) and the oscillating dipole moment created by an LO phonon.8 3 Qual-
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itatively, Fr6hlich coupling is proportional to (1) the LO phonon wavelength (inversely

proportional to LO wavevector), and (2) the degree of electron-hole wavefunction delo-

calization. Therefore, the strength of EPC can be governed by mechanisms that scale

oppositely with shell-growth. For example, an increase in shell size both decreases the

LO phonon wavelengths due to phonon confinement effects (decrease in EPC) and in-

creases the degree of electron-hole wavefunction delocalization (increase in EPC).12,

Other competing considerations such as the influence of the excitation wavelength on

the LO phonon wavelength can also play a significant role in the EPC and subsequently

the NC linewidth trend.43 82 Combining all of these effects, it is likely that in our sys-

tem, there are several competing processes that lead to the observed initial increase and

subsequent plateauing of the single-particle linewidth for the largest shell sizes. Future

work on temperature-dependent linewidths of individual InAs/CdSe NCs will be able

to provide a more quantitative picture of the role of shell thickness on EPC for SWIR

emitting quasi type-II heterostructures.

4.6 Conclusions

In summary, we have presented the first spectral characterizations of single colloidal

SWIR emitters in their native solution environment, using a novel implementation of

s-PCFS that utilizes SWIR corrected optics and newly developed SNSPD detectors. Our

results indicate that preparation of InAs/CdSe NCs for SWIR applications are not fun-

damentally limited by the linewidth or the intrinsic properties of the emitter but rather

by the methods by which the emitters are synthesized. Using s-PCFS, we have shown

that the linewidth of single InAs/CdSe NCs can be as narrow as -52 meV and increases

to -70 meV for the reddest emitting samples, likely due to exciton-phonon mediated

broadening mechanisms. This insight highlights the importance of fundamental dissipa-

tion mechanisms in determining the optoelectronic properties of novel SWIR emitters

and opens up new avenues toward synthetic optimization of these materials.
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Chapter 5

Future Directions

5.1 s-PCFS of Lead Sulfide Nanocrystals

While we are able to observe the single NC linewidths of NIR emissive PbS, it remains

an outstanding challenge to study larger PbS NCs emissive in the SWIR. Because the

PbS samples have comparable or better quantum yield than the InAs samples, this

inability to make this measurement is due to either sample degradation or the long

photoluminescence lifetime of the PbS emitters.

We employ a few different strategies with NCs to stabilize them at low concentrations

in solution. Typically in a single NC solution experiment we are working at nano molar

(nM) concentrations and the NCs are not always colloidally stable at such high dilutions.

With other systems, including CdSe, and InAs, we stabilize these emitters in solution by

adding extra ligand to the solution such that if we strip the surface by adding solvent,

we don't disturb the equilibrium between the ligands and the surface. The surface of the

PbS NCs are coated with oleic acid and if we add oleic acid into the solution, we observe

an etching of the surface accompanied by a blue shift in the emission of the NCs (as

shown in figure 5-1 (c) and inset). We have also shown that amine terminated molecules

can help stabilize NCs in solution because they bind more tightly to the surface of the

NC and don't strip off as easily. We see that the addition of Oleylamine as shown

in figure 5-1 (a) actually boosts the QY of the solution by 20% but upon addition of

too much oleylamine, we start to reduce the enhancement in the QY. It has also been
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hypothesized that in PbS NCs the reason for the dilution instability stems from empty

lead surface sites so we attempt the addition of lead oleate to boost the PLQY and, in

fact, this seems to help (figure 5-1 (b)).

We have seen, and it has been reported that PbS has photoluminescence lifetime

is on the order of 1 - 10 ps. Typically when we perform an FCS measurement we see

that our emitters have remain in the focal volume on the order of a one millisecond.

Assuming that our emitter has 50% QY, this amounts to at most 500 photons emitted

while in the focal volume. Compare this to an emitter like InAs which has a lifetime

of 100 ns which would result in an order of magnitude more photons emitted while in

the focal volume. Practically speaking, the s-PCFS experiment with PbS is unfeasible

with our current technology. There are several upgrades that can be made in order to

achieve this measurement. On the sample side we will need to first solve the stability

problems, perhaps through ligand engineering. On the hardware side we will need to

optimize the optical system as much as possible. This has become possible recently with

the advances in the SNSPDs. There are now commercial SNSPD systems where each

detector has 90% efficiency. This will boost our signal by a factor of 3, and if we have

access to all of the four channels on each detector, this will give us another factor of 2

in signal. Beyond this, we await more transmissive focusing objectives.

One other alternative is to engineer the focal volume so as to minimize it. As it

stands, we are diffraction-limited in our focal volume, but if we transition to a total

internal reflection fluorescence (TIRF) microscope geometry where we can decrease the

effective focal volume below the diffraction limit. This way we could keep the solu-

tion more concentrated and enhance stability while still only interrogating a very small

volume. Of course this comes with its own set of challenges because TIRF objectives

are extremely difficult to chromatically correct due to the oblique angle from which the

sample is excited.

5.1.1 Preliminary SWIR PbS s-PCFS Results

The s-PCFS data taken in figure 5-2 (b) was the only successful data set that we

have obtained and, even with that, the SNR could be improved. This sample was a

86



1.2

1

(a)

-'

C:

N

.E

0
Z)

1000 1200
Wavelength

1.2

1

0.8 -

0.6

0.4

0.2

0
900

I I

--Pure
+OA

- -- +A+Oly
-+PbOleate

1400

(nm)

(b)
1.2--- Pure

-+1X Oly
-- +2X Oly.
-- +5X Oly

1

0.8 -

0.6 -

0.4 -

0.21-

0
1000 1200 1400
Wavelength (nm)

0

Cn
r-

I

1

%W e 1100 1150h

Wavelength

1000 1100 1200
Wavelength

1300
(nm)

1400

1200

(nm)-

1500

Figure 5-1: This figure summarizes the different strategies used to boost PLQY and
stabilize nanocrystals at single-nanocrystal spectroscopy concentrations. (a) Different
concentrations of Oleylamine can be added to the solution of nanocrystals and this
boosts the PLQY of the overall solution. Too much Oleylamine does eventually degrade
the NCs. (b) Oleate with cation attached can be used to fill in the surface of the NC
and boost PLQY at high dilutions. (c) Adding excess Oleic Acid can help to stabilize
NCs in solution by pushing equilibrium such that the surface of the NC does not lose
ligands. When too much acid is added, it starts to etch the surface of the NC and the
emission starts to blueshift (inset).

PbS sample emissive at 1500 nm that was provided by QD Vision. The details of the

synthesis and the surface characteristics are not known but the sample was stable enough
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Figure 5-2: This figure summarizes the results of an s-PCFS experiment on a solution of
PbS NCs emissive at 1500nm. (a) This panel is a representative fluorescence correlation
trace during this experiment. We can see that there is an average focal occupation of
-85 NCs. (b) This panel summarized the spectral correlations of the ensemble of NCs
and the single NCs. We see that the spectral correlation of the ensemble of emitters is
159 meV and the single emitters is 152 meV.

to survive a 20 hour experiment. We can tell from the FCS trace (figure 5-2 (a)) that

the occupation of the focal volume was -85 particles. This occupation volume is not

significantly different from what we have seen with other PbS samples, suggesting that

the sample has been significantly stabilized. From this data, however, we can see that

just as with the NIR emissive PbS NCs, the SWIR emissive PbS NCs exhibit broad single

nanocrystal linewidths. These single NC linewidths match the ensemble linewidths,

suggesting that homogeneous broadening is the dominant broadening in these systems.

In order to disentangle the emission mechanisms in these materials, we will need to do

some low temperature single NC spectroscopy.

5.2 Temperature-Dependent Spectroscopy of Single

InAs QDs

From our results in Chapter 4 we found that the ensemble linewidth of InAs/CdSe

NCs was dominated by inhomogeneous broadening effects. By deconvoluting the effects

of sample heterogeneity, we found that the single NC linewidth is comparable to some

of the narrowest emitters in the visible, including CdSe and InP. We have separated out
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inhomogeneous broadening effects and further experiments on InAs NCs should focus

on understanding the physical mechanisms that underlie InAs emission and contribute

to the homogeneous linewidth.

We rarely observe NC systems that exhibit lifetime-limited emission linewidths. Most

systems undergo excess broadening due to spectral fluctuations13 ,, coupling to phonon

modes' 3 , and the presence of excitonic fine structure.31 47 0 5"06' 126 Ideally we would

like too assemble a complete picture of the emission mechanisms in these NC systems and

understand the underlying synthetic tools to alter specific characteristics. In order to

understand the physical mechanisms, we must take these systems to low temperature and

study the differences in their emissive properties. Through low temperature experiments

we can get at the fluorescence linewidths, lifetimes of different emissive states, and

coherence properties.

bright

AE dark

kbright kdark

ground

Figure 5-3: This is a cartoon of the energy diagram of the excitonic fine structure in
InAs NCs. There is a dark state and a bright state separated by some energy AE and
each of these states have decay rates back to the ground state (kbright and kdark).

We studied the ensemble photoluminescence lifetimes in InAs/CdSe NCs and found

them to be multiexponential suggesting that several different radiative and non-radiative

processes occurr in the NCs. What we found and what others have found is that the

bright state lifetime in these NCs is on the order of -r =- 150ns. 1 2 ,16 Others have

taken these measurements down to low temperature and found that the lifetime actually

lengthens to r =- 2ps. 15 This behavior suggests the presence of excitonic fine structure
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Figure 5-4: (a) Using a piezoelectric stage we scan a film of spin-cast InAs/CdSe/ZnS
NCs and we zoom in on the red box. This shows that our emitters are well dispersed
and isolated on our film. (b) This is a finer scan of the area in the red box in panel
(a) in which we can see "stripes" due to the fluorescence intermittency of the emitter as
we scan the piezo. (c) This panel shows a fluorescence intermittency trace for a single
InAs/CdSe/ZnS QD (Dot 1) at room temperature. This work, along with work from
others, paves the way for single NC spectra of InAs NCs. This particular NC shows
well-behaved two-state blinking.

as outlined in figure 5-3 where there is a bright state that recombines with rate of kbright

and a dark state that lies lower in energy that recombines with rate of kdark. In this

picture emission from the dark state is spin-forbidden and that from the bright state is

spin-allowed. In many NC systems, including this one, the dark state lies lower in energy

than the bright state and we can recover the energy difference between the two states

by varying the temperature of the system to determine at what point we are thermally

populating only the dark state. Others have done ensemble measurements of the low

temperature lifetimes and have found that in this system, the splitting (AE) is on the

order of 2 meV. " This is similar to what has been seen in other NC systems including
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CdSe.113

While our data suggests that there is a lowest lying dark state in InAs, these fluo-

rescence lifetimes do not accurately capture the dynamics at play because it is based on

an ensemble measurement and thus there are a distribution of splitting energies present.

In order to study this, we would need to do low temperature single NC lifetimes of InAs

NCs.

Our group has been able to isolate single InAs NCs on a substrate and study their

fluorescence lifetimes. 16 We were able to replicate this data, as shown in figure 5-4, where

we see two-state blinking behavior from a single InAs NC.

5.3 Conclusions

Colloidal nanocrystals are promising materials for applications requiring high-throughput

synthesis and solution-compatible deposition. The success of these materials in commer-

cial products will depend directly on the mastery of our synthetic techniques and the

knowledge about the physical processes that govern absorption and emission events.

Visible-emissive colloidal nanocrystals have been well explored because of the wealth of

detectors sensitive to visible light. As infrared detector technology continues to become

declassified, we can begin to explore more and more applications of infrared emitters

(even ones that we haven't thought of yet!). As with visible emitters, we need to have

an understanding and a mastery of the synthesis and physical properties of these materi-

als before we can begin to commercialize them. We are still far from commercialization

of infrared emissive materials due to: unoptimized syntheses, and toxicity concerns.

Hopefully this work provides a platform for more research into infrared emissive mate-

rials.
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Appendix A

Spectral Transmission of Microscope

Objectives

A.1 Zeiss EC Epiplan-Neofluar 100X/0.9 NA

Many of our single NC experiments require low temperature and as such, we typically

excite our film of single NCs through an optical window with a long working distance

objective. Optical windows on most cryostats are typically tens of millimeters thick.

These long working distance objectives are all air immersion objectives typically with

numerical apertures limited to <0.5. Because of these low NAs, the collection efficiency

of these objectives suffers. In response, Montana Instruments built a Cryo-Optic attach-

ment that allows the microscope objective to be housed inside of the vacuum chamber

and thus can be as close to the sample as needed. We have one such attachment and

because we planned to work with SWIR emitters in the cryostat, we needed a microscope

objective that was both vacuum compatible, air immersion, and transmissive through

the SWIR. Zeiss is one of the only companies that makes vacuum-compatible objectives.

This is because the epoxies used to fasten the lenses together must be vacuum epoxies

and must not out-gas when vacuum is applied. Zeiss in collaboration with Montana

Instruments built a series of vacuum compatible microscope objectives with NA of 0.75,

0.85 or 0.9 depending on what collection volume you need. We have the 0.9 NA objective

and although there is only information about the transmission of this objective out to
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1100 nm on the Montana Instruments website, we have tested the transmission of this

objective across the SWIR using a broadband lamp and an IR spectrometer. Figure

A-1 shows the transmission of this objective lens across the visible (data from Montana

Instruments) and the SWIR (our data).

100
-m From Montana Instruments Website

90 - SWIR Transmission Data from MIT

80

C 70
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Cnn60E
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Figure A-1: This is the expanded transmission curve for the Zeiss EC Epiplan-Neofluar
100X/0.90 NA objective. The data shown in blue is from the Montana Instruments
website specs for this objective and the data in green was taken using a broadband lamp
with uniform emission across the SWIR. The transmission spectrum was recorded using
an Ocean Optics IR Spectrometer and stitched together with the Montana Instruments
Data

A.2 CFI Nikon Plan Apo IR 60X/1.27 NA WI

The microscope objective used in all of the s-PCFS experiments throughout this

thesis is the CFI Nikon Plan Apo IR objective. We have taken a transmission spectrum

throughout the SWIR as shown in Figure A-2. While the specific transmission curve

through the visible of this objective is proprietary, we do know that the transmission at
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530 nm (the wavelength of our excitation source) is 89%.
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Figure A-2: This is the expanded transmission curve for the CFI Nikon Plan Apo IR

60X WI Objective. The data was taken using a broadband lamp with uniform emission

across the SWIR. The transmission spectrum was recorded using an Ocean Optics IR

Spectrometer.
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